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Errata

Stephen Warren-Smith

December 2010

Chapter 1, Section 1.2, Page 6: For a scale refereuce, the optical fibre outer
diameters in Fig. 1.1 are 160 pm.

Chapter 2, Section 2.5.4, Page 32: “Fibre Bragg Gratings” should be “Long
Period Gratings”, in relation to Ref. [87].

Chapter 2, Section 2.5.4, Page 36, Line 4 from below: “Fig. 2.15(b, ¢))”
and “Fig. 2.15(d, e))” should be swapped.

Chapter 3, Section 3.6.1, Page 112, Lines 5-6: The statement “that this
was Lhe [irst experimental example ol internal surlace [unctionalisation with
fluorophores and the technique has since evolved, such as that used in Chapter
5" is incorrect as this has previously been achieved in Refs. [87, 152].

Chapter 5, Section 5.2.3, Page 192: The smallest y-axis tick should be “1”
instead of “0”.

Appendix B, Section B.3, Pages 246-248: In Eqs. B.29 to B.39 there
should be a prime above the electric and magnetic fields on the right hand side
of the equations to separate them from fields on the left hand side as these fields
are in two different waveguides. That is, there should be a prime above fields
that have a v subscript.

Response to general examiner remarks

1. The soft glass fibres fabricated and used in this project were generally not
coated. While fragility was an issue, it was still possible to re-spool and handle
the fibres. Note that the fibres were lead-silicate glass, which is less fragile than
most other soft glasses. Practical applications would require the fibre to be
coated.

2. For most of the exposed-core fibres in this project air holes had formed
between the cane and jacket during drawing, such as seen in Fig. 5.11. This
resulted from an imperfect fit between the cane and jacket, and the inability
to apply a vacuum to the wedged jacket during drawing for the exposed-core
fibre. However, the presence of these holes had no detrimental effect on the
perlormance ol the fibre as they are sufliciently lar [rom the gnided modes ol
the core.

3. Photobleaching is recognised as a significant problem for organic fluorophore-
based sensing. As shown in [P1]. the effect of photobleaching is to reduce the
fluorescence inteusity by an order of magnitude over several minutes. Note that
a major contributing factor is the small volume used, and thus the small number
of wolecules that are located within the optical fibre. For the experiment on
page 163 a larger volume size was used and thus photobleaching was not a
significant problem for the time frames used.
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This thesis contains a study on the fluorescence based chemical sensing properties of
microstructured optical fibres. Specifically, suspended core optical micro/nano-wires,
including those with the core partially exposed along their length, are studied both the-
oretically and experimentally. Comparisons are made between these exposed-core and
enclosed-core optical fibres in terms of their fluorescence sensing performance, fabrica-
tion, and function. The application of corrosion sensing of aluminium alloys was the
primary motivator for this project and methods for achieving this are presented. How-
ever, the findings presented in this thesis could be extended to many other biological

and chemical applications.

Chapter 1 outlines the motivation of the work and the structure of the thesis. Chap-
ter 2 reviews the state of the art for optical fibre chemical sensing. In Chapter 3 a
theoretical model is derived and used to predict the fluorescence capture of high index
contrast small-core fibres using vectorial solutions to Maxwell’s equations. This model
is subsequently used to compare exposed-core and enclosed-core fibres, where distinct
advantages are found for liquid-immersed exposed-core fibres due to their asymmetric
refractive index profile. In Chapter 4 the fabrication of both enclosed and exposed
suspended-core fibres are demonstrated using the extrusion technique for soft-glass pre-
form development. It is then confirmed experimentally that advantages of using exposed-
core fibres include the ability to perform real time and distributed fluorescence based
sensing. In Chapter 5 two methods of sensitising these fibres for corrosion sensing of
aluminium alloys are investigated. Both methods use a fluorescence based indicator
molecule for aluminium ions, which is either embedded into a porous polymer coating

or chemically attached via polyelectrolytes.
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Chapter 1

Motivation and Thesis Structure

In science one tries to tell people,
i such a way as to be understood by everyone,
something that no one ever knew before.

But in poetry, it’s the exact opposite.

Paul Dirac
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1.1 Motivation

The field of optical fibre sensing has received great interest over the last 30 years [1-3].
Strain and temperature sensors using fibre Bragg gratings are commercially available,
along with optical fibre gyroscopes and other physical sensors [1]. Of increasing inter-
est is the field of chemical and biological sensing, which has traditionally made use of
evanescent field sensing such as through absorption and fluorescence [3, 4]. Sensors util-
ising alternative transduction mechanisms have been developed, such as surface plasmon
resonance [5] and surface enhanced Raman spectroscopy [6], but because of the versa-
tility and sensitivity of fluorescence-based sensing [7] it was the focus of this project. In
particular, fluorescence-based sensing can be used effectively for corrosion sensing [8],
which was the application that motivated this project. In fluorescence-based sensing
the analyte can either be fluorescent or an indicator can be used where its fluorescence
intensity is dependent on the analyte concentration [7]. Evanescent coupling of the flu-
orescence emission into the guided modes of the fibre thus allows a measurement of the
analyte. High sensitivity is possible due to fluorescence emission generally being greater
than other mechanisms such as Raman scattering, and versatility and selectivity can be

achieved through appropriate choice of an indicator [4].

Along with an increase in chemical and biological sensing applications using optical
fibres, over the last 10 years there has also been a dramatic increase in the range of
optical fibre geometries that have been studied. Conventional step-index fibres have
been modified by tapering [4] or with D-shaped designs [9] in attempts to gain greater
access to the guided optical field. A more intricate concept has been the microstructured
optical fibre (MOF), which contains a pattern of air holes that run along its length [10].
The design flexibility of microstructured fibres allows greater control over the optical
properties, which for sensing applications is usually exploited by increasing the fraction

of the optical field that interacts with the analyte [11, 12].

Despite the potential of microstructured fibres to deliver highly sensitive measurements
and the wealth of published examples (see Sec. 2.5.4), there has been relatively little
detailed theoretical investigation into the mechanisms of fluorescence-based sensing us-
ing MOFs. While it is generally understood that higher evanescent fields and numerical

apertures are beneficial, it is unknown how current theoretical models for conventional
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step-index fibres [13-20] behave when high index contrasts are present and when oper-
ating in the single (or few) mode regime, as is often the case for microstructured optical
fibres. There has also been a dearth of experiments that verify current theoretical mod-
els. One of the aims of this project was thus to develop a theoretical model and perform

subsequent experiments for fluorescence sensing with MOFs.

In addition to the above theoretical questions, there are also several practical challenges
associated with using microstructured optical fibres for chemical and biological sensing
applications. Firstly, it is necessary to develop a method for fabricating these structures,
which can become increasingly difficult as the fibre’s features increase in complexity or
reduce in size. A method for fabricating fibres with small (nanoscale) dimensions is

presented in [P6] of this thesis, which was led by Heike Ebendorff-Heidepriem.

Other challenges stem from the fact that the analyte must infiltrate the holes of the
MOF in order to interact with the evanescent field. This can be readily achieved with
either diffusion of gases or capillary forces for liquids but results in a time delay for
measurements and prevents distributed measurements from being possible. The question
is thus how to modify an MOF structure so that the core can be exposed to the external
environment along the length of the fibre thus allowing real-time and distributed sensing
to be achieved. In this project an exposed-core MOF has been designed, fabricated, and

investigated theoretically and experimentally.

Finally, an ongoing problem for all forms of optical fibre chemical and biological sensing
is how to make the sensor sensitive to the analyte of interest if the analyte has no
intrinsic optical fingerprint in the transmission window of the optical fibre materials.
The particular application investigated in this project was the sensing of corrosion, and

several methods for achieving this have been studied in this thesis.

1.2 Project Aims

The aims of this project were to answer the questions above with particular emphasis
given to the suspended-core design of microstructured optical fibre shown in Fig. 1.1(a,
b). As will be seen in the literature that follows, this design has several advantages such
as simple filling characteristics and a high percentage of optical power in the evanescent

field if the core is fabricated small enough. Another aim of this project was to modify
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the design such that the core is partially exposed along its length as shown in Fig. 1.1(c).
This exposed-core fibre design can potentially solve the problems of slow filling speeds

and inability to perform distributed sensing using traditional enclosed MOFs.

FIGURE 1.1: Enclosed (a, b) and exposed (c) suspended-core microstructured optical
fibre.

Specifically, the aims of this project are to:

1. Construct a general theoretical model that is capable of quantifying the perfor-

mance of evanescent field fluorescence sensing using microstructured optical fibres.

2. Use this model to optimise the geometry and materials of suspended-core MOFs,

for both enclosed-core and exposed-core variants.

3. Fabricate suspended-core fibres and use these to test the fluorescence capture the-

ory.
4. Design and fabricate an exposed-core MOF.

5. Demonstrate that the exposed-core MOF can be used for real-time and distributed

fluorescence sensing.

6. Investigate methods for sensitising the surface of MOFs (and glass surfaces in
general) for the particular application of aluminium ion sensing, and thus corrosion

sensing of aluminium alloys.

Corrosion sensing (described in more detail in Sec. 2.8 and Chapter 5) was the applica-
tion that motivated this project, and it highlights the importance of the advantages that
come with using fluorescence sensing in conjunction with exposed-core MOFs. Firstly,
corrosion by-products such as aluminium ions do not have distinct fingerprints at op-
tical wavelengths and thus fluorescent indicator methods can provide a transduction

mechanism. Also, high sensitivity, which can be achieved by using MOFs, is desired so
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that corrosion can be detected early and thus safety can be improved and repair costs
minimised. Finally, distributed sensing, such as using time-domain methods, is highly
desirable for corrosion sensing as corrosion events are generally not uniform across an
entire structure. That said, the fibre designs and surface sensitisation methods devel-
oped in this project are directly applicable to practically any other chemical analyte,
provided a suitable indicator can be found. This includes, but is not limited to, pH,
cations, anions, gases such as hydrogen and methane, humidity, and organic molecules

[4].

1.3 Thesis Structure

This thesis is primarily comprised of the eight publications listed on page 9. Most of
these publications are interconnected, such as with fibre fabrication required in order to
perform certain experiments or theory dictating desired fibre dimensions. The flowchart
on page 10 conveys how these publications relate to each other, and also places in context

the additional chapters and appendices.

Chapter 3 (black) contains theoretical derivations and modelling, and experimental re-
sults that were performed specifically for comparison with theory. [P1, P2] contain the
development of the fluorescence capture theory, with a full derivation given in Appendix
A. This theory is then extended for the case of exposed-core MOFs [P3], inclusion of
higher order modes [P4], and thin layer sensing [P5]. Coupling between filled and un-
filled regions of fibre is also included in [P3] and a derivation of the equations used to
calculate this is given in Appendix B. Confinement loss of small-core MOFs is added to
the theory in [P4] and a derivation of the equations used to calculate this is given in

Appendix C.

Chapter 4 (orange) contains details of the methods used to fabricate the enclosed
suspended-core [P6] and exposed-core [P7] MOFs, in addition to characterisation of
their transmission and fluorescence sensing properties. In particular, experiments were
performed to demonstrate that exposed-core fibres can be used for real-time [P7] and
distributed [P8] sensing. The enclosed suspended-core fibres fabricated in [P6] were also

used for experiments in [P2, P4, P5] for testing several theoretical predictions.
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Chapter 5 (blue), which does not contain any publications, investigates two methods for
sensitising the fibres fabricated in [P6, P7] for the application of aluminium ion sensing,
and thus corrosion sensing of aluminium alloys. As indicated in the flowchart, Chapter 5
and [P8] together demonstrate significant progress towards accomplishing the ultimate,
but challenging, goal of distributed corrosion sensing using exposed-core microstructured

optical fibres.
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Chapter 2

Review of Optical Fibre Chemical

Sensing

A man ceases to be a beginner in any given science and becomes a master in that

science when he has learned that he is going to be a beginner all his life.

Robin G. Collingwood

We shall not cease from exploration,
And the end of all our exploring
Will be to arrive where we started,

And to know the place for the first time.

T. S. Eliot

11
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2.1 Introduction

Optical fibres can be used for a wide variety of sensing applications such as gyroscopes
[2], pressure sensing [2], strain and temperature sensing [21], and chemical and biological
sensing [4, 7]. Many advantages of using optical fibres for sensing have been quoted and

these include [4, 7]:

e Optical fibres are small, light weight and flexible, allowing them to be located
in inaccessible regions in a non-destructive manner. This can allow fibres to be
permanently imbedded into structures and allow continuous monitoring without

any need to dismantle the structure.

e Optical fibres can be used for distributed sensing. By using optical time domain
reflectometry or similar radar-type methods, optical fibre sensors can make mea-

surements that are correlated with position along the fibre.

e Optical fibre sensors can be wavelength division multiplexed, allowing several dif-

ferent parameters to be measured simultaneously.

e Depending on the application and method used optical fibre sensor designs can

offer highly sensitive measurements.
e Optical fibres are resistant to electromagnetic interference.

e Optical fibres do not carry currents and are thus safe for use in explosive or

flammable environments.

Of course, challenges associated with using optical fibres for sensing have also been

identified, such as [1]:

e Creating low-loss fibres, particularly after a transduction mechanism is added.

e Creating good detection systems, which is relevant for any optical fibre application

including sensing.

e Finding an appropriate transduction mechanism that operates in the high trans-
mission window of optical fibres, which generally lies within visible and near-

infrared wavelengths. Alternatively, this can be solved by using stronger excitation
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sources and better optical detection methods, or fabricating fibres from materials

with different transmission windows.

e For evanescent field based sensors, designing a fibre that has sufficient optical field
interaction with the analyte. As will be seen in this review, this issue has lead to

many different designs of optical fibre.

e Economics. To be commerically successful the final sensor must either be cost
competitive with alternative sensors or have a strong functional advantage, such

as those outlined above.

The aim of this literature survey is to present an overview of work in the literature for
chemical sensing using optical fibres, with a particular emphasis on fluorescence methods
and corrosion sensing. Much of the review focusses on the optical fibre design, such as
methods used to gain (greater) access to the optical field. Also considered are methods

for distributed sensing and methods for sensitising fibres using various coatings.

2.2 Classification of Optical Fibre Chemical Sensors and

Chapter Overview

There are several methods for classifying optical fibre chemical sensors [7]. One classifi-
cation is to separate intrinsic and extrinsic sensors. For extrinsic sensors the optical fibre
simply acts as a method of sending and receiving optical signals whereas an intrinsic
sensor is such that the optical fibre itself is used to construct the sensor, in addition to
carrying optical information. Another form of classification is to define direct and indi-
rect sensors. Direct sensors use the interaction of the light carried by the fibre with the
analyte of interest, such as absorption, fluorescence, or Raman emission, while indirect
sensors require some form of additional transduction mechanism such as an indicator
molecule. Optical fibre chemical sensors can also be classified according to the type
of light modulation that is used to make the measurements, this can be amplitude,

wavelength, phase, polarisation, or time [7].

In this review optical fibre chemical sensors are broadly separated into intrinsic and
extrinsic sensors, with the other classifications discussed within. It should be noted that

the subclassifications within these categories are not exclusive, that is, the mechanisms
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discussed within the extrinsic sensors can generally be used in an intrinsic sensing con-
figuration and vice versa. However, the inclusions in each section generally indicate the

more commonly used approaches for that particular configuration.

Some simple extrinsic optical fibre sensors will be discussed first in Sec. 2.3, followed
by intrinsic sensors in Sec. 2.4. Several types of intrinsic sensors are discussed such
as grating and surface plasmon resonance sensors. However, the sensing mechanism
ultimately chosen for this project was evanescent field based sensing and this is discussed
in detail Sec. 2.5, with a particular emphasis on microstructured optical fibres and
optical nanowires. The subsequent section discusses some of the methods currently
available for sensitising evanescent field sensors for chemical sensing (Sec. 2.6). Next,
a review on distributed chemical sensing (Sec. 2.7) and corrosion sensing (Sec. 2.8)
is given, followed by a discussion on how this review relates specifically to the work

contained within this thesis.

2.3 Extrinsic Sensors

2.3.1 Basic Optical Fibre Sensing

The simplest use of an optical fibre for chemical sensing it to use it as means of carrying
light to and from the sensing environment. In this way, the interaction between the
electromagnetic field and the analyte such as scattering, absorption, or fluorescence
occurs at a location physically separate from the fibre. As seen in Fig. 2.1, this type
of sensor can consist of an input fibre that carries an excitation signal to the region of
interest, the light then transmits through this region, and a second fibre captures and

carries the optical output to a detector [3].

Sensing
Chamber

/
D LD oetector
|

nput P~ * Output
Fibre Fibre

FIGURE 2.1: Extrinsic optical fibre sensor where the measured optical intensity is
inversely proportional to the scattering or absorbing material.
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This design of sensor has been commonly demonstrated for the detection of gases,
methane in particular, using absorption spectra in the near infrared [22-24]. Inter-
est in this area has been generated due to the desire to have a safe sensor for explosive
and flammable gases, which can be provided by optical fibres as they do not carry cur-
rents and can have their source and detection units located up to several kilometres away
from the sensing location [23]. However, an evident difficulty with using optical fibres for
methane detection is that the absorption lines in the transmission window of silica are
approximately 200 times weaker than in the mid-infrared [23]. To overcome this prob-
lem signal processing techniques have been developed such as the use of a distributed

feedback laser for frequency modulated spectroscopy [22].

Using optical fibres in the way described above does not allow for truly distributed
sensing. However, work has been done to create a multi-point sensor that allows for
quasi distributed sensing. The aim is to place sensors at different locations but only
using one optical source, and if possible, only one detection device. Culshaw et al.
proposed three different approaches for multipoint sensing, which are shown in Fig. 2.2

[23].

| Light source I ~ |' |' ™~ Detector

(a) Switched multiplexed sensor

- ~ — 0 ~
Light source 1 Detector
< 0>

(b) Time multiplexed sensor using delay lines

/ — Zﬁ £l

; — ectronic

@ \ — Z$ Demultiplexer
I z§

(c) Electronically multiplexed sensor

FIGURE 2.2: Three methods for multiplexing extrinsic optical fibre sensors [23]. (a) A
switch can be used to connect to the different sensors. (b) Time domain multiplexing
using optical delay lines. (c) Electronically multiplexed.

In Fig. 2.2(a) an optical switch is used to swap between the different sensing channels,
which has the benefit of using only one source and detector but requires the use of an

expensive optical switch. Figure 2.2(b) shows how an optical switch can be avoided
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by using optical delay lines to separate the signals from each channel. However, due
to the excessive amount of optical fibres that would be required for the system in Fig.
2.2(b) the authors decided that the system shown in Fig. 2.2(c) would be the most
cost effective approach where the data from each sensor element is separated using an
electronic demultiplexer [23]. These designs of quasi-distributed sensing can in principle
be applied to any design of optical sensor and should be kept in mind when considering

fibre sensors that do not intrinsically have fully distributed sensing potential.

2.3.2 Distal End Sensing

The use of the distal end of a fibre for the sensing of chemicals has been widely used due
the simplicity of the design. The demonstrated applications for distal end sensing are

varied and examples include the sensing of gases, pharmaceuticals, pH, and corrosion.

Concepts

Distal end sensing is similar to that discussed in Sec. 2.3.1, but with the subtle differences
that the sensing occurs close to the fibre’s distal end and usually the same fibre is
used to supply the source light and collect the resultant signal. This is achieved with
either a bifurcated fibre [8] or a fibre bundle [25] as shown in Fig. 2.3. The sensing
systems discussed in this section also differ from the systems described in Sec. 2.3.1
because an indicator is often located at the distal end of the fibre, thus they are indirect
sensors. This indicator produces a measurable optical signal when in the presence of the
desired analyte such as by producing or quenching fluorescence, or altering its absorption
spectrum. Also important is the need for a permeable matrix to support both the
analyte and the indicator. The selection of indicator and carrier matrix is specific for
the particular sensing application. A few case by case examples are given below with

more detail described later, in Sec. 2.6.

Chemical Sensing Examples

Wolfbeis et al. demonstrated the use of distal end sensing with the simultaneous mea-
surement of oxygen and carbon dioxide using fluorescent indicators [26]. Two separate

gas permeable layers were deposited onto the fibre tip, one that fluoresces in the presence
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(a) Bifurcated fibre sensor (b) Fibre bundle sensor

FIGURE 2.3: (a) Bifurcated optical fibre sensors. (b) Optical fibre bundle.

of oxygen and the other for carbon dioxide. The materials were chosen because their
excitation could occur at the same wavelength but the fluorescence emissions were sep-
arate. Hence, two chemicals could be measured separately and simultaneously but only
one optical source was required, thereby demonstrating the possibility of multiplexed

fibre sensors.

The development of indicators has meant that distal-end fibre sensing is not limited to
the measurement of gases. For example, Zhang et al. successfully developed a mercury
ion sensor based on the fluorescence quenching of a porphyrin dimer [27]. Two significant
results were obtained in this study, the first being that the sensor was selective to mercury
ions over many other transition metals, which can prevent the false positive detection of
mercury. Also, the sensor demonstrated good reversibility when washed and re-exposed
to mercury ions. Another example of using fluorescence quenching was demonstrated by
Wen-xu et al. [28]. In this study a sol-gel was used to attach a fluorescent chemical to the
distal end of a fibre whose fluorescence was quenched proportional to the concentration
of Adriamycin, which is a drug used for cancer chemotherapy. This method was shown
to be successful in the measurement of Adriamycin in-vivo, that is, in the blood system

of an animal.

One of the early demonstrations of using an optical fibre for the sensing of pH was
achieved by Peterson et al. in 1980 [25]. The design of this sensor was to place two
fibres into a plastic tube that was packed with phenol red, a pH indicator, allowing one
to supply the light and the other to collect the scattered reflection. The tube located

at the distal end of the fibres also contained polystyrene microspheres that allowed for
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greater light scattering, increasing the efficiency of the light collection. This sensor was

then used to correctly measure the pH of blood samples in the range of 7.0 to 7.4.

Double-Clad Fibres for Two Photon Fluorescence Sensing

In general, distal-end fibre sensing uses the same optical fibre to supply the source signal
and collect the resultant optical signal. Furthermore, because the interaction occurs at
the tip of the fibre there are generally no special features that direct the optical signal
back into the fibre other than the intrinsic collection properties of the fibre, which
are generally quite poor using standard fibres [29]. For single photon fluorescence the
simplest optimisation is to increase the numerical aperture and core diameter of the fibre
to increase the collection angle and area, such as by using multi-mode fibres. However,
two photon fluorescence is a nonlinear interaction and thus high peak intensity for the

excitation is desired [30], which can be achieved by using single mode fibres.

A proposed solution to this trade-off problem is to make use of a double clad optical
fibre, which can be an all-solid design, or a more intricate design as shown in Fig. 2.4
[29, 30]. This design of microstructured optical fibre (MOF, see Sec. 2.5.4) allows the
inner core to be excited at high intensity. The outer cladding is then a collector of
the return optical signal, such as fluorescence, with higher collection efficiency than if
collecting with only the inner core. Using MOFs is particularly advantageous due to
the high numerical aperture that is possible using air and glass refractive indices, thus
providing a greater acceptance angle for collecting the signal. Myaing et al. found
that the collection efficiency improved by approximately nine times compared with a

conventional single mode fibre [29].

NOTE:
Thesefiguresareincludedon page 18
of the print copy of thethesisheldin

theUniversityof AdelaideLibrary.

FIGURE 2.4: Double clad microstructured optical fibres used to enhanced the collection
numerical aperture. Images from Ref. [29] (a) and Ref. [30] (b).
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Konorov et al. noted that this design can also be useful for (linear) single-photon
fluorescence if high precision positioning of the excitation beam is desired [30], which

could have applications in fluorescence imaging.

Discussion

The use of distal end sensing has been demonstrated for many applications, some of
which are discussed above, such as the sensing of pH, gases, pharmaceuticals, and cor-
rosion. The advantage of this design is in its simplicity where only a single bifurcated
fibre is needed for the measurement in addition to an indictor attached to the end of the
fibre. A disadvantage of this design is the low efficiency with which the optical signal is
collected by the fibre. This design also does not make use of the long interaction lengths
that can be achieved using optical fibre and distributed sensing cannot be performed,
which is desirable in many applications such as corrosion monitoring [8]. Thus, while
distal end, and more generally extrinsic, optical fibre sensors can be implemented for
many applications, it is intrinsic sensors that utilise some of the more unique advantages

of optical fibres as will now be seen.

2.4 Intrinsic Sensors

2.4.1 Evanescent Field Sensing

A conventional optical fibre operates on the principle of total internal reflection. How-
ever, not all of the propagating light is bound to the core as a small fraction propagates
in the cladding, which is known as the evanescent field [31]. By allowing an analyte to
come into contact with the evanescent field any traditional spectroscopic measurement

can be performed such as absorption spectroscopy or fluorescence measurements.

Evanescent field sensing is possibly the most commonly studied method for optical fibre
chemical sensing. Due to its versatility, sensitivity, and ability to be used for distributed
sensing it has been chosen as the sensing mechanism to be studied in this project.
Therefore, it is discussed in detail in Sec. 2.5, after discussion on some of the alternative

intrinsic sensing configurations.
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2.4.2 Grating Sensors

Fibre gratings can be classified into two categories, fibre Bragg gratings (FBG) and
long period gratings (LPGs). Both types of gratings consist of a periodic variation in
refractive index along the fibre axis that couples light out of the forward propagating

core-guided mode(s) [2].

A fibre Bragg grating has a periodic variation in refractive index such that phase match-
ing of the forward propagating mode causes a particular wavelength to reflect into the
backward propagating mode(s) [2]. This creates a characteristic minimum at a wave-

length (Bragg wavelength) given by

AB = 2neppA\, (2.1)

where Ap is the reflected Bragg wavelength, n. s is the effective index of the core guided
mode, and A is the grating period [2]. Alternatively, LPGs have grating periods in the
order of millimeters, which couple light from the core guided modes into the cladding

modes [2].

Bragg gratings are generally used to create temperature and strain sensors using the
dependence of refractive index on temperature and grating period on strain [2]. When
considering chemical sensing, the concept of measuring strain using a FBG has been
studied for the purpose of corrosion sensing [32-35]. In this design a section of an
FBG was prestrained and then coated with the metal of interest [34]. Before corro-
sion occurs there are two distinct Bragg wavelengths corresponding to the prestrained
and unstrained sections of grating. When corrosion occurs the strain is released and
only one Bragg wavelength remains. The advantage of using this technique is that the

measurement is not dependant on parameters such as light intensity or temperature [32].

Chemical sensors usually make use of long period gratings (LPGs) because they couple
the forward propagating mode into cladding modes as shown in Fig. 2.5 [1, 21, 36,
37]. The wavelength of light that is coupled into the cladding is dependant on the
refractive index of the cladding itself. As the cladding light is generally attenuated
quickly, a characteristic minimum which is dependent on the refractive index of the

cladding materials can be measured at the fibre output [38].
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F1GURE 2.5: Long period grating optical fibre sensor.

Examples of using LPGs for chemical sensing include work done by Allsop et al. where
organic aromatic compounds were detected in a paraffin solution. This design was able
to detect changes in concentration of approximately 0.04% [38]. DeLisa et al. also

successfully used an LPG for the measurement of antibodies [37].

It should also be noted that grating sensors can be used for both time domain distributed
sensing (Sec. 2.7) and wavelength division quasi-distributed sensing [39]. For example,
a 64 element quasi-distributed fibre Bragg grating sensor system has been demonstrated
using wavelength division multiplexing [2]. As will be seen in Sec. 2.8.3; LPGs have been
studied for the purpose of corrosion sensing and can be considered an alternative to the
evanescent field sensors developed in this project. The primary motivation for evanescent
field sensing over LPG sensors is that continuous distributed sensing is possible, and
more direct measurements can be made such as the measurement of aluminium ions

from corrosion of aluminium alloys [8].

2.4.3 Surface Plasmon Resonance Sensing

Surface plasmon resonance (SPR) sensors make use of the sensitive resonance properties
between a dielectric and thin metal coatings. Surface plasmon resonance forms by exci-
tation of a surface mode at the boundary between a dielectric, such as an optical fibre,
and a metal [40]. This excitation occurs for a resonance wavelength and is strongly de-
pendant on the angle of incidence, the metal thickness, and the external refractive index
[41]. SPR is used with optical fibres by coating the core of a fibre with a metal film and
then observing the resonance wavelength in the transmission spectrum [41]. Chemical
sensors make use of the dependence of the resonant wavelength on the external refractive
index. For example, Jorgenson et al. demonstrated the use of SPR in an optical fibre
chemical sensor [41]. In this research a thin layer of silver (550 A) was deposited onto

the core of a single-mode fibre. The results showed a non-linear correlation between the
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refractive index of the analyte (varied fructose solutions) with the resonance wavelength.
It is unlikely though that SPR sensors could be used for sensing chemicals that do not
induce a significant change in the refractive index, such as low concentrations of metals

ions, unless an additional transduction mechanism is designed.

Recent work has seen an interest in using this concept with microstructured optical fibres
and optical nanowires (see Sec. 2.5.4), with the promise of higher sensitivity [42-47]. A
difficulty with using microstructured optical fibres for SPR is that most metal deposition
techniques cannot be used in the confined space of the fibre holes. A method for avoiding
this problem was demonstrated using a side access (exposed-core) MOF [47] (see Sec.
2.5.4). This allowed for deposition by sputtering into the open region of the fibre, unlike
other proposed methods that involved passing fluids though the holes of the fibre [45].
While MOF's can provide higher sensitivity, a direct result is that metal coated MOFs
generally have large optical loss due to a greater interaction between the optical field and
the highly attenuating metal. Loss predictions are in the order of at least several few
dB/cm away from the resonance, and up to 250 dB/cm at resonance [44, 45]. Clearly
MOF based SPR sensors are not particularly amenable to distributed sensing, but are

nevertheless a promising design for highly sensitive refractive index point sensing.

2.4.4 Surface Enhanced Raman Spectroscopy

Raman spectroscopy is a useful tool for chemical and biological sensing as the analyte
generally has a fingerprint that can allow for selective detection without the need for
labelling or an indicator [48]. Optical fibres have been demonstrated as useful devices
for Raman-based sensing both in intrinsic and extrinsic configurations. For example,
Pristinski et al. have shown that microstructured optical fibres can be used for intrinsic
Raman sensing when the air holes are filled with acetonitrile [49]. However, a more
sensitive and commonly used approach is to further process the fibre so that surface
enhanced Raman spectroscopy (SERS) can be used [6, 48, 50-52]. SERS is achieved
by coating metal particles onto either the optical fibre tip or along the length of the
fibre. The metal particles serve to increase the electric field and thus increase the
Raman interaction. Examples include using a chemically etched tip of a conventional
fibre [50], a chemically etched fibre bundle [51, 52|, and along the length of different

microstructured optical fibres [48].
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SERS is not commonly used for the sensing of metal ions and would thus seem an unlikely
candidate for aluminium ion or corrosion sensing, though some examples do exist, such
as the indirect measurement of copper ions via an interaction with 4-Mercaptopyridine
[53]. SERS also suffers from the fact that the metal coatings, as is the case with surface
plasmon resonance sensors, increase the optical loss [6] and thus SERS sensors are best

suited to applications where specificity is required, rather than, say, distributed sensing.

2.4.5 Interferometric Sensors

Interferometric sensors make use of the phase information present within an electro-
magnetic wave. Here the interference between a reference beam and a sensing beam
reveal information on the refractive index of the analyte, which can be correlated with
concentration [7]. These sensors make use of any of the common configurations used for
free-space optics, that is, the Fabry Perot, the Michelson, the Mach-Zehnder, and the
Young configurations [7]. Advantages of this method, over say intensity based sensors, is
that the measurement is not affected by variations in system power, and compensation
for variations due to temperature can be made via the reference arm. As with SPR
and Raman sensing, these sensors can be used for any application where a transduction
mechanism between the analyte and the refractive index can be made, but the concept

generally cannot be used for distributed sensing.

2.5 Evanescent Field Sensing

2.5.1 Concepts

The evanescent field is a wave property of the electromagnetic propagation that is de-
rived by solving Maxwell’s equations [54]. The evanescent field decays exponentially out
from the core and extends to a distance approximately equal to the wavelength of the
propagating light as shown in Fig. 2.6 [55]. Note that the fraction of guided light that
propagates within the evanescent field is sometimes referred to as the power fraction

(PF) [54].

The principle of evanescent field sensing is to allow an interaction between the evanescent

field and the analyte so that spectroscopic measurements can be utilised to detect and
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FIGURE 2.6: Evanescent field of a step-index optical fibre, which extends a distance of
approximately the wavelength of the propagating light into the cladding.

measure the desired chemical [55]. Spectroscopy can be used to measure an intrinsic
property of the analyte, such as its optical absorption spectrum or fluorescence emission.
Commonly though, as with extrinsic sensors (Sec. 2.3), an indicator dye is used as
a transduction mechanism as the analyte often does not have suitable spectroscopic
properties within the transmission window of conventional optical fibre materials [7].
This indicator dye can operate through a change in its absorption and/or fluorescence
properties. Much of the challenge is to immobilise these indicator dyes onto the optical

fibre surface and some of the methods used to achieve this will be discussed in Sec. 2.6.

The type of fibre used for evanescent field sensing can broadly be categorised into two
groups; multi-mode fibres (MMF) and single mode fibres (SMF). Multi-mode fibres
are generally less sensitive compared to single-mode fibres due to the evanescent field
percentage being inversely proportional to the optical fibre V-number, and thus the
number of supported modes [56]. However, the core diameter of multi-mode fibres are
more practical to handle as they can be in the order of 100 pm or greater, whereas the
core diameter of single-mode fibres need to be much smaller. While the outer diameter
of the fibre is dictated by the cladding diameter, not the core diameter, for an evanescent
field sensor the core must be exposed to the external environment at least partially, and

thus single mode fibre sensors are generally more fragile.

2.5.2 Multi Mode Fibres

Unclad Bare Fibres

The simplest method for using the evanescent field for chemical sensing is to use an
unstructured glass (or polymer) fibre which can either be fabricated as such or produced

by removing the cladding of a conventional step-index fibre. The whole unstructured
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(or bare) fibre forms the core and is placed into an analyte, where the analyte, or the

solution it is dissolved in, acts as the cladding.

Bunimovich et al. demonstrated infrared spectroscopic measurement of gas partial pres-
sure using an unclad multi-mode fibre [57]. The sensor was successful at both detecting
the gases and also at quantitatively measuring their concentration by use of the Beer-
Lambert law, although with limited accuracy. Likewise Potyrailo et al. demonstrated
the ability to use fibre optics for near-ultraviolet spectroscopic measurements of ozone
[58]. In this study an unclad fibre was compared with a plastic-clad fibre with selec-
tive permeability. It was concluded that the permeable cladding is a superior design
compared to the bare unclad fibre due to its ability to protect the surface of the core,

preventing surface contamination and subsequent signal loss.

The use of permeable coatings doped with indicators has been studied extensively for
evanescent field sensors in order to increase the sensor versatility and sensitivity. For
example, the cladding can be replaced with a permeable coating such as the polymers
polyvinylalcohol (PVA) [59] and polymethyl methacrylate (PMMA) [31], or sol-gel [60].
These coatings can then be doped with indicators for the particular chemical of interest.
For example, a pH sensor can be constructed by doping the coating with pH sensitive
chromoionophores such as methyl red and thymol blue [31]. Absorption measurements
are then used to detect and measure the pH of the surrounding environment. This
process has also been used for the detection of other complex chemicals such as proteins

[60).

The above examples were based on absorption measurements, but other mechanisms are
of course possible. Xu et al. demonstrated the use of evanescent-wave scattering for the
measurement of atmospheric relative humidity when using a porous sol-gel coating [55].
A more common approach is to use fluorescent indicators [7]. Lieberman et al. fabricated
an oxygen sensor by doping the cladding with an organic fluorescent indicator dye [61].
The fibre was side illuminated so that a small fraction of the fluorescence was captured by
the guided modes of the fibre. When in the presence of oxygen the fluorescence reduced
depending on the oxygen concentration, hence allowing for quantitative measurements
of the oxygen concentration. A key aspect is the amount of the fluorescence which is
captured by the guided modes. This value is stated as being strongly dependant on

the fibre’s V-number and was approximately 0.02% for the particular fibre used in this
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study as calculated using the work of Marcuse [17]. The experimental results showed a
slightly larger value for the capture efficiency than the theoretical prediction for unknown
reasons. Regardless, the amount of captured fluorescence possible is quite small and
hence attempts have been made to increase the capture efficiency. For example, Kao
et al. modelled and tested the use of a thin, high refractive index sol-gel core coating
to increase the collection efficiency of an evanescent-field sensor [14]. Both theoretical
studies and experiments confirmed this method and showed that there is an optimal
choice of refractive index and width of the sol-gel coating for maximum fluorescence

capture.

Optimising Multi-Mode Evanescent Field Sensing

The sensitivity of a multi-mode evanescent field sensor is generally quite poor due to the
evanescent field percentage being inversely proportional to the optical fibre V-number,
and thus the number of supported modes [56], but it can be optimised by varying the
optical fibre properties and the launch conditions. For a multi-mode optical fibre the

penetration depth, d,, of the evanescent field is given by [62]:

A
 2mng(sin26 — sin26,)' /2’

d, (2.2)
where X is the free space wavelength, ny is the refractive index of the core, and 6, is
the critical angle of the fibre. As shown by Eq. 2.2, the sensitivity can be improved by
exciting rays that are close to the critical angle of the fibre. This can be achieved by
modifying the launch optics such as by spatially filtering the input beam [63]. Another
method is to use a U-shaped fibre, which allows propagating rays to approach the crit-
ical angle of the sensing region if the sensing part of the fibre is bent. This has been
demonstrated by Gupta et al. where a fibre with a phenol red doped PMMA coating
was used to measure humidity as shown in Fig. 2.7 [64]. It was shown that by decreas-
ing the bending radius of the U-shaped fibre the sensitivity of the sensor was increased.
For example, the sensitivity can be increased by a factor of 20 by reducing the bending
radius from 3.80 mm to 2.45 mm. Similar results were produced by Khijwania et al.,

who compared the U-shaped fibre with straight conventional unclad fibres [62].
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F1GURE 2.7: U-shaped fibre sensor for enhanced evanescent field sensing, in this case
for humidity sensing.

2.5.3 Single Mode Fibres

The alternative to multimode fibre sensing is the use of single mode fibres, which can
generally provide a significantly higher overlap of the evanescent field with the analyte.
As stated previously, the sensitivity of evanescent field sensors is inversely proportional

to the fibre’s V-number, which is given by [54]:

2ma
V= T nzore - nglad’ (23)
where a is the core radius, A is the free space wavelength, ncore is the refractive index

of the core, and n.j.q is the refractive index of the cladding.

Thus, the most sensitive fibre design is to use a single-mode fibre, where the V-number
is less than 2.405 [54]. The challenge is to design a fibre that is simultaneously single-
moded, allows the optical field access to the external environment, and is practical
to handle. The later point is particularly challenging, given that the core diameter
generally needs to be extremely small whilst having the core at least partially exposed
to the external environment. For example, evaluating Eq. 2.3 shows that an air-clad
silica fibre requires the core diameter to be smaller than 320 nm to be single mode at
a wavelength of 600 nm. For this reason single-mode evanescent field sensors generally
require special fabrication and packaging techniques in order to make them practical
to handle, such as the fabrication of D-shape fibres (Sec. 2.5.3) or tapered fibres (Sec.
2.5.3). Of increasing interest are microstructured optical fibres, that can have small
features over long lengths while still being practical to handle, and these will be discussed

in the next section (Sec. 2.5.4).
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D-Shaped Fibres

Rather than removing the entire cladding of an optical fibre, which can reduce the fibre’s
durability, a different method is to use a D-shaped fibre. A D-shaped fibre has a section
of the cladding absent such that the core is close to the external environment on one
side as shown in Fig 2.8 [9]. A fraction of the evanescent field can then interact with the
surrounding environment in the region of the missing cladding. Stewart et al. carried
out extensive work on this type of sensor for the purpose of methane sensing, with a
simplified version of the experimental setup shown in Fig. 2.8 [9]. It was noted that
this design has the advantage of having potential in a distributed scheme and it was also
a single mode fibre offering greater sensitivity and stability over previously used fibres.
However, there were also several weaknesses pointed out for this design including the
still poor overlap between the optical field and the surrounding environment (~ 0.1%),
difficulty in splicing to standard fibre, and low commercial availability.

Methane chamber
" D-shaped fibre

cross section
| Light source I (/ZD Detector

Conventional fibre

D-shaped fibre

FIGURE 2.8: D-shaped fibre sensor for evanescent field gas (methane) sensing.

Tapered Fibres and Optical Nanowires

Another method to increase the proportion of optical field within the sensing region is to
taper the fibre. A fibre taper is fabricated from a conventional fibre by applying tension
with the application of heat such as from a COq laser [65]. The effect of this is to produce
a thin section of the fibre as shown in Fig. 2.9 where the indicated parameters (a-d) can
be varied via fabrication in order to optimise the performance of the sensor [66]. This
allows for a highly sensitive tapered region, which can potentially be small enough to be
single moded, while being directly connected to a large diameter multi-mode fibre for

more practical coupling and handling.

Extending from the concept of tapered fibre sensors is the use of nanowires. Recent

sensing research involving nanowires has included using materials such as metals, metal
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FIGURE 2.9: Diagram of a fibre taper and the key geometrical features.

oxides, polymers, silicon, and silica [67-73]. Of particular interest to this review is
the use of silica nanowires because a nanowire is essentially an optical fibre with much
smaller dimensions, such as widths as small as 50 nm [73]. Images of optical nanowires
fabricated by Tong et al. are shown in Fig. 2.10 [73]. The main benefit is that a
large portion of the optical energy propagates externally to the nanowire, that is, it
has a large evanescent field. Lou et al. reported that theoretically the evanescent field
can make up between 20% and 100% of the total propagating energy and thus allows
for greater interaction with the surrounding environment compared with other evanes-
cent field based sensors [70]. However, the main disadvantage with the use of optical
nanowires is that the length of a fabricated nanowire is generally quite small, typically
smaller than one millimetre [67] due to the loss and the fragility of a long nanowire, and
also the fabrication technique which is often by tapering standard fibre. Consequently,
despite the promise of high sensitivity, traditional optical nanowires negate two of the
most commonly stated advantages of using fibre optics for sensing being long interaction

lengths and the ability to do distributed sensing.
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FIGURE 2.10: Optical nanowires fabricated by Tong et al.. Images from Ref. [73].

It will thus be shown in the next section that a compromise between the sensitivity
and accessability (to the analyte) of a optical nanowire and the physical robustness of a

multi-mode fibre is the use of a microstructured optical fibre.
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2.5.4 Microstructured Optical Fibres

With the emergence of microstructured optical fibre technology there has been increased
interest in using these fibres for sensing applications. MOF's generally consist of a single
glass material with an arrangement of holes that run along the fibre’s length [10], as
shown in the examples in Fig. 2.11. Through appropriate choice of holes and material
the fibre’s optical properties can be tailored to suit the application [74]. The common
approach to sensing is to fill the holes of the fibres with the material of interest and the

design of the MOF is used to optimise the optical field overlap with the analyte.

NOTE:
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FIGURE 2.11: Example microstructured optical fibres. Images from Ref. [75] (a), Ref.
[76] (b) and Ref. [10] (c) . (a, b) are index guiding fibres and (¢) is a photonic bandgap
guiding fibre.

Concepts

There are two distinct mechanisms for which light can be guided in MOFs; these are
known as index guiding and photonic bandgap guiding [10]. Index guiding optical fibres
operate by a form of total internal reflection comparable to the manner in which con-
ventional core-clad fibres operate. To obtain the index contrast required to guide light
the average index of the cladding, ngqdding (often called the effective cladding index, see
below), must be lower than that of the core, n,ateria; [10]. This is achieved by having air
holes in the cladding with a solid core. A simplified one-dimensional example is given

in Fig. 2.12, where an index contrast exists between the cladding and the core.

A useful model for guidance in a step-index fibre is to consider the effective cladding
index of the fundamental space filling mode (FSM), which is defined as the fundamental
mode of the infinite MOF cladding if the core is absent, and fills the role of the cladding
index as if the fibre were a conventional step-index fibre [77]. The guided modes of
the fibre then propagate with an effective index that lies between the cladding effective

index and the material index of the core [77].
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FIGURE 2.12: Refractive index cross section of an index-guiding microstructured op-
tical fibre showing that the core index is greater than the average cladding index thus
allowing total internal reflection.

Photonic bandgap fibres have their cladding consist of a period arrangement of air holes
for which light cannot propagate for a particular range of frequencies due to interference
effects. Introducing a defect into this pattern then produces a core. Light can be guided
along this core by virtue of the fact that the light cannot propagate in the surrounding
material and is thus confined to the defect [10, 74, 78].

To use MOFs for sensing the holes of the fibre are filled with the analyte of interest
so that the portion of optical power that propagates in the holes can interact with
the filling material [79]. When considering index guiding MOF's this is referred to as
evanescent sensing because the evanescent field exists in the cladding holes. However,
when considering filled photonic bandgap fibres the material can be placed in the central
hole and is thus not an evanescent field effect but nevertheless allows the analyte to

interact with the propagating optical field.

An MOF based sensor can then be used to make any of the traditional spectroscopic
measurements that are used in other optical fibre sensor designs with the most common
being absorption [80] and fluorescence [81] based measurements, provided the fibre can
support the wavelength(s) of light required. Analogous to conventional fibre evanescent-
wave sensors, the primary issue is the amount of optical energy that can be made to
interact with the analyte material. This is the key advantage of using MOFs, with
examples of potential power fractions (power of optical energy in the holes) including
40% for index-guiding MOF's [82] (Sec. 2.5.4) and 98% for photonic bandgap MOF's [83]
(Sec. 2.5.4).
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Index Guiding

Monro et al. studied the use of index-guiding MOF's for sensing purposes by theoretically
determining the power fractions that can be achieved [79]. The results showed that power
fractions greater than 35% can be achieved. The results also demonstrated that longer
wavelengths and larger relative hole diameters were preferable when trying to increase

the power fraction. Similar results were also obtained by Hoo et al. [84].

Gas absorption spectroscopy has been demonstrated using filled MOF's [80, 84, 85]. Hoo
et al. filled an MOF with acetylene gas via diffusion and successfully measured its
absorption lines in the range of 1520 nm to 1542 nm [80]. By comparing their results
with an absorption cell the power fraction was estimated to be 6%, approximately 50
times greater than for the D-shaped fibre. Similarly, Pickrell et al. fabricated a random-
hole MOF for the absorption measurement of acetylene [85]. The fabrication process
involved placing gas producing particles in the glass which expand during the drawing
process. This method is simpler than traditional MOF fabrication techniques such as
capillary stacking or extrusion [74] but does not allow for much control over the optical
properties of the fibre. Pickrell et al. also identified that a limitation of using gas filled
MOFs is the time of filling the fibre, which could be improved by using larger holes or

increasing the gas temperature [85].

Sensing with MOF's is not limited to chemical gas sensing. Jensen et al. experimentally
demonstrated that an index-guiding MOF could be used for absorption measurements of
biomolecules in aqueous solutions [86]. In this experiment DNA molecules were labelled
with Cy5 and the absorption spectrum was successfully measured in the region from 500
nm to 800 nm. Extending on this work, Jensen et al. used a Cy3 coated polymer MOF to
selectively measure the presence of particular antibodies [81]. That is, only the antibody
of interest formed a fluorophore with Cy3 and could hence produce fluorescence. In this
experiment the fluorescence was excited with side illuminated light with the fluorescence
then captured by the guided modes of the fibre and measured at the fibre’s output. The
results showed the expected fluorescence spectrum for concentrations as low as 80 nM,
noting that the sample volumes used were as low as 27 pL. Rindorf et al. have also
studied the ability to use a fibre Bragg grating (FBG) within an MOF for sensing
applications [87]. In this research the FBG was able to indicate the thickness of a thin

biofilm on the surface of the MOF holes by measuring the resonant Bragg wavelength.
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Suspended-Core Fibres

A subset of index guiding MOFs is the suspended core fibre shown in Fig. 2.13 [82, 88—
91]. As was discussed in Chapter 1, this design of fibre is the focus of this project, along

with the exposed-core design.

It has been proposed that this structure is an ideal evanescent field sensor as it is as
practically close to an air suspended rod as possible, which can have large evanescent
fields [79, 82]. Zhu et al. theoretically predicted power fractions as great as 29% at a
wavelength of 1500 nm with sufficiently small confinement loss [82], which is significantly
larger than the 0.1-0.1% quoted for D-shaped fibres [9]. Likewise, Webb et al. performed
theoretical calculations and found comparable values for the power fraction, and that
smaller core sizes could achieve power fractions of almost arbitrary value [90]. A fibre
of this design was subsequently fabricated using a drilled preform technique, filled with
acetylene, and the expected absorption spectrum recorded [90]. These results all consider
the benefits of using suspended core fibres for absorption spectroscopy of gases. The
purpose of this thesis is to demonstrate the benifits of using these fibres for liquid-based

fluorescence sensing both theoretically and experimentally.

A significant reason for this structure being ideal for sensing purposes is that is does not
require selective filling of holes and that the large hole sizes allow for faster filling for
liquids or gases compared with more traditional MOFs, particularly if inflated during
fibre drawing [91, 92]. If the core diameter is made sufficiently small it can essentially
be considered an optical nanowire but in a configuration that allows it to be handled
practically. Fabrication of these fibres has been demonstrated with core diameters as
small as 800 nm from silica [89], 480 nm from tellurite [91], and 450 nm from bismuth
[93]. It will be shown in [P6] in this thesis that suspended-core fibres made from lead-

silicate glass can be made with core diameters as small as 400 nm.

A modification of the suspended-core fibre is the exposed-core fibre where one of the
MOF holes have been made open to the external environment, these fibres will be

discussed shortly.
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FIGURE 2.13: Suspended optical nanowires. Images from Ref. [89] (a, ¢) and Ref. [91]
(b, d). White scale bars are 10 yum (a, ¢) and 4 gm (d).

Photonic Bandgap

As with index-guiding MOFs, photonic bandgap (PBG) MOF's have been studied with
particular reference to gas sensing. The reasons for studying gas sensing rather than
liquid-based sensing is much more apparent for bandgap fibres because the refractive
index of the filling material significantly affects what wavelengths can propagate in the
fibre [94]. For gases this is not a problem because they have approximately the same
refractive index as air, but liquid filling the fibre’s holes will dramatically change the

fibre’s optical characteristics [94].

Laegsgaard et al. calculated the power fractions that could be obtained for PBG fibres
[83]. For the designs studied, between 2% and 9% of the propagating power travelled
in the glass of the fibre, where the remaining power could be exploited for chemical
sensing. Gas sensing was then demonstrated by Ritari et al. where a PBG fibre was

filled with acetylene gas and absorption measurements were made [95]. To demonstrate
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the high sensitivity of using PGB fibres the absorption spectra of the weakly absorbing

gases methane and ammonia were obtained.

Work has also been done in the field of liquid filled PBG fibres because of the effects
filling has on the propagation characteristics of the fibre [96-98]. Cox et al. considered
the effects of filling all the holes of a PBG fibre with water [97]. Theoretical results
showed that filling the holes shifts the transmission region to shorter wavelengths, given
by a simple scaling rule, and experimental results confirmed this effect. This can thus be
used as a refractive index sensor [96, 97]. Liquid filling of PBG fibres can also be used
to create temperature sensors via a liquid’s refractive index dependence on temperature,

and this has been demonstrate for high-index liquids [98] and liquid crystals [99].

Index Guiding Liquid-Core Fibres

Research has been done on filling only the core of PBG fibres with liquids [100, 101].
This converts the fibre into an index guiding fibre because the refractive index of the
filling liquid is greater than the effective index of the air-hole cladding. Consequently, the
bandgap effect is no longer present and hence there are no longer issues with propagating
at the correct wavelength, and this also results in the majority of the optical field
propagating within the liquid. While this design allows for nearly a 100% optical field
overlap with the analyte the difficulty lies in that selective filling into the core must
be achieved, which generally involves post-processing of the fibre. As with liquid-filled
PBGs, there are also issues with ensuring that the ends of the fibre do not contain air
bubbles, which can be solved by having the fibre fully immersed [97] or by plugging the
ends of the fibre [101].

Exposed-Core Fibres

An important consideration for filled MOF sensors is the rate at which the fibre can be
filled. For gas filled fibres the holes are filled via diffusion [84] and liquid filled fibres are
generally filled via capillary forces as governed by Navier-Stokes equations [86], although
filing rates are generally approximated with simpler capillary theory [102]. It is possible
to improve the filling rates by increasing the gas temperature or by applying an external

pressure. For example, Jensen et al. reduced the filling time for a 20 c¢m length of
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fibre from 10 minutes to 4 minutes by applying a 200 kPa external pressure [86]. An
alternative solution to this problem is the exposed-core fibre, where one of the MOF
holes is made open to the external environment along the length of the fibre. This
allows the fibre to be filled near instantaneously, and also allows for the possibility of

distributed sensing using an MOF.

When considering only filling speed, the optimum solution would be to have the MOF
holes open continuously along the fibre length. However, having the holes open only at
discreet locations would nevertheless assist in improving filling speed, and could have
beneficial practical benefits over a continuously open fibre depending on the application.
An example of such a device is to create periodic openings along the length of the fibre

as suggesting by Hoo et al. in 2003 and shown in Fig. 2.14 [84].
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FIGURE 2.14: (a) One quarter cross section of an MOF with a side opening. (b) An
MOF with periodic openings for faster gas diffusion into the holes. Images from Ref.
[84].

An implementation of this idea was tested by Cordeiro et al. where side-holes were
formed in the side of both solid core and hollow core MOFs [76]. The side-holes were
created by first fusing the fibre holes at each end using an electrical arc, another arc
was then used at locations along the fibre where the sudden pressure increase blew
open a side-hole (Fig. 2.15(a)). It was shown that this method could either be used
to fill approximately 30% of the holes of an index-guiding MOF or to selectively fill
the core of a hollow-core PBG fibre. However, the presence of these side-holes lead
to large propagation losses and significantly scattered the core guided optical mode
into the cladding. Cleaner fabrication techniques have since been developed, which
include the use of a focused ion beam [103, 104] (Fig. 2.15(b, c¢)) and femtosecond laser
micromachining [105-107] (Fig. 2.15(d, e)). These methods allow short sections of fibre
to be exposed, in the order of tens of microns long, with negligible insertion loss. Cox

et al. subsequently demonstrated that long lengths of exposed-core polymer fibre can
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be fabricated by creating an opening at the preform stage of the fibre fabrication, such

as by drilling holes into the cladding of a polymer MOF preform [108] (Fig. 2.15(f, g)).

In this project, glass continuously exposed suspended-core fibres have been fabricated
and tested for real-time and distributed fluorescence sensing (Chapter 4). In principle,
the use of glass allows lower loss fibres to be fabricated than if made from polymer,

making it more suitable for distributed sensing.
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FIGURE 2.15: Side access MOFs. Images from Ref. [76] (a), Ref. [106] (b, ¢), Ref.
[103] (d, e), and Ref. [108] (f, g).
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Discussion on MOF Sensing

The various designs of microstructured optical fibres each have distinct advantages and
disadvantages. Solid-core index-guiding fibres such as the suspended-core design are the
simplest in terms of fabrication and filling characteristics, but generally have a smaller
power fraction (of light in the holes) than liquid-core or photonic bandgap fibres. For
an application such as gas absorption spectroscopy, where the analyte has essentially
the same refractive index as the air holes, optimising the amount of optical power in
the evanescent field is the main priority and thus photonic bandgap fibres appear to be
the design of choice. However, complexities arise when sensing liquids as they have a
refractive index that generally lies somewhere between air and glass, which will effect
the light guidance properties of the fibre. While the liquid-core design provides a high
sensitivity for liquid analyte measurements, the complicated filling requirements are a
significant disadvantage. For liquid analyte sensing the solid-core fibres appear to offer
the simplest and most (optically) robust solution. Solid-core fibres also give flexibility
because it is possible to choose the percentage of overlap of the optical field with the
analyte and can be easily modified in design to have an exposed core. For these reasons,

solid-core fibres have been the focus of this project.

2.6 Coatings for Indicator Immobilisation

As has been discussed throughout this review, optical fibre sensing often makes use of
indicator dyes when the intrinsic scattering, refractometric, absorptive, or fluorescence
properties of the analyte are not sufficient to perform a measurement [7]. These indi-
cators can be added to the analyte in solution. More commonly, an indicator such as
an organic dye is immobilised by some means to the surface of the fibre [4, 7]. This
can be achieved by physically embedding the indicator onto the surface, such as with
polymer or sol-gel coatings [4, 7], by chemically attaching the indicator to the surface
using silanisation [109], or use both physical and chemical interactions to immobilise the

indicator using polyelectrolytes [110-112].
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2.6.1 Polymer Coatings

Polymer coatings are routinely coated onto telecommunication optical fibres to protect
the fibre from environmental contaminants such as moisture. In contrast, a polymer for
sensing must allow at least the analyte to reach the evanescent field of the fibre, and

thus efforts have been made to develop permeable polymer coatings [8].

Polymer coatings for sensing applications have used various polymer materials such as
polymethyl methacrylate (PMMA), [8, 31|, polyvinylalcohol (PVA) [59], and polyurethane
(3-PEG/PU) [8]. Potyrailo et al. have investigated the use of the original (cross-linked)
silicone cladding [7, 113, 114], which they argue is beneficial due to its simplicity and

low degradation properties.

2.6.2 Sol-Gel Coatings

Sol-gel coatings consist of a porous glass network that can be coated onto an optical fibre
surface at, or near, room temperature [115]. In principle, this produces a strong coating
as the sol-gel is covalently bound directly to the glass surface [116]. Indicator molecules
can be embedded into the porous glass network either in the sol-gel preparation stages
or after curing. Sensing is achieved by allowing the analyte to infiltrate the porous glass
network and interact with the indicator molecules, which can operate with standard

processes such as absorption or fluorescence spectroscopy.

Conventional fibres with sol-gel coatings have been demonstrated for a wide variety of
sensing applications including the sensing of pH [116-119], oxygen [115, 120], humidity
[55], ammonia [121], quinone [116], adriamycin [28], and proteins [60]. As with polymer
coatings, any chemical analyte can in principle be measured via a sol-gel coating if a
suitable indicator dye can be found. An alternative concept was demonstrated by Tao
et al. where an entire optical fibre was fabricated using sol-gel [122]. However, the high
scattering losses in the fibre meant that only short pieces of fibre could be used, and 7

mm lengths were used in Ref. [122].
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2.6.3 Surface Attachment - Silanisation

Polymer and sol-gel based coatings generally hold the indicator molecule to the sur-
face via entrapment, that is, the chemical is not chemically bound to the surface.
An alternative is to chemically attach the molecules to the surface via a silanisation
process [109]. For example, Bhatia et al. demonstrated that the silanes mercap-
tomethyldimethylethoxysilane (MDS) and 3-Mercaptopropyltrimethoxysilane (MTS) can
be used to covalently attach antibodies to the surface of optical fibres via a cross-linker
(GMBS) as shown in Fig. 2.16. There have also been demonstrations of attaching silanes
to the inner walls of MOFs, for the potential application of moisture protection [123].
It will also be shown in [P5] of this thesis that silanes can be used within MOFs for

attaching quantum dot labelled antibodies.
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F1GURE 2.16: Chemical process used to attach proteins to an optical fibre surface using
silanisation. Image from Ref. [109].

Note that an alternative to the silanisation process is to use polymer optical fibres as
they are directly biocompatible, that is, compounds can be directly attached covalently
to the surface [81]. This has been been demonstrated using both PMMA [81] and Topas

[124] polymer microstructured optical fibres. The main disadvantage is that polymer
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fibres generally exhibit higher losses over conventional silica fibres. However, note that
any surface modification of a silica fibre, be it silanisation [125] or otherwise, will add

to the loss of the fibre.

2.6.4 Surface Attachment - Polyelectrolytes

There has been increasing interest in using polyelectrolyte coatings for surface (including
glass) functionalisation as an alternative to the silanisation method [110-112]. As will
be explained in more detail in Sec. 5.5, polyelectrolytes can form a coating onto sur-
faces using electrostatic forces and then indicator molecules, if they have the necessary

functional groups, can covalently bind to the polyelectrolyte layer.

2.6.5 Discussion

All the methods above have been used for various applications with various degrees of
success. The best method of attachment depends on the application in mind. Literature
trends indicate that polymer and sol-gel coatings are useful for chemical sensing, such
as pH, whereas chemical attachment methods are often used for biological applications,
although this is not always the case. It should be noted that the immobilisation strategy
must also satisfy several other functional requirements in addition to attaching the
indicator, which includes protection of the core and good optical properties. Polymer
coatings and to some degree, sol-gel coatings, are more capable of providing physical
protection of the core as they are a physically thicker coating and thus the functional

benefits of chemical attachment methods must be strong for them to be considered.

2.7 Distributed Sensing

The ability to perform distributed sensing is one of the most commonly stated advantages
of using fibre optics for chemical sensing. Indeed, successful distributed physical sensors,
such as for temperature and strain, have been demonstrated that make use of either
Raman or Brillouin scattering [1]. There are far fewer reports on distributed chemical
sensing, particularly for continuously distributed sensing [113]. While many reported

time-domain chemical sensors could in principle be used for continuously distributed
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sensing [116, 126, 127], the sensor elements are generally too lossy to be used continuously
along the fibre over extended lengths. This is indeed one of the greatest challenges in

the development of a truly distributed chemical sensor.

2.7.1 Optical Time Domain Reflectometry

A common method for achieving distributed sensing is to use optical time domain re-
flectometry (OTDR) [126]. The basic principle is that as light propagates along the
fibre a small fraction is reflected into the backwards direction, such as through Rayleigh,
Raman, or Brillouin backscattering, and is then recorded with a photo-diode with high
temporal resolution [1]. Temporal locations of reduced reflected signal correlate to loca-
tions of fibre loss and hence the key is to fabricate a sensor which causes signal loss in
the presence of the analyte [126]. An example of an OTDR trace is shown in Fig. 2.17

where each drop in the reflected signal correlates to the activation of a sensor element.

Loss at activated sensor location

// Fibre attenuation

Detector counts
(e.g. from Rayleigh scattering)

Distance along fibre / time

FI1GURE 2.17: Example of an OTDR trace for distributed sensing.

Sumida et al. demonstrated a distributed hydrogen sensor where the loss mechanism was
fabricated by coating the core of a fibre with platinum supported tungsten trioxide using
the sol-gel method [126]. This material could react with hydrogen to form a chemical
which absorbed the propagating evanescent field. Sensor element with a length of 15
cm were located at separate distances (200 m, 550 m, and 580 m) and measured using
OTDR. When exposed to hydrogen the OTDR trace dropped in signal as expected. For
this particular sensor the range of operation was approximately 800 m, which is dictated

by fibre loss, and the resolution was in the order of a few metres.
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2.7.2 Distributed Moisture Sensing

A novel approach to using OTDR for moisture sensing involves making use of the mi-
crobending properties of optical fibres in conjunction with water swelling materials [128—
131]. The sensor is created by placing two fibres (one a dummy fibre) on opposite sides
of a hydrogel and helically winding these together with nylon as seen in Fig. 2.18 [130].
When water is present the hydrogel expands causing strain on the optical fibre due to
the nylon windings. This results in microbend losses in the fibre that can be measured
using OTDR. For example, this principle was demonstrated by Michie et al. over a

length of 30 m with a resolution of approximately one metre [130].

NOTE:
Thisfigureisincluded on page 43
of the print copy of the thesis held in
the University of Adelaide Library.

FI1GURE 2.18: Design for a distributed moisture sensor that uses microbend losses and
OTDR. Image from Ref. [130].

2.7.3 Fluorescence-Based Distributed Sensing

Distributed sensing using OTDR-type techniques is not limited to measuring loss. Wal-
lace et al. demonstrated a distributed pH sensor where fluorescence was utilised using
time-resolved fluorescence measurements [127]. An advantage of using fluorescence is
that the signal cannot be confused with other loss mechanisms in the fibre. The sensor
system was fabricated in a manner similar to other pH fluorescence sensors and strong
signals were measured at locations of low pH. Similarly, Browne et al. demonstrated
time-resolved pH and quinone sensors [116]. However, both these examples used finite
sensor elements that were spliced to longer lengths of inactive fibre and thus were not

continuously distributed.
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2.8 Corrosion Sensing

Corrosion is a serious problem for many civil and defence structures such as bridges,
buildings, and aircraft, with the cost of repair and replacement of corroded structures
estimated at billions of dollars [132]. While many attempts are made to prevent and
reduce the effect of corrosion, in practice it is impossible to completely avoid. For this
reason it is essential that corrosion processes are monitored so that repair time and costs

are minimised, and to allow for the safer use of structures such as aircraft.

There are several methods by which corrosion can currently be monitored which each
have their advantages and limitations. Because corrosion is an electrochemical pro-
cess methods such as potential mapping and resistivity measurements can be used [133].
Other simpler methods include visual inspection and weight monitoring [133]. A promis-
ing alternative is to use intrinsic optical fibre sensors which can potentially provide for
sensitive and distributed measurements. The ability of optical fibres to withstand a large
variation in operating temperature, their resistance to electromagnetic interference, and
their small profile are particularly relevant when considering imbedding them into an
aircraft. For example, they can be placed strategically into locations of known suscepti-
bility to corrosion, such as lap joints, with minimal impact on the structure, and allow
for monitoring of locations that would otherwise have to be physically dismantled for

inspection [8].

Corrosion can be monitored indirectly by measuring environmental properties such as

[8]:

1. Changes in pH

[\

. Oxygen level
3. Moisture content

4. Presence of salt contaminants

or directly through measurements of the metal alloy itself such as:

1. Changes in the metal alloy (Sec. 2.8.1)
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2. Removal of the metal alloy (Sec. 2.8.2)

3. Corrosion products (Sec. 2.8.4 and Sec. 2.8.3)

Methods for environmental monitoring, such as pH, have been mentioned previously
throughout this review. The following sections highlight some of the methods by which

corrosion can be more directly measured.

2.8.1 Direct Spectroscopic Analysis

When corrosion occurs the spectroscopic properties of a metal change, an example of
using optical fibres using this property was demonstrated by Fuhr et al. for the moni-
toring of steel rebar corrosion in concrete using an extrinsic optical fibre sensor [133]. A
fibre was used to supply a broadband source to the steel and another fibre collected the
reflected signal allowing for spectroscopic analysis of the reflected light. As expected,
when the steel underwent corrosion a significant decrease in the reflected signal was

observed.

2.8.2 Metal-Clad Fibres

Metal clad optical fibre sensors have been studied extensively for corrosion sensing of
various metals [134-141]. To fabricate this sensor a section of unclad multimode fibre
has a thin film of metal deposited onto its exposed core via vacuum deposition [138],
electroless deposition [135], or thermal deposition [136]. The principle of corrosion mea-
surement is that before corrosion the thin film does not allow total internal reflection and
causes significant absorption of the higher order modes [140]. However, when corrosion
occurs the thin film is removed and hence attenuation of the propagating light is reduced
[140]. Thus, if corrosion of the metal film occurs this can be measured as an increase in
output intensity of the fibre. By coating the sensor element with the same metal as the
structure being monitored and placing it in the same location it is then assumed that
if corrosion of the film is measured then corrosion of the structure has occurred [138].
One of the main benefits from using this design of sensor is that corrosion produces
an increase in output intensity and hence loss mechanisms such as microbending and

fibre strain will not produce false positive measurements [138]. However, Rutherford et
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al. found that corrosion by-products can lead to signal interferences due to scattering,

depending on the type of corrosion environment [134].

This design of sensor has been fabricated and tested for several different metals such as
aluminium [134, 136, 138, 141], copper [135, 136], nickel [140] and steel [137, 139]. For
example, Benounis et al. studied both aluminium and copper corrosion using a sensor
fabricated via thermal deposition [136]. It was found that the sensors were able to
measure the different corrosion behaviours of the two materials. This being that copper
corrodes homogenously unlike aluminium which forms blisters, particularly in highly
acidic conditions, due to formation of an aluminium oxide layer at the surface. This

corresponded to step-like behaviour in the output intensity of the aluminium sensor.

As with other sensor configurations, spectroscopic and metal-clad corrosion sensors can
be multiplexed to give quasi-distributed measurements. However, the metal-clad de-
sign cannot be used for continuous distributed measurements due to the high optical

attenuation of metals.

2.8.3 Long Period Gratings

LPGs have been used for the specific application of corrosion sensing in aircraft [142—
145]. This work has concentrated on the ability to measure a change in refractive index
of a coating applied to the fibre [144]. By choosing different coating materials the
sensor can be engineered to measure many different chemical parameters with the most
useful for corrosion sensing being moisture, pH, and metal ions [145]. This technology
has reached a stage of experimental implementation as described by Elster et al. who
published plans to test flight a temperature, strain, and moisture sensor system onboard

an aging aircraft [142].

As stated previously, LPG sensors can be used in a quasi-distributed arrangement. How-
ever, for a continuously distributed corrosion sensor the primary candidate is to use a
fluorescence-based sensor, and has thus been chosen for study in this project (Chapter

5).
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2.8.4 Fluorescence Measurements

Several examples of optical fibre aluminium corrosion sensors have been demonstrated
using fluorescent indicator molecules for metal ions released during corrosion. For alu-
minium alloys the principle method has been to place an indicator that fluoresces in
the presence of aluminium ions at the end of the fibre. McAdam et al. made use of 8-
hydroxyquinoline (8-HQ) as an aluminium ion indicator [8]. In this study a polyurethane
polymer (3-PEG/PU) was doped with 8-HQ and a bead was coated onto the end of a
fibre. This point sensor produced the expected fluorescence spectrum when exposed to
aluminium ions. However, while evanescent wave sensing was indicated as a primary mo-
tivator, and schematically described as shown in Fig. 2.19, experimental demonstration
was not provided.
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FIGURE 2.19: Evanescent field aluminium alloy corrosion sensing using the fluorescent

indicator 8-HQ [8]. (a) Light is coupled into the guided modes of the fibre, which have

an evanescent field that extends into the cladding. (b) A section of the cladding is

sensitised using a porous polymer doped with 8-HQ. (¢) The fibre is to be located such

that when corrosion occurs aluminium ions are able to reach the optical fibre. (d) After

sufficient time the aluminium ions penetrate into the polymer and form a fluorescent
complex with 8-HQ. Tmage from Ref. [8].

Another commonly used indicator of aluminium is morin, as shown by Saarl et al. [146].

Morin was immobilised in powdered cellulose and then attached to the end of a bifurcated
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optical fibre. The sensor was subsequently immersed into varying concentrations of
aluminium sulphate and measurements demonstrated a fluorescence signal that was
dependant upon the aluminium concentration. In a similar manner, Szunerits et al.
made use of morin immobilised onto the end of a fibre bundle to produce an image of
a corrosion site [147]. This method of obtaining an image of the corrosion site shows
the possible quasi-distributed sensing possible with optical fibres, however, the sensing
region in this example was limited to a diameter of approximately 350 yum. Ahmad
et al. demonstrated the use of purpurin immobilised in a polymer attached to the
end of a four-fibre bundle [148]. Satisfactory results were obtained but with multiple
drawbacks. For example, the sensor had a long response time, was dependant on the pH,
and had a detection limit of only 30 M, higher than most other reported fibre sensors.
It did, however, show good repeatability, reproducibility, and linearity in response to
aluminium ion concentration. Many other indicator molecules have also been studied
for determination of aluminium ions, such as lumogallion, but not necessary in an optical

fibre configuration (Sec. 5.1.2).

2.9 Discussion and Relevance to Project

This chapter has reviewed many of the different optical fibre chemical sensing designs
that exist. These designs can be grouped into extrinsic and intrinsic configurations.
Extrinsic sensors can potentially be simpler in that standard optical fibre can be used
without further modification, but cannot be used for distributed sensing and there is
less scope for increasing the sensitivity. In contrast, intrinsic sensors use the optical fibre
itself as the sensing element, where the fibre is generally modified in some way compared
to a conventional fibre. For example, the cladding can be removed for evanescent field
spectroscopic sensing, a grating can be written for refractive index measurements, or a
metal coating can be applied for corrosion sensing or surface plasmon resonance refractive
index sensing. Evanescent field sensing is the mechanism that has been chosen for study
in this project due to its versatility, sensitivity, and ability to be used for distributed
sensing. These properties are particularly useful for corrosion sensing, which is the

application that motivated this work.

As has been seen in this review there are many options for implementing and optimising

evanescent field sensing devices. When using multimode fibres the sensitivity can be
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improved by increasing the launch numerical aperture or bending the fibre, which both
have the effect of increasing the number of rays that propagate close to the cut-off angle
and thus increasing the penetration depth of the evanescent field. Single mode fibres
are generally more sensitive than multimode fibres but are physically smaller and more
fragile. Due to the small dimensions required, several designs have been investigated
such as tapered fibres or D-shaped fibres. The D-shape fibre allows the small core to
be exposed along the fibre length but still be protected by an outer cladding. The idea
of structuring the fibre can be taken a step further in the form of a microstructured
optical fibre. MOFs can provide high sensitivity as the geometry and materials can be
tailored to suit the application in mind, which for sensing often means increasing the
percentage of the evanescent field. For this reason MOFs were studied in this project,
and in Chapter 3 a new model has been derived and modelled in order to optimise the

MOF design for liquid-based fluorescence sensing.

As the motivating application of this project was corrosion sensing, which generally
produces aqueous by-products, solid-core index guiding fibres were chosen as they do not
require any complicated filling techniques and because liquids can be measured without
greatly affecting the optical performance of the sensor. Thus it is the optimisation of
suspended-core fibres in particular that is studied in detail in Chapter 3. While the
presence of liquids affect the modal properties of the fibre, which has been investigated
in Chapter 3, detrimental propagation losses generally do not occur as would likely occur

in photonic bandgap fibres.

A particular strength of the solid-core design is that it can be modified, either from
the design stage or via post-processing, to have the core longitudinally exposed to the
environment, thus allowing real-time and distributed sensing. The fabrication of both
enclosed and exposed suspended-core fibres is demonstrated in Chapter 4, along with

demonstration of real-time and distributed fluorescence sensing using exposed-core fibre.

When using evanescent field sensing an important consideration is what transduction
mechanism to use, which can be based on optical phenomena such as scattering, absorp-
tion, or fluorescence. Absorption is often used for chemical gas sensing as fingerprint
spectra can be used for analyte identification, whereas fluorescence is often used for
biological or other chemical sensors such as for aluminium ions, which have been inves-

tigated in this project. However, it is rare that the analyte of interest will intrinsically
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have suitable fluorescence properties. For biological sensing fluorescence labelling is of-
ten used, while for other chemicals such as metal ions a fluorescent indicator can be
used. For example, there are several organic compounds that are known to increase in
fluorescence intensity when complexed with aluminium ions, such as lumogallion. There
is consequently a requirement to immobilise these indicator dyes onto the optical fibre
surface and methods for this include physically imbedding into porous polymer or sol-gel
coatings, or chemically attaching via silanisation or polyelectrolytes. In Chapter 5 two
methods have been chosen for investigation into immobilising lumogallion onto optical
fibre surfaces, which include a porous polymer coating and attachment via polyelec-

trolytes.
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Chapter 3

Fluorescence Sensing Theory

Truth in science can best be defined as the working hypothesis best suited to open the

way to the next better one.

Konrad Lorenzo

In general we look for a new law by the following process. First you guess. Don’t laugh,
this is the most important step. Then you compute the consequences. Compare the
consequences to experience. If it disagrees with experience, the guess is wrong. In that
simple statement is the key to science. It doesn’t matter how beautiful your guess is or
how smart you are or what your name is. If it disagrees with experience, it’s wrong.

That’s all there is to it.

Richard Feynman
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3.1 Theory Overview and Motivation

The measurement of fluorescence intensity can be used for sensing, either directly from
the analyte or indirectly using a fluorescent indicator. In this chapter, the theory as-
sociated with evanescent excitation and collection of fluorescence using microstructured
optical fibres is studied in detail so that the sensor design can be optimised. The concept
of operation is summarised in Fig. 3.1. An excitation source, whose wavelength corre-
sponds to the absorption spectrum of the fluorophore, is coupled by some means into the
optical fibre. If one or more of the fibre holes has been filled with the fluorophore then
the evanescent field of the guided excitation light will overlap with the fluorophores.
Consequently, fluorescence will be emitted and a portion of this fluorescence will be
evanescently coupled into both the forward and backwards propagating guided modes of
the fibre, with the remainder radiated away. Measurement of the fluorescence intensity,
at either end of the fibre, will thus provide information on the presence and quantity of
the fluorescent material. It is the aim of this chapter to determine what fibre geometry
and materials optimise the percentage of fluorescence that is captured by the guided

modes of the fibre.

>
Z=L

FIGURE 3.1: Schematic diagram showing evanescent field fluorescence sensing using a

suspended-core microstructure optical fibre. Excitation light is coupled into the fibre

at one end (green), this excites fluorophores that are filled into the fibre holes using

the evanescent field. A fraction of the fluorescence (red) then couples into the guided

modes of the fibre and can be measured at the output. This can be in the forwards
direction (as shown) or in the backwards direction (not shown).

While evanescent field fluorescence-based sensing with optical fibres is not a particularly
new concept, theoretical treatment in the literature is far from complete. This may
be due to it being a conceptually simple idea within an application driven field. In
any case, literature treating the theoretical components of fluorescence based optical
fibre sensing are few in number (for example, Refs. [13, 14, 16-20, 149] compared to
hundreds of experimental papers, such as those found within Refs. [4, 7]). As a result,

most theoretical treatments that exist in the literature, while useful, are somewhat
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incomplete. For example, a detailed account of how the two components of the theory,
absorption and fluorescence capture, behave simultaneously along the device has not
previously been described for the case where the fluorophore is evanescently excited

(that is, the fibre is not side-excited as assumed in Refs. [16-20]).

Of particular relevance here is how the fluorescence capture mechanism operates in
the single/ few-moded regime, a topic that has become increasingly relevant with the
advent of optical nanowires and MOFs with wavelength-scaled features that cannot be
modelled using ray-optics models, such as done in Refs. [13, 14]. In addition, the use of
microstructured fibres, particularly those fabricated from high index materials, cannot
be accurately modelled using the weak-guidance approximation, such as done in Refs.

[16, 17, 149).

Understanding how optical nanowires behave as fluorescence-based sensors also brings
in an array of additional questions, such as how loss affects the amount of fluorescence
signal when the core diameter is reduced to extremely small values, in other words,
how small is too small? It is known that reducing the core diameter to subwavelength
dimensions allow the percentage of evanescent field to increase to substantial values and
approaches 100 % in the limit of decreasing diameter [73]. Prior to the work within this
thesis it was not known precisely how the fluorescence capture mechanism operates at

these diameters or what the trade-off with loss is.

This chapter aims to answer these questions by extending on previous fluorescence-
capture theory [16, 17]. Each of the five sections are based on a publication, [P1-P5],
respectively. [P1] provides an outline of the theory used in this chapter, where a full
derivation can be found in Appendix A. [P1] then applies the theory for the case of
a suspended optical nanowire (wagon wheel) where it was found that small-core high-
refractive index fibres offer the greatest fluorescence sensing characteristics. [P2] extends
on this theory to compare the cases where the fluorescence signal is collected from either
the input or output end of the fibre, and experimental results qualitatively confirm the
predicted differences in behaviour. In [P3] the theory of [P1] is applied to the exposed-
core fibre for the unique case where the exposed region is filled with a liquid, which
can lead to an improved fluorescence signal due to the different refractive index profile
compared with a fully-filled wagon wheel geometry. [P3] also includes a consideration of

the coupling losses that are present in a partially filled fibre where the full derivation of
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the coupling efficiency theory is given in Appendix B. [P4] again extends the theory of
[P1] to include a host of additional components. Firstly, higher order modes are included
so that the theory is applicable outside of the single mode regime, which is useful when
studying optical nanowires that have core diameters close to the wavelength of the
propagating light where several guided modes may exist. Additionally, experimentally
measured small-core surface scattering losses are included as well as confinement loss,
where a full derivation of the confinement loss theory is given in Appendix C. These
additions to the theory allow two important checks to be performed. First, the theory is
found to agree with an equivalent ray-optics model for a special case. Most importantly,
experimental results are quantitatively compared to the theory, with good agreement.
Finally, [P5] is a somewhat different application of the fluorescence capture theory where

it was used to calculate surface density of surface attached fluorophores (quantum dots).

A flowchart of how the sections of this chapter relate to other sections of this thesis is

shown in Fig. 3.2.
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dices, and other chapters.
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3.2 Fluorescence Capture Fraction: Fundamental Mode

Analysis

The publication [P1] forms the basis of this section.

S. Afshar V., S. C. Warren-Smith, and T. M. Monro, “Enhancement of fluorescence-
based sensing using microstructured optical fibres,” Optics Fxpress 15, 17891-17901
(2007).

3.2.1 Publication Overview
Aim

The aim of this work was to develop a vectorial, modal based theory that can be used
to predict the fluorescence capture efficiency of arbitrary cross-sectional structures, par-
ticularly those found within microstructured optical fibres. This theory was developed
in order to improve the understanding of how this mechanism operates and what ma-
terial and geometries are best suited for fluorescence-based sensing, with a particular
emphasis on small-core high refractive index suspended core MOFs. A proof-of-concept

experimental demonstration was also included in this work.

Field of Knowledge and Link Between Publications

The sensitivity of optical fibre sensors based on absorption and fluorescence spectroscopy
is usually considered to be related solely to the power fraction of the guided mode field
that is available for overlap with the material to be sensed. Such sensors are generally
referred to as evanescent-field sensors, reflecting the fact that only the evanescent tail of
the guided mode is available for light-matter interactions. Examples of fibre geometries
used for evanescent-based sensing include; tapered fibres [149, 150], D shaped fibres
[9], optical nanowires [70], solid-core MOFs [82, 151], multi-core MOFs [30, 152] and
hollow-core MOF's [86].

Although different MOF-variants of fluorescence-based sensors have been reported [30,
81, 94, 152], there has been a lack of a formalism for understanding, predicting, and

thus optimising the measurable fluorescence power. Models have been developed using



Chapter 3 59

ray tracing methods [13, 14], however, these are unsuitable for the single/few-moded
fibres considered here. A modal approach was first developed by Marcuse [16, 17] for
the case of a uniform cladding excitation (for example, side excitation) and found that
fluorescence capture increased with increasing V-number. This uniform excitation theory
was later generalised for vectorial step-index fibre solutions and it was shown that, more
specifically, capture is increased with increasing refractive index difference between the
core and cladding [18-20]. However, these results did not consider the case of a core

pumped fibre and did not include effects due to fibre loss or Beer’s law absorption.

In this paper a general model is developed of excitation and fluorescence recapturing
within an MOF based on guided mode solutions of vectorial form of Maxwell’s equations
and considering their losses at both emission and fluorescent frequencies. By evaluating
the modal characteristics of a range of fibres at both wavelengths, ways of enhancing
the sensing sensitivity by maximising the fraction of the fluorescent photons that are
coupled to the guided mode(s) of the filled microstructured fibres are explored. The
model was applied numerically for the commonly used suspended-core (wagon wheel)
geometry [82, 88-90], however, the theory could in principle be applied to any arbitrary
waveguide geometry. As will be seen, this theory is later developed and numerically
modelled to include backwards directed fluorescence (Sec. 3.3, [P2]), exposed-core fibre
sensing (Sec. 3.4 [P3]), to include higher order modes (Sec. 3.5, [P4]), and for thin-layer
sensing (Sec. 3.6 [P5]).

Experimentally, chemical and biological sensing has been demonstrated using absorption
spectroscopy in D-shaped fibres [9] and MOFs [151, 152] and fluorescence-based sens-
ing in tapered fibres [153], liquid-filled hollow-core MOFs [94, 100], side excited MOFs
[81, 94], and double-clad and multi-core (liquid filled) MOF [30]. In this paper, experi-
mentally measured in-fibre excitation and fluorescence recapturing within a liquid-filled,
solid-core, index-guiding MOF is demonstrated. However, in this paper, the experi-
mental results are only proof-of-concept in nature for a relatively large-core fibre (1.8
pm). The fabrication of the modelled fibre geometry with small core diameters is later
presented in Sec. 4.2 [P6] and the numerical predictions are quantitatively compared

with experimental results in Sec. 3.5 [P4].
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Discussion and Conclusions

A general model of both in-fibre excitation and fluorescence recapturing of filled solid-
core MOFs by their core guided modes has been developed and numerically modelled
for the fundamental mode of an important MOF geometry. The model is based on an
arbitrary MOF with vectorial solutions of Maxwell’s equations. It was demonstrated
that the light-matter overlap alone does not determine the optimal fibre choice as is
usually assumed. While low index fibres exhibit greater evanescent fields, fibre designs
with sub-wavelength features and high index glass exhibit localised regions of high in-
tensity [154, 155] that lead to enhanced fluorescence recapturing that can be exploited
for sensing. One to two orders of magnitude improvement in the fluorescence capture
fraction (FCF) of MOF's with high index substrate glasses and small core diameters was
found in comparison with those with low index glasses. For a sensor, this means that
the smallest concentration of an analyte that can be detected will thus be one to two

orders of magnitude lower.

3.2.2 Statement of Contribution

Conceptualisation

The idea to develop a theory for the fluorescence-sensing properties of MOF's was first
conceptualised by Tanya Monro. The method by which to achieve this was conceptu-

alised by Stephen Warren-Smith and Shahraam Afshar V.

Realisation

The original literature review on previous theoretical models and the first construct of the
theory based on previous work by Marcuse [16, 17] was done by Stephen Warren-Smith.
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Afshar V. The theory and numerical modelling was then independently repeated and

error checked by Stephen Warren-Smith.
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1.

Introduction

Microstructured optical fibres (MOFs) have the potential to dramatically improve the perfor-
mance of fibre optic sensors based on absorption and fluorescence spectroscopy and have re-
cently attracted considerable interest [1, 2, 3, 4, 5, 6, 7], since a significant portion of the guided
light can be located in holes within the fibre. In the literature, the sensitivity of optical fibre

sen

sors based on absorption and fluorescence spectroscopy is usually considered to be related

solely to the power fraction of the guided mode field that is available for overlap with the ma-
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terial to be sensed. Such sensors are generally referred to as evanescent-field sensors, reflecting
the fact that only the evanescent tail of the guided mode is available for light-matter interac-
tions. Examples of fibre geometries used for evanescent-based sensing include; tapered fibres
[8, 9], D-shaped fibres [10], optical nanowires [11], solid-core MOFs [5, 12], multi-core MOFs
[3, 4] and hollow-core MOFs [13]. Most evanescent-based sensing geometries only allow a lim-
ited light-matter overlap and thus are restricted in the sensitivity that they can achieve. Some
typical mode-matter overlaps that have been reported include 0.1 — 0.2% for D-shaped fibres
[10], 5.2% in an MOF [13], and multi-core MOFs with 6.5% [4]. Fibres with sub-wavelength
cores including optical nanowires and MOFs with embedded nanowire-like cores [14, 15] allow
overlaps as large as 99% as is evident from literature reports of 40% [12] and 99% [16]. These
advances allow solid-core fibres to achieve light-matter overlaps as high as other field-based
sensors which have access of up to 97% [17] or higher of the guided mode power such as cap-
illary tubes [18], index-guiding filled hollow-core MOFs [19] and hollow-core photonic band
gap fibres [20].

Although different MOF-variants of fluorescence-based sensors have been reported [2, 3,
4, 7, 10], the benefits that can be obtained using MOFs are far from being realised, largely
due to the lack of a formalism for predicting and thus optimizing the measurable fluorescence
power. Although models of the efficiency of fluorescence-based optical fibre sensors have been
developed for simple structures such as tapered or D-shaped fibres, they have limited applica-
bility because; 1) it is assumed that the modes of the fibre are the same at both the absorption
and fluorescence wavelengths and 2) they are based on ray-optics [1, 21] or scalar electromag-
netic fields (without including the effect of absorption loss) [8]. These models do not work
well for fluorescent dyes with significant excitation-fluorescence wavelength separation (such
as quantum dots), MOFs with wavelength-scale features and high contrast refractive indices, or
complex sensing geometries when the hole surface of MOFs are coated (functionalized) with
chemical-biological materials.

Here, we develop a general model of excitation and fluorescence recapturing within an
MOF’s modes based on guided mode solutions of vectorial form of Maxwell’s equations and
considering their losses at both emission and fluorescent frequencies. By evaluating the modal
characteristics of a range of fibres at both wavelengths, we explore ways of enhancing the sens-
ing sensitivity by maximising the fraction of the fluorescent photons that are coupled to the
guided mode(s) of the filled microstructured fibres (the fluorescence capture fraction, FCF).
We demonstrate that the light-matter overlap alone does not determine the optimal fibre choice
as is usually assumed. Fibre designs with sub-wavelength features and high index glass exhibit
localised regions of high intensity [22, 23], and we show that these regions lead to enhanced
fluorescence recapturing and can be exploited for sensing. The significance of this parameter
regime becomes clearer considering; 1) recent indication of the existence of such narrow-width
high intensity regions at the interface of two different dielectrics, due to discontinuity of the
electric field, in both waveguides [25] and MOFs [22, 23] and 2) sensing configurations based
on surface excitation of chemical and biological layers. Recently, there have been reports on the
importance of the above-mentioned parameter regime in related fields. The enhancement of flu-
orescent scattering of semiconductor quantum dots deposited upon photonic crystals slabs [24]
and the enhancement (by few orders of magnitude) of the efficiencies of conventional surface
spectroscopy by using tapered fibres [6] are two examples.

Experimentally, chemical and biological sensing have been demonstrated using absorption
spectroscopy in D-shaped fibres [10] and MOFs [4, 5] and captured fluorescence-based sensing
in tapered fibres [26], liquid-filled hollow-core MOFs [19, 7], side excited MOFs [2, 17], and
double-clad and multi-core (liquid filled) MOF [3]. Here, we demonstrate experimentally both
in-fibre excitation and fluorescence recapturing within a liquid-filled, solid-core, index-guiding
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MOF [Fig. 1(b)] through its core guided modes. The experimental methods based on selective
hole filling of MOFs (c.f. Ref. [19, 7] for example) or propagating modes of high index liquids
(c.f. Ref. [3] for example) may be limiting in some applications. Thus, the use of high-index
glass (SF57 here) solid-core MOFs allows access to high light-matter overlaps without neces-
sitating selective hole filling while relying on solid-core modes even when the MOF holes are
filled with high index liquid.

2. Theory

To develop the model, we assume that the propagating modes of an absorbing MOF are the
same as nonabsorbing ones except that their powers decay with an attenuation factor of y as
they propagate. The excitation electromagnetic power in the jth mode at excitation frequency
e can then be expressed as: [27]

1 : .
Pej(z) = \aEJIZNEJ exp(—%jz); Ngj= ERE{/A (egj % th)-ZdA}} )
1/2[ nEni ]eE-\ZdA
—k JA. E J ’ 2
T <H0> NE @

where agj is the expansion coefficient for mode j, egj(x,y),hej(X,y), Bej, and yej are the ji
mode electric and magnetic field distributions, propagation constant and power decaying factor
due to absorption, respectively. Here, we assume that y; represents all absorption mechanisms
in the MOF, including absorption due to the Beer-Lambert law [28].

For an arbitrary filled MOF both ng (x,y) and nk(x,y) (real and imaginary parts of refractive
indices) are functions of transverse coordinates and hence the piece-wise integral in Eq. (2)
can be integrated over the glass and hole (filled) regions. Eq. (1) indicates that although the
absorption of the excitation mode occurs in the filled region, through Beer-Lambert law, the
peak intensity also reduces, keeping the shape of the mode and the hole power fraction constant.

Upon absorbing the excitation photons, the fluorescent species in the holes behave as sources
and emit fluorescent photons in all directions. Similar to the excitation field, the emission of
this new fluorescent source can in general be written [27] as the sum of forward, backward,
and radiation modes of the non-absorbing MOF with the consideration of power decay due to
loss at the fluorescence frequency. Based on the formalisms developed in Ref. [27, 29], we find
the fluorescent power contribution to the jth forward mode of the MOF at the end of the filled
region z = L, due to a small section Az = z, — z; [see Fig. 1(c)], and including its loss as:

_ mexp[— ]/ / "
dPFJ(Z ) = 4a)|:,uon,: kFNFJ eFJ} PD dZ dA. (3)

Here, Pp(r) is the radiation power density of any sources within the MOF, which for the case
considered here is due to the fluorescent emission of the filling material. The density of fluo-
rescent emission at point r depends on the absorption of excitation field from the beginning of
the filled area up to the point r, see Fig. 1(a). Using equations (1) and (2), assuming that the
fluorescent power density is proportional to the density of excitation power loss due to Beer-
Lambert law in the filled region (proportionality constant &), and taking into account energy
conservation, we have found Pp(r) as:

1
Po(r) = 5 £ o (£0/ o) )12 |agj|* ojRel(ee; x hj)-Z]exp(—e2"), ©

o) = |eEi|2dA/ (eej x hg;).ZdA. )
H H
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Here, ag = ¢, C is the absorption coefficient due to Beer-Lambert law [28], where € is the
molar extinction coefficient of the filling material, C is the molar concentration, and superscript
H refers to hole regions. Substituting Eq. (4) into Eq. (3), and taking the integral over z” and
the limit of z; — z,, we find

méagnt (e0/1o0)Y/? |ag; |2 55',‘
8wk tonH ke NE

dPrj(Z) = exp[—yej(L —2')] exp(—yejz)d7’ (6)

x /H ler;|? Re[(ee; x he ) Z1dA.

Integrating the fluorescent contributions of the elements from z = 0 to z = L, the fluorescence
capture fraction (FCF) into the jth guided mode of the MOF can be expressed as

exp(—1jL)

FCF =Prj(L)/Pe;(0) ZABjm{l—EXD[(VFJ — 1)L} )
Y g H.fH|eFj|2Re[(eEJXth)ﬂdA
A= B ()7 Bj =ngng <_o) 5| INe N . 8)

In this equation A is a constant coefficient and Pg(0) is the input excitation field power at the
beginning of the filled part of the fibre, whose length is shown by L [see Fig. 1(a)]. It should
be noted that throughout the text we only consider FCF into the fundamental guided mode
propagating in the forward direction. To find FCF into backward propagating modes, different
loss calculations should be included in the above formalism which is beyond the scope of
this paper. Also, in derivation of Eq. (6) and (7), it is assumed that the whole fibre length is
completely filled. For fibres that are only partially filled, the mode mismatch between the filled
and unfilled sections should be considered for both excitation and fluorescence frequencies,
which is beyond the scope of this paper.

3. Modelling results and discussion

The model developed in Section 2 is general and can be applied to any filled MOF with arbitrary
cross section structure. Here, we consider an MOF [shown in Fig. 1(b)], which consists of a core
surrounded by three large, non-circular, air holes creating a somewhat triangular core supported
by three struts. This type of fibre geometry has been studied [30, 31] and is the simplest fibre
geometry that can be fabricated giving rise to a well defined air-suspended core with large
surrounding (fillable) air holes. To find the propagation constant and field distributions for the
MOF, we solve the full vectorial form of Maxwell’s equations since, for the subwavelength
scales considered here, a scalar approximation gives inaccurate results [32].

We define the MOF core diameter, d, to be the diameter of a circle with area equal to that
of the largest equilateral triangle that fits wholly within the substrate core region, shown as the
solid circle in Fig. 1(b). For simplicity we consider an idealized MOF structure, which closely
matches that of the SEM image [Fig. 1(b)]: the curvature of the core is approximated by the
edges of the three dashed circles connected by the bases of three rectangles approximating the
struts. To solve Maxwell’s equations for this geometry we use the Finite Element Modelling
(FEM) technique instantiated in the commercial FEM package COMSOL 3.2. The accuracy of
the modal parameters depends heavily on the densities of the mesh in different regions, which
have been set separately to achieve converged values. The parameters used for the simulations
are; excitation wavelength Ag = 532 nm, fluorescence wavelength A = 590 nm, filling ma-
terial: Rhodamine B dissolved in isopropanol, and five different glass materials [silica, lead
silicates (LLF1, F2, and SF57), and bismuth] whose refractive indices are indicated on the
figures.
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— Silica (n=1.458)
—LLF1 (n=1.548)
—F2 (n=1.620)
——SF57 (n=1.846)
— Bi (n=2.090)

0 02040608 1 12141618 2
Core Diameter (um)

Fig. 1. Schematic of a filled MOF showing the parameters used in modelling (a) and the
SEM image of the cross section of the MOF used for the modelling and experiment (b).
Dashed circles in (b) show the idealized geometry used for modelling. The effective area
of the fundamental mode for the geometry shown in (b) when the holes are filled with
Rhodamine B in an isopropanol solution (c). The wavelength is 590 nm, refractive index of
isopropanol is 1.3774 and different substrate glasses are marked.

Simulation results of FCF as a function of fibre length for constant core diameter and
concentration, as shown in Fig. 2(a), indicate that there is an optimum fibre length L op =
In(v=/%)/ (¥ — ¥ ), which leads to maximal FCF for any fibre geometry [see Eq. (7)]. For
L < Lopt increasing the fibre length increases the absorption in the filled region via the Beer-
Lambert law, and thus increases FCF. Beyond this optimum length, fibre attenuation dominates
and the fluorescent power decays as exp(—yeL). Unsurprisingly, as the results in Fig. 2(a) show,
the use of lower index glasses results in a higher FCF since the relatively low core-cladding
index contrast leads to a higher light-matter overlap within the holes [this is also evident in the
behaviour of A¢s¢ in Fig. 1(c)].

Numerical simulations of the FCF also identify a less obvious and particularly interesting
regime [see Fig. 2(b)]. For small core diameters (d < 0.8 um), the FCF can be significantly
enhanced by employing high index (soft) glasses. For example, the maximum FCF ( FCF
at fibre length Lopt) for bismuth-oxide fibres at d ~ 0.18 um, is 2.2%, 10 times larger than
the maximum FCF value for silica fibres (0.22%) at d ~ 0.52 um. Also, at the core size of
d =~ 0.2 um the maximum FCF value for bismuth fibres is 2.1%, 88 times larger than that
of silica fibres (0.024%). This is contradictory to the usual assumption that sensitivity is pro-
portional to power fraction in the holes, since high index glasses result in lower power frac-
tion in the holes compare to that of low index glasses at small core diameter. For example,
at the core diameter of d ~ 0.2 um hole power fraction at excitation frequency (defined as

nE =nf (e0/10)*? (1/2Nej) Jiy [ej |2dA) for silica and bismuth fibres are 0.97 and 0.43 re-
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Fig. 2. Numerical results of the fluorescence capture fraction (FCF) as a function of fibre
length (a) and core diameter (b) for different substrate glasses. Other parameters are; core
diameter 1.0 um, in (a) and concentration 5 x 10> Mol in (a) and (b). Maximum FCF in
(b) corresponds to optimum fibre length.

spectively.

To understand this effect, we examine coefficient B j in Eq. (8), which depends on the field
distributions of the guided modes of the fibre and their overlap with the materials within the
holes. We assume that the mode profiles of the excited and fluorescent fields are the same (i.e.,
Nrj = Ngj), which although not strictly true especially for filling materials such as quantum
dots with large separation of absorbing and fluorescent wavelengths, can help provide physical
insight. We rewrite coefficient Bj as Bj = NOIj/A¢t¢, where;

s_0>1/2 O8] Ju les|"Rel(e; x j) 21dA  (J_Rel(e; x hj)2dA)?

NO|,~=nEnE< 5 y o Peft PR
wa‘Re[(e,—xh]-‘).i]) dA I [Rel(ej x h5)2)| dA

Ho

Here NOI; is a normalized field-matter overlap integral, which approaches 1 when the core
diameter becomes very small and most of the light is located outside the core [see Fig. 3(a)].
A¢tt , defined based on z component of the Poynting vector, is a generalised form of the usual
definition of A¢st [33].

Inspecting Ae¢ [Fig. 1(c)] and NOI [Fig. 3(a)] at a core size of d = 0.2 um for both silica
and bismuth, reveals that the field-matter overlap NOI for silica is 3.6 times larger than that of
bismuth. However the effective area, Aqt¢, of the propagating mode for bismuth is 230 times
smaller than that of silica for this core diameter, resulting in higher intensity values for bismuth
and thus a larger FCF. Examining the intensity profiles of the fundamental mode for these
silica and bismuth fibres [Fig. (4)], clearly shows that while the mode is well expanded into the
hole region in the case of silica, it is well confined within the core for bismuth and forms a high
intensity, thin layer at the core-hole interface within the filled region.

These localised high intensity regions are formed due to the discontinuity of the electric
field at the interface of two dielectric media, as recently reported in slab waveguides [25] and
MOFs [22, 23]. The magnitude of the discontinuity is proportional to the ratio of the dielectric
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Fig. 3. Numerical results of Normalized Overlap Integral (NOI), defined in the text and
calculated at the wavelength of 590 nm (a), and the fluorescent capture fraction (FCF) as a
function concentration (b). In (b) dashed and solid lines correspond to core diameters 0.2
and 1.0 um respectively, and the insets show the linear scale plot of the main graph over

the same concentration range.

constants of the two media and hence soft glasses with higher refractive indices result in higher

intensities at the glass-hole interface.

The results presented here demonstrate for the first time that overlapping localised high in-
tensity regions in the modal field with a fluorescent material is an effective way of enhancing
the performance of a sensing fibre. This enhancement is significant not only for situations where
the holes are filled with liquids, but is also particularly relevant for sensing configurations where
samples are coated or functionalized onto the walls of the MOF. This enhanced FCF regime,
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Fig. 4. Intensity distribution of the fundamental mode for Silica (a) and Bismuth (b). In
both (a) and (b) core diameters are 0.2 um and the wavelengths are 590 nm. The mode is
more confined in (b) and a thin layer of high intensity region is formed at the glass-hole
interface.
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achieved by the use of small core dimensions and high index glasses, also enhances the sensi-
tivity of FCF to concentration variations in the material to be sensed. Using Eq. (7), the FCF
can be approximated as [1 — exp(—len,'Qj)] as a function of concentration C, which simplifies
to elCnE'j in the limit of small concentration. This behaviour of FCF is confirmed as shown
in Fig. 3(b) for two core diameters d = 1.0 (solid lines) and d = 0.2 um (dashed lines) and
different glasses. However, the behaviour of FCF as a function of concentration C is opposite
for small and large core regimes. Fig. 3(b) and its insets show that for large core diameters
(e.g., d = 1.0 um), silica has the largest asymptotic FCF value (~ 0.11%) and FCF slope
(d(FCF)/dC ~ 0.0027%/ 1tM). Whereas, for small core diameter (d = 0.2 um), bismuth has
the largest corresponding FCF value of (~ 2.67) and FCF slope (~ 0.069%/uM). As a re-
sult, both FCF and its sensitivity to small variations in concentration are enhanced in the small
core, high index glass regime. This regime is expected to be of particular practical benefit in al-
lowing observations of captured fluorescence to occur at extremely low sample concentrations,
allowing for the development of sensors with competitive detection limits.

4. Experimental results

We have demonstrated experimentally in-fibre excitation and fluorescence recapturing within a
filled, solid-core MOF. The holes of the MOF, shown in Fig. 1(b), were filled with Rhodamine
B dissolved in isopropanol (n = 1.3774) using capillary action. Using the experimental setup
in Fig. 5(a), Fig. 5(b) shows the experimental measurements and theoretical prediction of the
filling rate. We use the filling rate equation developed in Ref. [34] for a circular capillary tube,
considering the following parameters for isopropanol, its interaction with glass, and the fibre
geometry; density 785 kgm 3, surface tension 0.022 Nm~1, viscosity 2.27 x 10~3 Nsm—2, ef-
fective radius 6.11 x 10~® m, contact angle 0°, coefficient of slip 0 m, and external pressure 0
Pa. To find the effective radius ref¢, we have assumed that the holes of the MOF in Fig. 1(b)
are circular with the same area as that of the real fibre. This, strictly speaking, is inaccurate
because capillary forces are mainly a surface effect, which depends on the radius of curvature
of the different corners in the geometry, and we believe that this assumption is the main reason
for the discrepancy between the theoretical and experimental results in Fig. 5(b). For these ex-
perimental measurements the position of the liquid in the holes was recorded by observing the
fluorescent emission at the liquid interface in the backward direction of the laser beam in Fig.
5(a).

The setup sketched in Fig. 5(c) was used to excite the Rhodamine B molecules filled into
the holes of the fibre and measure the captured fluorescence emission. The outer surface of the
fibre was coated with an index matching liquid, DAG, to strip any fluorescent emission coupled
to the cladding modes. This ensured that all the measured fluorescence had been captured by
the relatively low-loss, core-guided modes of the fibre, as assumed by the theoretical model.
The absorption and low concentration fluorescent peaks of Rhodamine B are at 540 nm [35]
and 570 nm, respectively. The MOF used in the experiment has a core diameter of d = 1.8 um,
core material of SF57 and its cross section is shown in Fig. 1(b). A CW laser at 532 nm was
coupled into the MOF using an aspheric lens of f = 2.75 mm and NA = 0.65 and maximum
coupling efficiency of around 19% was measured. The loss of the unfilled fibre at 532 nm is
5.5+ 0.5 dB/m, using the standard cutback method. At the output, we used a long pass filter to
exclude the excitation frequency components. The fluorescence emission is then coupled into
a single mode (SM) fibre, which was connected to an optical spectrum analyser for spectrum
measurement.

The experimental results are presented in Fig. 5(d) clearly showing the expected fluores-
cence and also significant decay of the measured fluorescence over 960 seconds exposure to
the excitation field. The decay in fluorescence was due to photobleaching, the photo-induced
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Fig. 5. Experimental setup for filling an MOF (a). The experimental and theoretical predi-
cations of filling time as a function of filled length (b). For the theoretical predictions it is
assumed that the holes of the fibre are circles whose area are 1, 0.8, or 0.6 times of that
of the real fibre in Fig. 1 (117, 94, and 70 um? respectively). Experimental set up (c) and
results (d) for capturing the fluorescent emission by the core of the MOF.

destruction of the fluorophore [28]. While partial recovery is possible, photobleaching has the
potential to be problematic. For example, to measure FCF as a function of fibre length we fill
a fibre and use a cut-back method to measure FCF at different lengths. However due to pho-
tobleaching effect and the time that takes to cleave, align, and couple the fluorescence beam
into the OSA, it is very difficult to measure FCF as a function of length for Rhodamine B. A
promising alternative is to replace organic dyes with quantum dots, which experience negligi-
ble photobleaching and have already found use in sensing such as for biological and medical
applications [26, 36].

5. Discussion and conclusion

To the best of our knowledge this is the first time that a general model of both in-fibre exci-
tation and fluorescence recapturing of filled solid-core MOFs by their core guided modes has
been developed and demonstrated experimentally. An expression for the efficiency of fluores-
cence capture fraction has been developed for an arbitrary MOF based on vectorial solutions
of Maxwell’s equations and considering the modal behaviour of the MOF for distinct excita-
tion and fluorescence frequencies. We have predicted between one to two orders of magnitude
improvement in the fluorescence capture fraction (FCF) of MOFs with high index substrate
glasses and small core diameters in comparison with those with low index glasses. This para-
meter regime results in localised, high intensity electromagnetic fields at the interface of the
glass and hole regions, making it an ideal regime for thin layer sensing where chemical or
biological substances are coated onto the interface.

The fluorescence capture fraction is normalised to the input power in the fibre and hence,
although the small core parameter regime degrades the coupling efficiency, higher incident
power (below the damage threshold of the glass) can be used to attain certain power in the
fibre. Additionally, by using advanced coupling techniques such as tapers or high numerical
aperture buffer fibres [37], one should be able to minimise the coupling loss into small core
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fibres.

Our recent progress in fabricating soft glass MOFs with small cores, and the evidence that
with careful fabrication processes fibre loss of order of < 0.5 dB/m can be achieved [38], pro-
vide an attractive new route towards the development of highly-sensitive fluorescence sensors.
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3.3 Fluorescence Capture Fraction: Backwards Fluores-

cence Capture

The publication [P2] forms the basis of this section.

S. Afshar V., Y. Ruan, S. C. Warren-Smith, and T. M. Monro, “Enhanced fluorescence
sensing using microstructured optical fibers; a comparison of forward and backward

collection modes,” Optics Letters 33, 1473-1475 (2008).

3.3.1 Publication Overview

[P2] is a direct continuation of the work presented in Sec. 3.2 [P1]. In [P2] the fluores-
cence capture theory is extended in order to consider the effect of measuring fluorescence
that is coupled to the backwards propagating guided modes of a waveguide, with the

suspended-core (wagon wheel) geometry again used as an example.

While coupling into both forwards and backwards propagating modes is symmetric under
the assumptions of uniform emission, when taking into account the fibre loss a significant
difference in behaviour becomes apparent. When detecting the backwards fluorescence,
the signal asymptotes to a maximum value as the fibre length increases, whereas the
forwards fluorescence signal has an optimum length and decreases for long fibre lengths.
In [P2] it is also noted that there are important practical aspects of using the backwards
signal, such as reducing the amount of excitation light in the signal. [P2] then contains
experimental results that qualitatively confirm the differences between forwards and

backwards signal collection.

3.3.2 Statement of Contribution
Conceptualisation

The idea to extend the fluorescence capture theory to include the backwards propagating

fluorescence was conceptualised by Shahraam Afshar.
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Realisation

The derivation of the backwards fluorescence theory and numerical modelling was per-
formed by Shahraam Afshar and error checked by Stephen Warren-Smith. The experi-

ments were performed by Yinlan Ruan.

Documentation

This paper was primarily written by Shahraam Afshar V., with editing by all other

authors.
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A general model of excitation and fluorescence recapturing by the forward and backward modes of filled mi-
crostructured optical fibers (MOFs) is presented. We also present experimental results for both backward
and forward fluorescence recapturing within a MOF as a function of fiber length and demonstrate a good
qualitative agreement between the numerical model and experimental results. We demonstrate higher effi-
ciency of fluorescence recapturing into backward modes in comparison with that of forward modes. © 2008

Optical Society of America
OCIS codes: 060.2370, 060.4005, 280.1415.

Microstructured optical fibers (MOFs) have recently
attracted considerable interest as ideal tools for
chemical or biological sensing ([1], and references
therein), since a significant portion of the guided
light can overlap with chemical-biological materials
filled into the holes of the fibers. The sensing mecha-
nism can be either based on absorption or fluores-
cence spectroscopy. Although a range of MOF vari-
ants of fluorescent-based sensors have been reported
([1], and references therein), the benefits that can be
obtained using MOF's are far from being realized,
largely due to the lack of a formalism for predicting
and thus optimizing the measurable fluorescence
power. Recently, we reported a general model for cal-
culating the sensitivity of fluorescence-based sensing
using filled MOFs [1]. The model is based on the ex-
citation of the sensing material by the guided modes
of the MOF's and the recapturing of their fluorescence
emission within the forward propagating modes (the
forward fluorescence capture fraction ®) considering
losses at both excitation and fluorescent frequencies.
It demonstrates [1] that the light-matter overlap
alone does not determine the optimal fiber choice as
is usually assumed and that fiber designs with sub-
wavelength features and high index glass exhibit lo-
calized regions of high intensity [2,3], which lead to
enhanced fluorescence recapturing and hence higher
sensing sensitivity.

In this Letter we have advanced the model pre-
sented in [1] to include the capturing of fluorescence
emission into the backward propagating modes (the
backward fluorescence capture fraction ®z). We then
demonstrate that &5 and ®5 show different behavior
as a function of fiber length, where ®5 can be more
than 15% higher than the ®, and discuss the advan-
tages of ®p over those of ®5. Also by using an aque-
ous solution with quantum dots [4,5], which experi-
ence negligible photobleaching, we experimentally
confirm the behavior of ®5 and ®3 as a function of fi-
ber length for the first time, to the best of our knowl-
edge. We present a monotonic behavior of ¢p as a
function of fiber length, which demonstrates, for the

0146-9592/08/131473-3/$15.00

first time to our knowledge, the use of microstruc-
tured fibers as a dip sensor.

We assume that the power excited in the jth mode
at excitation frequency w® can be expressed as [6]

P}(2) = a}’NT exp(~ 7}/2), (1)
)f=k(fo/ﬂo)1/2(1/N,E)
Xf Re(nE)Im(nE)|ejE|2dA, (2)

where eE (x,), hE (x,y), and BE are the jth mode elec-
tric and magnetlc field dlstrlbutlons and propagatlon
constant, respectlvely, is the amphtude £ is the
power normalization factor of mode j [6]; and] Re(nf)
and Im(n¥) are real and imaginary refractive indices.
Here, we assume that y; represents all absorption
mechanisms in the MOF, including absorption due to
the Beer—Lambert law. Upon absorbing the excita-
tion photons the fluorescent species in the holes be-
have as sources and emit fluorescent photons in all
directions. This fluorescent emission can also be writ-
ten [6] as the sum of forward, backward, and radia-
tion modes with the consideration of power decay due
to loss at the fluorescence frequency. Similar to the
formalisms developed in [1], we have found that the
fluorescent power contribution to the ith backward
mode of the MOF at z=0 due to a small filled section
Az=z,-2z; located at z' [see Fig. 1(a)] as

mexp(- yz')
f f e 2PpdAds".

4(1)F,LL0nHkNF

dPi-(O,Z’)
(3)

Here, Pp(r) is the radiation power density of the fluo-
rescent emission of the filling material [1,7], sub-
script —i refers to the ith backward mode, and sub-
script H generally refers to the filled-hole region. By
using Eq. (1)—assuming that the fluorescent power
density is proportional to the density of excitation

© 2008 Optical Society of America



76

Fluorescence sensing theory

1474  OPTICS LETTERS / Vol. 33, No. 13 / July 1, 2008

Silhca {n=§.4587

A lum’)
e

a——c

I IIII =
Y dd_,’_-_-_".-'-:"—"f—
I'-._ _./"— B {n=2. DO

)y
0
1] a4 a8 13 18 F
Corn Diamalar fpm)
Fig. 1. (Color online) Schematic of a filled MOF showing
(a) the parameters used in modeling and (b) the SEM im-
age of the cross section of the MOF used for the modeling
and experiment. (c) Effective area of the fundamental mode
for the geometry shown in (b) when the holes are filled with
Rhodamine B in an isopropanol solution. The wavelength is
590 nm, the refractive index of isopropanol is 1.3774, and
the different substrate glasses are marked.

power loss due to the Beer—Lambert law in the filled
region (proportionality constant ¢)—and evaluating
the integrals in Eq. (3) with respect to z”, in the limit
of z;—+z5 and 2z’ [see Fig. 1(a)], we find

1
dp= %m{l —exp[- (¥ + ¥/)L1},

Eaph?nlie, SmlelPRel(ef X hi"). £]dA

- 8mnluo 4Nf]\7]E ’
exp(- /L)
Pp=2A—7—7-—{1- . — ¥ )L]}. 4
P=2A expl(// =)L (4)

Here, ap is the Beer-Lambert absorption coeffi-
cient, [e”|>=|el| [6]; PJE(O) is the input excitation field
power; the relation for <I>F=Pf (L)/PJE(O) [1] is given
for comparison with the @Bszi(O)/PJE(O); and the
factor 2 in ®y and ®p is due to the contribution from
the two polarizations.

Next, we apply the developed model to an MOF, as
shown in Fig. 1(b), with the following parameters: ex-
citation wavelength \y=532 nm, fluorescence wave-
length A\p=590 nm, filling material: Rhodamine B
dissolved in isopropanol, and three different glass
materials [silica, lead silicate (F2), and bismuth]. We
have used Rhodamine B simply to compare the re-
sults for forward and backward propagating modes.
Simulation results of ®z and ®p as a function of fiber
length, as shown in Fig. 2(a), indicate that while ®p
maximizes at an optimum length, &5 increases rap-
idly for short lengths and then approaches an
asymptotic value. The reason for the difference is
clear: the fluorescent emission coupled to the back-
ward mode can be detected instantaneously once the
incident beam enters the filled region at z=0 [(see
Fig. 1(a)], while the emission coupled to the forward
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Fig. 2. (Color online) Numerical results of the fluorescence
capture fraction for forward (®g, solid curves) and back-
ward (®p, dashed curves) directions as a function of (a) fi-
ber length and (b) core diameter for different substrate
glasses. Other parameters are core diameter 1.0 um in (b)
and concentration 0.5 uM in (a) and (b). ®z and ®p in (b)
correspond to the optimum fiber length defined at the
maximum of @ in (a).

mode needs to travel through the filled region, hav-
ing a decay of exp(—1L), to be detected at z=L. This
is also evident from Eqs. (4); in the limit of L — the
& approaches zero but @5 approaches an asymptotic
value. This demonstrates for the first time, to the
best of our knowledge, that ®p can be advanta-
geously employed for fluorescence sensing because of
its higher efficiency and lower loss in comparison
with ®z. ®p has other advantages over @y including
the possibility of using a dip-sensing configuration
[see Fig. 3(a)l, real time measurement, a higher sig-
nal to pump ratio, no optimal length (the longer the
fiber length the higher the ®gz), and ease of use in
terms of keeping the launching end of the setup in-
tact and using the exit end for filling.

In our previous publication we identified an inter-
esting regime of small core diameters (d<0.8 um),
for which the ®z can be significantly enhanced by
employing high index (soft) glasses. The study of ¢p
shows similar behavior as is evident from Fig. 2(b).
For example, the maximum ®p for bismuth oxide fi-
bers at d=0.18 um, is 4.96%, ten times larger than
the maximum ®p value for silica fibers (0.50%) at d
~0.52 um. Also, at the core size of d=0.2 um the
maximum @y value for bismuth fibers is 4.82%, 69
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Fig. 3. (Color online) (a), (c) Experimental setups and re-
sults for measuring the fluorescence captured fraction into
the (b) backward and (d) forward mode of an MOF with
LLF1 substrate glass and a core diameter of 2 um. The
holes of the MOF are filled with a solution of 1 uM quan-
tum dot. Simulation results are shown by solid curves (b)
and (d).

times larger than that of silica fibers (0.07%). Similar
to @y [1], a thorough examination of ®p in Eq. (4) re-
veals that the sensitivity depends on both the power
fraction in the holes and the intensity distribution of
the modes. Therefore, fiber geometries resulting in
high intensity regions may lead to high ® even if
they have a relatively smaller power fraction in the
hole regions.

Figures 3(a)-3(d) show the experimental setup and
results for measuring the fluorescence emission cap-
turing into the backward [Figs. 3(a) and 3(b)] and for-
ward [Figs. 3(c) and 3(d)] propagating modes as a
function of fiber length. To the best of our knowledge,
this is the first experimental investigation of length
dependence of fluorescence capturing into the for-
ward and backward modes of an MOF. We used
MOFs similar to the one in Fig. 1(b) with substrate
glasses of LLF1 (n=1.55) and core diameters and
losses of approximately d=2 um and 30 dB/m (filled
fiber) at an excitation wavelength of 532 nm, respec-
tively. The holes of the MOF were filled with an aque-
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ous solution with 1 uM of CdTe-ZnS quantum-dot la-
beled goat F(ab’)2 antimouse IgG conjugate from
Invitrogen [8]. Experimental results qualitatively
confirm the behavior of ®5 and ® as a function of
length as predicted by the model. The model’s results
for &5 and ®r have been scaled individually to fit the
experimental data. Better quantitative agreement
may be achieved by having more accurate measure-
ments of the fiber loss, quantum dot concentrations,
fiber core diameter, and the loss due to mode mis-
matching between filled and unfilled sections of the
MOF and by improving the stability and repeatabil-
ity of light coupling into and out of the fiber espe-
cially for the forward approach.

A previous model of both in-fiber excitation and
fluorescence recapturing of filled solid-core MOF's by
their forward propagating modes [1] is generalized to
include the capturing of fluorescence emission into
the backward modes. Also, the capturing of fluores-
cence emission power into both forward and back-
ward propagating modes of an MOF as a function of
fiber length has been experimentally demonstrated
and qualitatively confirmed with those of the numeri-
cal model. The numerical results presented here also
demonstrate for the first time to our knowledge that
the fluorescence emission coupled into the backward
modes has a higher efficiency than those of the for-
ward modes. This, however, can be confirmed experi-
mentally by using optimized outcoupling setups or
advanced coupling techniques such as tapers or high
numerical aperture buffer fibers. Considering the ad-
vantages of ®p over ®p such as higher efficiency,
higher signal to pump ratio, possibility of using a dip-
sensing configuration [see Fig. 3(a)], ease of use in
terms of experimental setup, and the previous results
of our group, reporting the detection of quantum dots
with a concentration as low as 1 nM using the for-
ward approach [5], we expect to improve our detec-
tion power to picomolar concentration using our new
backward approach with optimized coupling setups.

We acknowledge the Defence Science and Technol-
ogy Organization (DSTO), Australia, for supporting
research in the Centre of Expertise in Photonics. This
research was supported under the Australian Re-
search Council’s Discovery Projects funding scheme
(project DP0665486).
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3.4 Fluorescence Capture Fraction: Exposed-Core Fibre

The publication [P3] forms the basis of this section.

S. C. Warren-Smith, S. Afshar V., and T.M. Monro, “Theoretical study of liquid-
immersed exposed-core microstructured optical fibres for sensing,” Optics Express 16,

9034-9045 (2008).

3.4.1 Publication Overview
Aim

The primary aim of this publication was to use the fluorescence capture theory of [P1]
to understand the fluorescence sensing properties of liquid-immersed exposed-core mi-
crostructured optical fibres and compare this to equivalent liquid-filled enclosed suspended-
core (wagon wheel) fibres. The geometric difference is that the exposed-core fibre has
only one hole filled and thus the sensing region is one third as large. At first sight it
would appear that the exposed-core fibre would have lower efficiency due to having a
smaller interaction region. However, this paper reveals that this is not necessarily the
case due to how the asymmetric geometry affects the optical mode. The second half of
[P3] considers the effect of liquid interface transmission losses for a multiply immersed

exposed-core fibre, and how this is affected by glass refractive index choice.

Field of Knowledge and Link Between Publications

The development of the fluorescence capture theory for enclosed suspended-core (wagon
wheel) fibres has been discussed in relation to [P1] (Sec. 3.2) and [P2] (Sec. 3.3). In
the literature, the primary motivation for extending the optical fibre design from the
enclosed suspended-core geometry to the exposed-core design stems from the low filling
speed when sensing with enclosed MOFs [84]. A less stated, but also important, issue
is that an enclosed MOF cannot be used for distributed sensing. As will be seen in [P7]
(Sec. 4.3), the exposed-core fibre allows for real-time sensing, while it will be seen in

[P8] (Sec. 4.4) that distributed sensing is possible.
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The fabrication of exposed MOFs has been demonstrated by various researchers, such
as the use of a fusion splicer and air pressure to blow holes within an MOF [76], use
of a focused ion beam [103, 104], and femtosecond laser micromachining [105, 106].
However, these methods generally result in short exposed regions, such as the order of
tens of microns. Cox et al. have shown that long lengths of exposed-core polymer MOF
can be fabricated by creating an opening at the preform stage of the fibre fabrication,
such as by drilling holes into the cladding of a polymer MOF preform [108]. Finally,
fabrication of glass, in this case lead-silicate, exposed-core fibres will be demonstrated
in [P7]. The advantage of the method that will be demonstrated in [P7] is that glass
fibres have the potential to have lower transmission loss than polymer fibres and thus

distributed sensing is possible, as will be demonstrated in [P§].

Discussion and Conclusions

In [P3] the absorption and fluorescence sensing characteristics of liquid-immersed exposed-
core fibres have been modelled theoretically, and compared to an equivalent enclosed
suspended-core fibre (which was first studied in [P1]). The results demonstrate that de-
spite a smaller sensing area the asymmetric refractive index profile allows the exposed-
core fibre to have competitive sensing characteristics, particularly for sufficiently small
core diameters. In terms of absorption sensing, the optical field spreads in the direc-
tion of the liquid sensing region due to the smaller refractive index difference. In terms
of fluorescence sensing, the relatively greater refractive index difference at the unfilled
hole boundaries causes a smaller effective area, which in turn increases the fluorescence
capture. The final section of [P3] then looks at predicted transmission losses that are
present for a fibre that has fluid interfaces along the length, such as for a distributed-type
sensor. It is shown that high refractive index materials have considerably less liquid in-
terface losses, which is amplified if multiple interfaces are considered. This complements
the general conclusions of this paper, as well as [P1, P2], which is that high refractive
index fibres can exhibit greater fluorescence capture. Note that a full derivation of the

coupling efficiency formulas used in this paper is provided in Appendix B.

The modelling in this paper (and in [P1, P2]) has considered the fundamental mode
only. Strictly speaking, this means that the results are only applicable to the single

mode regime, for which the core diameter is very small (approximately the same scale as
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the wavelength or smaller). The next publication, [P4], extends the fluorescence capture
theory to include higher order modes and thus make it applicable to larger range of core
diameters. [P4] will show that the fluorescence capture is approximately independent
of core diameter, and mostly dependant on the refractive index contrast between core
and cladding, and can be understood intuitively as the fibre having a greater numerical
aperture. While not explicitly stated or modelled, this implies that the greater capture
predicted in [P3] for the liquid-immersed exposed-core fibre relative to the fully filled
enclosed fibre should be applicable to all core diameters due to the on-average higher

numerical aperture that results from the two unfilled air holes.

Finally, it should be noted that the core diameters of the fibres modelled in this paper
are significantly smaller than that of reported fabricated exposed-core fibres presented
in Ref. [108] and [P7]. For example, the core diameters of the fabricated fibres pre-
sented in [P7] range from 2.0 to 3.0 wm, while the core diameters considered in this
paper range from 0.2 to 1.0 gm. While there currently exists a large gap between the
theoretical optimum core diameter and current fabrication results, it will be shown in
[P6] that enclosed suspended optical nanowires have been successfully fabricated with
core diameters in this range and thus it is feasible that these dimensions will ultimately

be achieved for exposed-core fibres.

3.4.2 Statement of Contribution

Conceptualisation

The idea to extend the fluorescence capture theory to the liquid-immersed exposed-core
microstructured optical fibre geometry, and also to include liquid-interface transmission

losses, was conceptualised by Stephen Warren-Smith.

Realisation

The development of the fluorescence capture theory was outlined previously in relation
to [P1]. The numerical modelling of the fluorescence capture into the exposed-core fibre
was done by Stephen Warren-Smith. Derivation of the coupling theory and subsequent

numerical modelling was done by Stephen Warren-Smith.
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1. Introduction

Microstructured optical fibers (MOFs) can be used to dramatically improve traditional
absorption and fluorescence-based fiber sensors due to the ability to precisely control their
optical characteristics. In particular, this control can be used to increase the amount of optical
power that is available to interact with the environment that is to be sensed [1-4], and reported
overlap values between the guided modes and the materials within the holes of the fiber
include 6.5% for a multi-core MOF [3], 40% for a nanowire [5], and 97% or higher for an air-
core photonic bandgap fiber [6]. However, these sensors require that the chemicals to be
measured are located within the holes of the MOF, and generally require filling the fiber with
liquids or gases. Although this approach delivers high sensitivity due to the possibility of
integrating the response over the fiber length, when used in this manner, MOF-based sensors
do not lend themselves to distributive sensing. In 2003 Hoo, et al., proposed the introduction
of periodic openings along a sensing fiber that allow access to the fiber’s core [7]. Fabrication
has subsequently been demonstrated by the use of a fusion splicer and air pressure to blow
holes within an MOF [8], use of a focused ion beam [9], and femtosecond laser
micromachining [10, 11]. Cox, et al., have also demonstrated that by creating the fiber
opening at the preform stage of the fiber fabrication longer lengths of exposed-core fiber can
be fabricated, such as by drilling a slit into the cladding of a polymer MOF preform [12]. This
exposed-core design of optical fiber sensor has advantages over other fiber based sensors such
as fast-response, real-time sensing with no requirement for selective hole filling. Potential
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implementations include long interaction length point sensing by use of a coiled sensing cell,
multipoint sensing, and continuous distributive sensing via optical time domain reflectometry
techniques.

In this paper we present the first theoretical study of the characteristics of this class of
optical fiber for the case where the exposed section is immersed in a liquid for the purpose of
intensity-based absorption or fluorescence sensing. The particular fiber geometry studied has
a wavelength-scaled (nanowire-like) core suspended within a robust jacket that has a missing
segment (or wedge); see Fig. 1(c) [13]. This geometry is as close as practically possible to the
ideal case of a nanowire suspended in air (or within an environment to be sensed). From a
theoretical point of view it is essentially a wagon wheel (WW) fiber (Fig. 1(a) and Fig. 1(b))
[14] (or steering wheel fiber [5]), but where one of the holes has been filled with a sensing
material (the exposed section) while the others remain filled with air. If the filling material has
unity refractive index (air) then the modal characteristics of the fiber are unchanged by the
introduction of the wedge within the fiber jacket. When a portion of the fiber is immersed in a
liquid, the mode profile spreads out into the exposed section due to the weaker confinement
resulting from the raised refractive index of the liquid (for a water-based solution, n=1.33).

(a) (b) () Water

(Sensing region)

Core

|
50pm Spum

Fig. 1. Scanning electron microscope (SEM) image of an F2 (lead-silicate), wagon wheel fiber
(a) and its core region (b). This fiber forms the basis of the exposed-core fiber where one of the
holes is opened up to allow it to be accessible to the external environment, as shown in the
schematic diagram (c).

Here we evaluate the absorption and fluorescence sensing performance for a range of
fibers of this type, and compare the results to those obtained with fully filled WW fibers. The
losses associated with the mode mismatch that occurs at the liquid boundaries within an
exposed-core fiber are also considered. This comparison allows us to determine the feasibility
of using exposed-core fibers within sensing systems, and to evaluate the impact of using an
asymmetrically raised refractive index profile.

2. Numerical modeling

The field distributions corresponding to the pair of fundamental guided modes of the fiber
were determined using the commercially available finite element modelling package
COMSOL 3.2. For the case where all three surrounding holes are filled with water there is a
three-fold rotational symmetry and hence two degenerate fundamental modes are found (to
within the numerical accuracy of the model — see Sec. 3) [15]. However, when just one hole
contains a liquid, as in the case of an exposed-core fiber, there is only one reflection axis of
symmetry and the modes are no longer degenerate. Instead, the first two modes exhibit strong
birefringence, with one mode being polarized essentially parallel to the axis of symmetry and
the other orthogonal to this.

Figure 2 shows two example fundamental field distributions of a liquid-immersed
exposed-core fiber for a low refractive index host material (silica, n=1.46) and a high
refractive index glass host (bismuth, n=2.09). Arrows indicate the direction of the electric
field and the field profile shown is the z-component of the Poynting vector. The core sizes are
defined as the diameter of a circle whose area is equal to a triangle that fits wholly within the
core. The core diameters were chosen so that the effective areas are located at approximately
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equivalent locations on their respective effective area versus core diameter curves in order to
allow comparison of their properties (see Sec. 3). The core diameters are 0.505um for silica
and 0.17um for bismuth, resulting in effective areas of 0.76um?’ for silica and 0.24um? for
bismuth at a wavelength of 590nm. In each case, the first fundamental mode is approximately
linearly polarized with the direction of polarization parallel to the axis of symmetry, and
exhibits a high intensity peak in the sensing region at the refractive index boundary. The
higher refractive index material (bismuth in this case) exhibits greater confinement, as seen by
the smaller dimensions of the bismuth fiber core, and thus has a greater high intensity peak at
the boundary. This thin-layer high intensity peak has previously been investigated by other
authors [16-18] and we shall see that it is beneficial for fluorescence sensing applications [19].
Note that only the mode with polarization parallel to the axis of symmetry has a high intensity
peak in the sensing region for the exposed core fiber, and we will see this leads to significant
differences in the relative fluorescence capture into each of the fundamental modes.

0.5um {a) 0.5um (b}

Ny =1.3304 n.,=1.3286

o

VWater

Air Air

Water

0.2 pm ic)

Water Water

Fig. 2. Fundamental field distributions of a water-immersed exposed-core WW fiber where the
substrate glass is silica with a core diameter of 0.505um (a, b) and bismuth with a core
diameter of 0.17um (c, d). The first (a, c) and second (b, d) fundamental modes are shown for
each glass type. The effective index of each mode is shown, which relates to the propagation
constant (B) and the wavenumber (k) via nes=p/k.

3. Modal properties

First we consider the birefringence of the fundamental modes of the exposed-core fiber, which
result from the non-degenerate solutions of this asymmetric geometry. Figure 3 shows the
numerical results for the birefringence (An) of the exposed-core liquid-immersed fiber as
compared with the case where all three holes are filled (the 3-fold symmetric case). We have
chosen to consider a wavelength of 590nm as this is close to the fluorescence wavelength of
many organic dyes (e.g. rhodamine B). Later, in Sec. 5, a wavelength of 532nm is used as the
excitation wavelength in order to match sources used in typical experiments [20], noting that
the following results are not qualitatively dependant on the exact choice of wavelength. A
range of host glasses have been considered (silica = 1.46, lead silicate (F2) = 1.62, and
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bismuth = 2.09) to understand the effect of varying refractive index while still considering
realistic materials.

10° (7\ "’
B (1 . =
= == Bismuth == F2 = Silica (a) -
E’ . E) 107

10 R g

L]
10° . 10° .
0 0.5 1 0 0.5 1
Core diameter (pm) Core diameter (j1m)

Fig. 3. (a). Difference in effective index between the two degenerate fundamental modes of a
fully filled WW structured MOF (dashed lines) and the two fundamental non-degenerate modes
of the exposed-core WW (solid lines) for three substrate glasses (indicated in legend). (b). The
corresponding beat lengths.

Unsurprisingly, the exposed-core fiber experiences significant birefringence, and it is
particularly strong in the small core regime (c.f. wavelength). For example, the predicted beat
length can be as short as 68um for a bismuth exposed-core fiber with a core diameter of
0.2um. The low-level birefringence that is numerically calculated for the fully filled case is
purely the result of numerical errors, which are introduced by the use of a mesh in the finite
element modeling [15]. The birefringence measured in this case is thus a measure of the
numerical accuracy for this particular geometry and mesh density (~120,000 mesh elements
were used) and show that the effective index calculation is accurate to approximately six
decimal places. At this point we note that while the value of the birefringence itself does not
relate directly to the sensing properties of the exposed core fiber, we will now see that the
non-degeneracy of the fundamental modes has consequences on the absorption and
fluorescence sensing characteristics.

In order to understand the performance of sensors based on these fibers we evaluated the
modal power fraction (PF) [21] within the sensing region and the effective modal area (Act),
which is defined here as the vectorial equivalent to the traditional definition of A [22].
Vectorial definitions were used because the weak guidance approximation is inappropriate for
microstructured optical fibers where a large difference in refractive index exists between the
core and cladding materials. The definitions are;

| [s2,j (M)Al

A .
At j _—j|sz,j PR (1)
A.
[s2,1(F)A
PFj=H —— @
ISZ'  (F)dA
A

where A.. is defined to be the infinite transverse cross section, H refers to integrating over the
sensing region (the water containing hole(s)), j is the mode index, and s,(r) is the z-component
of the Poynting vector. Figure 4 shows numerical results for these quantities evaluated for the
parameters considered previously.
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Fig. 4. Effective modal area (a) and modal power fraction (b) as a function of core diameter for
three substrate glasses (indicated in legend) where the fiber is either fully filled with water
(dashed) or is an exposed-core fiber with one hole containing water (solid). The thick solid
lines refer to the fundamental mode of the exposed-core fiber that is polarized parallel to the
axis of symmetry and the thin line is for the fundamental mode polarized in the orthogonal
direction.

Figure 4(a) shows that for sufficiently large core diameters, the effective area of the
exposed-core MOF is less than that for the fully filled case. This is unsurprising because air-
glass boundaries provide stronger light confinement than water-glass boundaries. However, as
the core size is reduced to subwavelength values, the effective mode area increases rapidly for
the exposed-core fiber as the mode spreads dramatically into the water-filled hole.

In a Beer’s law [23] absorption sensor the level of absorption is proportional to the
available excitation power, shown in Fig. 4(b). Hence, by considering Fig. 4(b) we see that, in
spite of utilizing only one out of the three cladding holes, the same absorption sensor
performance can be gained for an exposed-core fiber compared to a fully filled fiber. This
occurs at a core diameter of approximately 0.52um for silica fibers (PF = 42%) and 0.15um
for bismuth fibers (PF = 70%), assuming the mode with polarization parallel to the axis of
symmetry is used. It should be noted that there are limitations on how small a core size can be
used such as coupling losses between filled and unfilled sections of fiber (see Sec. 5), and
bend loss [24, 25].

The effects of birefringence on the sensing properties can also be seen in this data: the
non-degenerate field distributions now exhibit slightly different power fractions, and hence
there is a preferred direction of input coupling polarization that maximizes the power fraction.
For an absorption sensor it is preferential to input couple with light polarized orthogonal to the
axis of symmetry with a relative difference of 21% for silica fibers and 15% for Bismuth
fibers for the core diameters considered above.

4. Fluorescence sensor performance
4.1 Theory

The model described in [19] has here been used to predict the fluorescence capturing ability of
the exposed-core fiber. This approach employs the full vectorial solutions of Maxwell’s
equations and is therefore suitable for MOFs with wavelength-scale features and a high
refractive index contrast between the core and cladding regions, unlike previous models that
rely on ray-optics [26] or scalar electromagnetic fields [27]. For simplicity we now consider
this model for the special case of an attenuation-free fiber of infinite length, which is filled
with a solution containing a fluorescent species. In this way the theory describes the
fundamental limit on the fluorescence capture possible for the sensor design, and does not
depend on which end of the fiber the fluorescence is measured (forwards or backwards
fluorescence propagation). Taking into account these assumptions and including the potential
for fluorescence capture into multiple non-degenerate modes; the fluorescence capture
fraction (FCF) from excitation mode j into modes at the fluorescence wavelength (labeled v)
is given by;
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where n" is the refractive index of the fluorescent region, A is the fluorescence wavelength, &
is the fluorophore efficiency, s(r) is the z-component of the Poynting vector, and H refers to
integrating over the fluorophore-filled cross-section. E and F refer to the excitation and
fluorescence wavelengths, respectively. In this loss-free case, FCF has two key terms: a
normalized overlap integral (labeled NOI) and the effective area at the fluorescence
wavelength, which are dependant on transverse properties of the fiber such as the geometry,
refractive index profile, and fluorophore position. The optimization of NOI and A is the key
to achieving large fluorescence capture within MOF sensors. For example, the effective area
can be reduced by moving to smaller core fibers with strong confinement, which we shall see
is effective in increasing FCF. It is important to note that NOI in not directly proportional to
the power fraction, but is a somewhat more complex expression. This highlights that power
fraction alone cannot be used to optimize fluorescence-based optical fiber sensors.

4.2 Fundamental FCF numerical results

FCF was determined for the same glass materials as in Sec. 2, an excitation wavelength of
532nm, and a fluorescence wavelength of 590nm. For simplicity, the input excitation is taken
to be a linearly polarized source, and we assume that this excites a single degenerate mode in
the fully filled case and a mode with polarization parallel to the axis of symmetry in the
exposed-core case. Fluorescence capture into both fundamental modes is then calculated, and
the results are shown in Fig. 5(a).

Fluorescence capture into each of the individual fundamental modes Summation of fluorescence capture into both of the fundamental modes
6% 10%
= Bismuth ( a) (b)
_ —F2 -
3 . S
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o 3% w 5%
o
4 e
0% " : 0% —
0 0.5 1 0 0.5 1
Core diameter (pum) Core diameter (pum)

Fig. 5. FCF as a function of core diameter for three substrate glasses (indicated in legend),
where the fiber is either fully filled with water (dashed) or is an exposed-core fiber with one
hole containing water (solid). In (a) the thick solid lines refer to the fundamental mode of the
exposed-core case that is polarized parallel to the axis of symmetry and the thin line is for the
fundamental mode with orthogonal polarization. In (b) the result for each fundamental mode
has been added to produce the net effect where the thick line refers to the exposed-core fiber
and the dashed line is for the fully filled fiber.

The first observation is that for small core diameters, the higher refractive index fibers
offer an enhanced fluorescence capture due to the formation of a thin, high-intensity layer at
the core-cladding boundary that acts to confine the excited fluorescence near the core, as
previously reported [19]. Equation (3) shows that the reduced effective area for high index
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glasses is largely responsible for this effect and shows that high-index soft glasses such as F2
and bismuth are attractive materials for MOF sensors provided that small core dimensions are
used. Figure 5(a) also shows how FCF changes for an exposed-core fiber where higher peak
values can be observed for the fluorescence capture (and this achieved at slightly larger core
diameters). We also see a dramatic difference in capture into each of the two non-degenerate
fundamental modes, particularly for the high refractive index fibers. For example, the bismuth
exposed-core fiber has a maximum fluorescence capture of 5.7% into the mode with
polarization parallel to the axis of symmetry, which is greater than the fully filled case (4.7%),
but only 4.0% into the orthogonal mode. This difference is due to the presence of a high
intensity peak in the sensing region for the fundamental mode with polarization parallel to the
axis of symmetry, which is absent for the orthogonal mode.

To directly compare the difference in fluorescence capture between the fully filled and
exposed-core fibers the FCF curves for each fundamental mode are added as required by Eq.
(3), with the results presented in Fig. 5(b). The results for the exposed core fiber are
essentially a modification to that of the fully filled fiber where there is potential for enhancing
the fluorescence capture by moving to the asymmetric geometry. Figure 5(b) shows that, for
particular core diameters, FCF is greater for the exposed-core design by as much as 29% for
silica fibers and 19% for F2 fibers, at their respective optimum core diameters.

To understand this effect, NOI (Eq. (4)) was evaluated and is presented in Fig. 6. We see
that before the point where the modes spread out dramatically into the water filled hole there
is little difference in NOI values between the two fiber designs and hence most of the
behavior can be explained in terms of the effective area. The reduced effective mode area of
the exposed-core fiber compared with the fully filled fiber is due to the stronger confinement
at the air-glass boundaries and accounts for the observed FCF. However, there is little
increase in FCF for the exposed-core Bismuth fiber because of the small relative difference
between the air-glass and water-glass ratios. The refractive index of water is much closer to
that of silica, and hence we see the greatest improvement in the lower refractive index glasses.

3
S T == Bismuth
24 L _ —F2
= N\ Silica

0.5
Core diameter (pm)

Fig. 6. Normalized overlap integral (NOI) as a function of core diameter for three substrate
glasses (indicated in legend), where the fiber is either fully filled with water (dashed) or is an
exposed-core fiber with one hole containing water (solid). The thick solid lines refer to the
fundamental mode of the exposed-core case that is polarized parallel to the axis of symmetry
and the thin line is for the fundamental mode with orthogonal polarization.

5. Coupling efficiency

There are two main coupling problems that need to be considered in the design of the class of
sensor considered in this paper. The first is input coupling of an excitation source into the
fiber which, although different for different fiber geometries, has largely been dealt with by
other authors (for example, see [21, 28-32]). Coupling into small-core optical fibers is by no
means trivial; however, the exact efficiency is largely system dependant. A more fundamental
(and unavoidable) issue is the loss associated with the mode mismatch between empty regions
of fiber and regions along the fiber that are locally immersed within a liquid. For systems
where several locations are to be sensed, these liquid interface losses are multiplicative and
thus these losses may become significant.
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To evaluate the losses associated with this mode mismatch we enforce the continuity of
the transverse components of electric and magnetic fundamental modes, which can be
expressed as Egs. (5) and (6),

Et; +aEq +bErp =a'E'y+b'E't2+E rag (5)

Hiyp—aHy —bHp =a'H'y+b'H'tp+H g (6)

where |a)?, |bJ* and, |a’|* and |b’|* are the reflected and transmitted coupling efficiencies into
the two fundamental modes (subscripts 1 and 2 respectively), rad refers to the transmitted
radiation field and t refers to the transverse components of the electric and magnetic fields.
We vector multiply Egs. (5) and (6) by the conjugated magnetic and electric fields
respectively, integrate over an infinite cross section and use orthonormality of the fiber’s
guided and radiation modes to obtain a matrix equation for a, b, a’ and b’ involving cross
integration terms between all four fundamental modes (two for each the filled and unfilled
sections of fiber). Assumed in this approach is that the reflected light distribution at the
boundary is directly proportional to the fundamental guided modes, that is, that reflection into
the radiation modes is negligible [1, 33].

The liquid interface losses were determined for the case of an exposed core fiber being
immersed into an aqueous solution and a corresponding WW fiber with three holes filled.
These losses consist of both excitation light coupling from the unfilled region into the water
containing region and then the reverse at the fluorescence wavelength (Fig. 7). Note that this
analysis is appropriate for both forwards and backwards detection of fluorescence, that is,
whether measuring the fluorescence from the distal end or pump end of the fiber. The results
are shown in Fig. 8(a) for transmission through the boundaries of a single segment of the fiber
filled with water.

Interface loss at excitation frequency
e

Input Forward
excitation fluorescence
light signal

<_I

Backward
fluorescence
signal

»
>

< [
<« »

Interface loss at fluorescence frequency

Fig. 7. Schematic of an exposed-core fiber with a section immersed in a liquid. Liquid interface
losses exist for the excitation light entering the liquid filled section and for the fluorescence
exiting the liquid filled section.

For both fully filled and exposed core fiber sensors, the liquid interface losses increase for
small core diameters due to the increased amount of optical power in the cladding holes.
Comparing the two sensing fiber designs considered here, we see that the liquid interface
losses are relatively better for exposed-core fibers compared with the fully filled equivalent
when large core diameters (c.f. wavelength) are used, since only one of the cladding holes is
filled and therefore the geometry more closely matches the unfilled section of fiber. However,
as the core diameter decreases, the exposed-core fiber experiences dramatically enhanced
guidance within the single filled hole, which deforms the mode profile compared with the
unfilled fiber and thus rapidly reduces transmission across the liquid interface. This, along
with the above fluorescence capture results (Sec. 4), demonstrates that care must be taken in
choosing a core diameter for an exposed-core fiber, as core diameters that are too small (less
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than 0.16um for bismuth and less than 0.50um for silica) result in both significant liquid
interface losses and a reduction in FCF.
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Fig. 8. Liquid interface transmission for a single coupling in and out event corresponding to
one fluid-filled region (a) and FCF multiplied by this transmission (b), as a function of core
diameter for three substrate glasses (indicated in legend). The fiber is either fully filled with
water (dashed) or is an exposed-core fiber with one hole containing water (solid). In (a) the
thick solid lines refer to the first fundamental mode of the exposed-core case and the thin line is
for the second fundamental mode. In (b) the thick lines refer to FCF without considering liquid
interface losses whereas the thin lines include the appropriate liquid interface losses where each
non-degenerate mode of the exposed-core fiber has been considered separately.

Figure 8(b) shows the effect on the FCF results of Fig. 5(b) when liquid interface losses
into and out of a single filled section of fiber are considered, as given by Eq. (7), where n (the
number of boundaries the excitation light must travel through to reach the fluorescent region)
and m (the number of boundaries the fluorescence must travel through to reach the output of
the fiber) have been set to n=m=1. LIT refers to the liquid interface transmission, that is, the
fraction of optical power that is not lost by the respective fundamental modes across the liquid
interface.

FCFj, finat = (LITe )" x(LITE, )™ xFCFj, @)
1%

We see that for bismuth fiber there is no longer an improvement in the exposed-core fiber
relative to the fully filled fiber, whereas the lower index glasses are still predicted to enable a
significant improvement in fluorescence capture. However, the maximum achievable
fluorescence capture is still significantly greater for the high index glasses, regardless of
which geometry is chosen and thus we conclude that the exposed-core fiber will still provide
highly efficient fluorescence sensing in the small core, high refractive index regime.

In fact, if we consider a long distributive sensor with multiple locally-immersed sections,
the advantage of using higher refractive index materials becomes evident. Consider, for
example, a fluorescence-based distributive sensor where we wish to receive individual
fluorescence signals from multiple sites along the length of the fiber in order to obtain spatial
information using methods analogous to optical time domain reflectometry [34]. If we have,
say, 5 liquid immersed sections, the excitation light must pass through nine boundaries to
reach the final fluorescence region (n=9) and then the fluorescence from this section of fiber
will have to propagate back through the same nine boundaries (m=9). These liquid interface
losses associated with receiving fluorescence from the fifth liquid-immersed segment are
shown in Fig. 9.
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Fig. 9. Liquid interface losses for nine coupling in and out events (m=n=9) as a function of core
diameter for three substrate glasses (indicated in legend) (a) and the effect on the fluorescence
signal received from the far-end of the fiber (b). The liquid interface losses are associated with
five fluid-filled regions, where the fiber is either fully filled with water (dashed) or is an
exposed-core fiber with one hole containing water (solid). In (a) the thick solid lines refer to
the first fundamental mode of the exposed-core case and the thin line is for the second
fundamental mode. In (b) the thick lines refer to FCF without considering the effect of liquid
interface losses whereas the thin lines do.

Here we see that the use of a small-core silica fiber introduces large losses, to the order of
10dB and greater for very small cores. In contrast, the bismuth small-core fibers experience
very little liquid interface losses, such as less than 5dB for core diameters greater than
0.19um, which is still in the regime of enhanced fluorescence capture. The effect on FCF,
shown in Fig. 9(b), is again highlighted. Relatively small liquid interface losses allow the high
refractive index glasses to still provide a high fluorescence signal (5% maximum for bismuth
at a core size of 0.22um) whereas the silica fiber provides a much reduced fluorescence signal
(0.2% maximum at a core diameter of 0.85um).

6. Discussion and conclusions

Exposed-core microstructured fibers have been theoretically studied to determine their
potential for the use in both absorption and fluorescence based sensing and have been
compared to an equivalent fully filled fiber. In particular, exposed-core liquid-based sensors
are shown to enable several optical advantages due to the presence of a raised refractive index
in the sensing region. These allow the exposed-core fiber to compete with a fully filled fiber
as a sensor, despite utilizing only one-third of the cladding holes (in this particular
implementation). Firstly, the amount of available optical power in the sensing region of an
exposed-core fiber can compete with other liquid-filled MOF-based sensors due to the
spreading of the mode into the sensing region. Secondly, the exposed-core fiber can provide
an enhancement in fluorescence capture ability such as an increase of 19% for lead silicate
fibers and 29% for silica fibers. To further consider the working characteristics of an exposed-
core fiber, and any liquid filled fiber, we have also calculated the coupling losses that are
introduced due to the presence of the liquid’s refractive index. We have shown that while
these coupling losses are present, they do not degrade the sensitivity significantly for fiber
dimensions of interest, particularly where high refractive index materials are used. When
considering the effects of both coupling efficiency and fluorescence capture together we have
seen that small-core high refractive index glasses offer an enormous benefit in sensitivity,
regardless of whether using an exposed-core or fully filled fiber.

Of course, in order to implement an exposed-core fiber in a real sensing application there
are several practical issues that need to be solved. First and foremost is fiber fabrication; while
several examples of exposed-core fibers have now been fabricated there is still considerable
room for improvement on insertion loss (of the exposed section), fiber length, and fiber
quality. Another important consideration is the coupling efficiency and stability into small-
core fibers, which must be solved before sensor implementation can be made reliable and
accurate. The are also application specific considerations for absorption and fluorescence

#94852 - $15.00 USD  Received 11 Apr 2008; revised 29 May 2008; accepted 29 May 2008; published 4 Jun 2008
(C) 2008 OSA 9 June 2008 / Vol. 16, No. 12/ OPTICS EXPRESS 9044



Chapter 3

93

based sensors such as the choice of absorption or fluorescence material, sources, and
detectors, which must all be considered in a practical system.

However, given the potential for distributive sensing, no requirement for filling, and these
predicted sensing characteristics, it can be expected that exposed-core fibers will provide new
opportunities for optical fiber-based sensing.
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3.5 Fluorescence Capture Fraction: Higher Order Modes

and Experiment

The publication [P4] forms the basis of this section.

S. C. Warren-Smith, S. Afshar V., and T.M. Monro, “Fluorescence-based sensing with

i

optical nanowires: a generalized model and experimental validation,” Optics Fxpress

18, 9474-9485 (2010).

3.5.1 Publication Overview
Aim

The primary aim of this paper was to generalise the fluorescence capture theory presented
in [P1], which was again used in [P2, P3], to include a number of important effects that
exist in any real sensing system and compare the theoretical results with experiment.
In order to achieve this aim the theory was extended to include higher order modes,
and additional loss mechanisms such as confinement loss and experimentally measured
small-core loss. Including these factors, and also loss due to Beer’s law absorption,
allowed the fluorescence capture model to be quantitatively compared to experimental
results for the first time. Also, an additional check was performed to compare the modal
approach (wave-optics) used in this paper with an equivalent ray-optics approach for a

specific simplified example.

Field of Knowledge and Link Between Publications

As has been stated for [P1-P3], the modelling of fluorescence capture properties of
optical nanowires is important due to the current interest in using these devices for
sensing, which is generally attributed to the high level of evanescent field that can
be used for evanescent-based sensing. While it is true that other optical waveguide
designs can offer similar or better evanescent field percentages, such as band-gap fibres
[95, 97] and liquid-core fibres [94, 101], it is perhaps the simple filling characteristics that
make suspended optical nanowires of particular interest. This is highlighted by recent

fabrication successes where optical nanowires, which are generally either free-standing
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optical nanowires or suspended-core designs, have been fabricated with core diameters as
small as 50 nm [73] and 400 nm [P6] respectively. Despite these encouraging results, it is
important that these devices are properly understood so that they can be optimised and
effectively used, and this requires that an accurate and trustworthy theoretical model is

available.

Discussed in reference to [P1] in Sec. 3.2 was that fluorescence capture theory has
previously been developed for ray-optics models [13-15] and also wave-optics models
[16—-20, 149]. For the analysis of optical nanowires a wave-optics approach must be used,
and while many important characteristics of fluorescence-based optical fibre sensors were
discussed in Refs. [16-20, 149], the models did not include factors such as core-pumped
designs and Beer’s law absorption. These factors were subsequently included for the
case of a suspended-core (wagon wheel) geometry, which have similar characteristics
to conventional step-index fibres [P1-P3]. However, only the fundamental mode was
considered and thus it can only be considered accurate for single-mode fibres. Thus,
[P4] is an extension of this theory to include higher order modes so that it is accurate
outside of the single-mode regime. [P4] also provides, for the first time, experimental

confirmation of the theory developed in [P1], using fibres that were fabricated in [P6].

Discussion and Conclusions

The generalisation of the fluorescence capture theory in [P1] was successfully imple-
mented to include higher order modes. Numerical modelling of this theory for small-core
fibres demonstrated that evanescently excited fluorescence is most efficiently captured
into fibres made from high refractive index materials due to their relatively high numer-
ical aperture. It was found that there is very little dependence on core diameter when
considering only the fluorescence capture, which represents a significant change from the
results of [P1] when only the fundamental mode was considered. However, when analyte
absorption along the length of the fibre was included in the theory it was found that the
high evanescent field of small core diameter fibres (for example, 500 nm compared to 2
pum) becomes advantageous when sensing low concentration samples, such as Rhodamine

B with a concentration of less than 1 nM.

The next component of [P4] was to include additional loss effects that have not previously

been incorporated into the theory such as confinement loss (full derivation in Appendix



96 Fluorescence sensing theory

C) and experimentally measured small-core loss [P6] (Sec. 4.2). These loss mechanisms
have an effect on the minimum core diameter that can be usefully used, as both effects
increase dramatically as the core diameter reduces below subwavelength values. For
example, reducing the core diameter below 400 nm is not useful for a one meter long F2

optical nanowire.

The addition of these extra considerations allowed for the most significant conclusions in
[P4], which was agreement with both a ray-optics model and experimental results. First,
the modal theory (wave-optics) was compared to an equivalent ray-optics model for a
simplified example of fluorescence emitted from the centre of the fibre. The models were
shown to agree in the limit of increasing V-number, as expected. Secondly, suspended-
core (wagon wheel) fibre was used to experimentally test the predictions of the paper.
While the geometry of the suspended-core fibre is only approximated by the step-index
model used for the numerical predictions, the results where in close agreement with no

free parameters required.

3.5.2 Statement of Contribution
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The idea to extend the fluorescence capture theory to include higher order modes was
conceptualised by Stephen Warren-Smith. The concept of including confinement loss
in the theory was conceptualised by Stephen Warren-Smith, while adding experimen-
tally measured small core loss was conceptualised by Tanya Monro. The idea to use
wagon wheel fibres for experimentally testing the theoretical results of the paper was

conceptualised by all authors.

Realisation

The development of the fluorescence capture theory was outlined previously in relation
to [P1]. The extension of the theory to include higher order modes was done by Stephen
Warren-Smith. Matlab coding of the step-index model for the modelling and subsequent
modelling for the fluorescence capture was done by Stephen Warren-Smith. Derivation

of the W-fibre confinement loss theory, and subsequent Matlab coding and numerical
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loss factors relevant to optical nanowires are included, which allows the
model to be compared effectively with experiment via the use of
fluorophore filled suspended optical nanowires. Numerical results show that
high-index materials are beneficial for fluorescence-based sensing.
However, both numerical and experimental results show that the
fluorescence signal is relatively insensitive to core size, except for low
concentration sensing where nanoscale fiber cores are advantageous due to
the increased evanescent field power.
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1. Introduction

Fluorescence sensing is an important tool for a wide range of applications, particularly for
biological sensing through the use of fluorescent labeling. It has long been realized that these
fluorescence-based techniques can be incorporated into an optical fiber platform and, in
particular, microstructured optical fibers (MOFs) offer advantages such as long interaction
length, high sensitivity, and small volume requirements [1]. One important parameter for
fiber sensing is the fraction of optical power that propagates externally to the fiber substrate
and can thus be used to interact with an analyte. Several types of MOF allow for high power
fractions such as band-gap fibers [2, 3], liquid-core fibers [4, 5], and small-core fibers [6-17].
In addition, small-core high-index fibers have been predicted to offer increased sensitivity
due to the presence of high intensity evanescent fields adjacent to the core-cladding interface
[7]. Here we concentrate on small-core fibers due to the considerable interest that has recently
been shown in both fabricating and sensing with these fibers. They are generally fabricated
either as free-standing optical nanowires or suspended-core designs, where core diameters
have been fabricated as small as 50nm [16] and 400nm [17] respectively. Their relatively
simple filling requirements, compared to selective filling designs, also make them an ideal
candidate for both testing the theoretical results in this paper and for future sensing
applications.

In addition to knowing the power fraction of a given fiber design, which indicates how
much fluorescence can be excited, it is important to be able to predict the efficiency with
which the fluorescence is captured by the guided mode(s) of the fiber. This can be calculated
using ray tracing methods [18, 19], however, these are unsuitable for the single/few-moded
fibers considered here. A modal approach was first developed by Marcuse [20, 21] for the
case of a uniform cladding excitation (e.g. side excitation) and found that fluorescence
capture increased with increasing V-number. This uniform excitation theory was later
generalized for vectorial step-index fiber solutions and it was shown that, more specifically,
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capture is increased with increasing refractive index difference between the core and cladding
[22-24]. However, these results did not consider the case of a core pumped fiber and did not
include effects due to fiber loss or Beer's law absorption. These factors have subsequently
been included for the case of a suspended-core geometry (sometimes described as a wagon
wheel or steering wheel), which have similar characteristics to conventional step-index fibers
[7-9]. It was found that the existence of localized high-intensity electric and magnetic field
layers of the fundamental mode at the boundary interface of small-core fibers leads to an
increase in fluorescence capture when high index glasses are used.

In this paper the previous theoretical results [7-9] are extended to include the capture by
higher order modes and to include additional loss mechanisms (confinement loss and small-
core loss), which have not previously been incorporated into the theory. Combining these
factors provides a rigorous model of the fluorescence sensing properties of optical nanowires,
which we demonstrate is in quantitative agreement with experiment. In Sec. 2 we first
describe the equations used for this numerical modeling. The fluorescence capture is then
modeled, with higher order modes included, for parameters corresponding to MOFs that have
recently been fabricated. To add confidence to the model numerical results are then compared
with the ray optics equivalent and agreement is found in the regime of high V-number.
Effects due to fluorophore absorption, confinement loss, and experimentally measured small-
core loss are then included in the model. In Sec. 3 experimental results are compared with the
numerical results of Sec. 2, which show quantitative agreement and also experimentally
highlight which fiber parameters are best suited for low-concentration fluorescence-based
sensing.

2. Numerical results
2.1 Fluorescence capture theory

The following equations (Egs. 1(a), 1(b), and 1(c)) for the fluorescence capture are based on
the derivation presented in [7]; the primary difference being that we retain the summation in
Eqg. 1(a) in order to include the contribution of higher order modes and thus extend our
analysis to fibers that have core diameters outside of the single-mode regime. Also, additional
loss mechanisms, which are implicit in the equations below, are included in Sec. 2.5.

To begin we assume that the fluorescent sources are contained within a cross sectional
region H and that they have random phase and orientation [20]. H often refers to the fiber
cladding (or holes), but can be any region that fluorescent sources are present, such as the
centre of the core as will be considered in Sec. 2.2. Taking into account fiber loss and Beer's
law absorption along the length of the fiber, the fraction of fluorescence (FCF) that is excited
by excitation mode j, captured into all guided modes v of the fiber at the fluorescence
wavelength, and propagates to the output end of a fiber can be expressed as [7]:

2 NOI,, e’
FeF =+ s e 7 [e 7t 1] (1a)
167ne" 57 Ay, 7, =7
we| JIs. (DA fig, Ps;(F)da
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where A, is defined to be the infinite transverse cross section, L is the fiber length, sA(r) is the

z-component of the Poynting vector of the j*™ mode, gj(r) is the electric field of the j" mode,

is the fluorescence wavelength, ¢ is the fluorophore efficiency, n is the refractive index in

the region H at the fluorescence wavelength, NOI is a normalized overlap integral [7], Aes iS
the modal effective area, and y is the attenuation coefficient [25]. A similar expression can be
found for fluorescence that propagates to the launch end of the fiber [8].

Equation (1) can be considered as consisting of two components, one longitudinal and the
other transverse. The longitudinal component is contained within Eq. 1(a), which arises from
considering the fibre attenuation at both excitation and fluorescence wavelengths, Beer’s law
absorption, and integration along the entire length of the fibre. The transverse component is
primarily contained within Egs. 1(b) and 1(c), where the effective area has been separated to
give more physical insight into the fluorescence capture mechanism. It shows that the capture
into a particular mode is proportional to how tightly that mode is confined.

2.2 Comparison between wave-optics and ray-optics approach

As the refractive index contrast is increased, the fiber becomes increasingly multi-mode and
ray-tracing methods become applicable. Hence, the theory of Eq. (1) can be checked by
testing convergence in the limit of increasing the number of modes. This is an important
check as there are several assumptions that are associated with Eq. (1) [7] and because of the
possibility of numerical errors as multiple integrations are required, particularly for highly
multimode fibers. To perform the comparison we have taken the simple case of a fluorophore
centered at the fiber axis (that is, in the core), and have calculated the fluorescence capture for
the ideal case of a lossless step-index fiber. The step-index model with fully analytical
vectorial solutions was used to determine the electric and magnetic fields [26]. The cladding
refractive index was held constant at n = 1.0 and the core index varied from 1.01 to 11. For
each curve the core radius was varied such that the V- number (thus number of modes) was

held fixed, where V = (2za/ A)(n% —n3)"?, a is the core radius, n, is the core index, and ng

is the cladding index [25]. Curves were then calculated with the VV-number varying from 1.0
to 50. Several of these curves are displayed in Fig. 1 and are compared with the ray-tracing
equivalent, which is defined as the fraction of fluorescence that is emitted within the critical
angle of the fiber. This is written as ¥%2(1-cos(6.)), where 6, is the fiber’s critical angle.

'
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FCF
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—— Ray trcing

o i Tig 113
": R 1 "I'|.I.||.|illg-':
Fig. 1. Comparison of the wave-optics derived fluorescence capture fraction (FCF) for an on-
axis in-core fluorophore (black) and the ray-tracing equivalent (red). The optical fiber V-
number used for the wave-optics method is displayed in the figure for each corresponding
curve. FCF = 0.5 (i.e. 50% capture) has been marked with a dashed line.
Figure 1 shows that the two rather different approaches agree remarkably well for
sufficiently high V-number (V > 5), and also display the expected behavior. Firstly, both
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demonstrate that the fluorescence capture is dependent on the numerical aperture of the fiber.
Also, for very large index differences, the fluorescence capture appears to asymptote below
50%, which is required for energy conservation (with a 50% maximum possible in either
forwards or backwards directions). We see that for low V-numbers, particularly where the
fiber is single-moded (V < 2.405), the two approaches yield differing results. Hence, we see
that ray-optics is not a suitable model for studying the fluorescence capture behavior of
single/few-moded fibers. To demonstrate the convergence of the two models as the V-number
(and hence the number of modes) is increased, the fluorescence capture has been shown for
two values of An in Fig. 2(a) (An = 0.01) and Fig. 2(b) (An = 1.0).

x 10
8 ' ' ' 0.3 -
a (FI] ..... * * * . . . . .
6 - -' . .. I. 0. . L] - . (R
. . . f et e e . e 0.2«
o . . . . . . * o .
4T g . (b)
2 *  Wave optics 0.1 .
An = 0.01 — Ray tracing . An=10
0 : : ‘ i : :
0 10 20 30 40 50 0 10 20 30 40 50
V number V number

Fig. 2. Convergence of the wave-optics approach to the ray-optics approach for increasing
optical fiber V-number. The difference in refractive index between the core and cladding (An)
is0.01 (a) and 1.0 (b).

Figure 2 shows that as the V-number is increased the two models converge to the same
value. The close agreement between the two methods adds confidence to the theory of Eq. (1)
and thus the following results presented in this paper.

2.3 Fluorescence capture

The fluorescence capture was then calculated for the case of a step-index fiber with a glass
core and a water cladding. This is equivalent to considering an optical nanowire immersed in
an aqueous analyte or approximately equivalent to a suspended-core fiber filled with an
aqueous analyte. Several glass types with differing refractive index (silica ~ 1.46, lead silicate
(F2) ~1.62, and bismuth ~ 2.09) were considered for the core material, with an excitation
wavelength of 532 nm and a single fluorescence wavelength of 590 nm (for example,
rhodamine B dissolved in water). Unless otherwise specified, these values have been used in
the remainder of this paper. To begin, the loss of the fiber was taken to be zero and the length
to be infinite. In this way, the calculated FCF represents the fundamental limit on the
fluorescence capture possible for the sensor design. Also, we have only used the fundamental
mode to construct the excitation field, which is more or less accurate depending on the initial
launch conditions. All guided modes of the fiber are excited to some degree by the
fluorescence, and the results for the capture fraction summed across all of these modes are
shown in Fig. 3(b).
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Fig. 3. (a) Fraction of fundamental mode evanescent field power located in the water for water-
clad step-index fibers made from three different glass types. (b) Fluorescence capture into the
fundamental mode only (thin lines) and into all guided modes (thick lines) for three different
glasses where the cladding is Rhodamine B dissolved in water.

We see from Fig. 3(b) that the fluorescence capture is greatest for fibers whose core-
cladding refractive index is greatest, regardless of the core diameter. That is, the result
previously shown for side-excited fibers holds for core-pumped fibers [23]. This can be
understood intuitively, that is, greater capture is, unsurprisingly, observed for fibers with
larger numerical aperture. Additionally, we see that fluorescence capture into the fundamental
mode only represents a significant portion of the overall capture for very small core diameter
fibers (<< 1 micron). For core diameters larger than the single-mode regime, the fluorescence
capture is achieved mostly through the higher order modes. In fact, we see that the
contribution of the higher order modes is such that the fluorescence capture efficiency
becomes insensitive to core diameter as the core diameter, and thus the number of modes, is
increased. Note that the sharp peaks in the curves of Fig. 1(b) correspond to capture into
higher order modes near cut-off. When confinement loss is considered, these peaks are
smoothed, as will be discussed in Sec 2.5.

2.4 Fluorophore absorption

While the results of Fig. 3(b) show that the fluorescence capture efficiency is relatively
insensitive to the core diameter, they do not consider the effect of absorption of the pump
light along the length of the fiber, which depends on the fraction of power outside the core
(Fig. 3(a)) as well as the chemical absorption coefficient. Assuming fundamental mode
excitation, for a finite length fiber (1 m) and with varying concentrations of rhodamine B, the
predicted backscattered fluorescence capture is shown in Fig. 4(a) for silica fibers and Fig.
4(b) for bismuth fibers. These calculations assume that the fiber material itself contributes no

loss.
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Fig. 4. Back scattered fluorescence signal for a silica fiber (a) and bismuth fiber (b) of length
1m, where the cladding contains varying concentrations of Rhodamine B.

Here we see that for high concentration solutions (e.g. > 100 uM, red and black curves),
there is little core diameter dependence. This is because the excitation light is efficiently
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absorbed by the fluorophore for all core diameters despite differences in the power fraction.
In contrast, when lower concentrations are used the excitation light is less efficiently absorbed
for larger core diameter fibers due to the lower power fraction (Fig. 3(a)), resulting in a
fluorescence signal that is dependent on core diameter. In fact, the optimum core diameter
(silica = 540 nm and bismuth = 240 nm), which corresponds to the peak in the fundamental
mode fluorescence capture, is up to 22 times larger for silica fibers and 360 times larger for
bismuth fibers compared with a 2 um core diameter fiber (for a 1 m fiber measuring 100 pM
rhodamine B). Comparing silica fibers to bismuth fibers for low concentration sensing (1 nM)
we see that at the optimum core diameter bismuth fibers can provide a factor of 9 times better
fluorescence capture than silica fibers. This reduces to only 44% (bismuth compared to silica)
when considering a core diameter of 2 um due to a lower power fraction. Hence, to take
advantage of higher fluorescence capture using high index fibers, small core diameters need
to be used.

2.5 Confinement loss and small-core loss

The results of Fig. 4 indicate that the best fluorescence signal occurs for single-mode fibers
with extremely small core diameters, such as 240 nm for a bismuth fiber. In reality there are
several factors that prevent this from being the optimum choice. Inherent surface roughness at
the core-cladding boundary is believed to be the major contribution to loss in small-core
fibers and optical nanowires [27, 28]. Experimental measurements of small-core loss have
previously been compiled [17], and these results have been used here to understand the effect
on optimum core diameter. In addition, suspended-core fibers have an additional loss
(confinement loss) due to the presence of an outer cladding with the same refractive index as
the core material. While confinement loss can be reduced by increasing the separation
between the core and the fiber jacket, in practice this becomes increasingly difficult as the
core size decreases relative to the wavelength of the guided light.

The confinement loss was calculated by analytically determining the dispersion equation
of a jacketed air suspended rod (JASR), which is a specific example of the well known W-
fiber geometry, using a method analogous to the methods used for step-index fibers [26].
First, the wave equation was solved for the core, inner cladding, and outer cladding regions of
the JASR by writing the electric and magnetic fields as appropriate superpositions of Bessel
functions. Continuity of the tangential components of the electric and magnetic fields at the
two boundaries was then imposed to create a dispersion relation by which the complex
effective index was determined using fsolve from Matlab’s optimization toolbox. The
confinement loss (in dB/m) was then determined from the imaginary component of the
effective index, n;, using e« =20log,,(e)2zn, /A . Results were obtained for the same

parameters used in previous sections, including both excitation and fluorescence wavelengths.
The results for the fluorescence wavelength are shown in Fig. 5(a) (silica), Fig. 5(b) (F2), and
Fig. 5(c) (bismuth). Here the ratio of the outer cladding radius to the core radius was set at 10,
which is close to that of recently fabricated suspended optical nanowires [17].
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Fig. 5. Confinement loss of a W-fiber with a cladding to core ratio of 10, a wavelength of
590nm, and glass material silica (a), F2 (b), and bismuth (c). Mode labeling is shown for the
silica material (a). The mode labeling is similar for F2 and bismuth but has not been displayed
for clarity.

The results show a very steep increase in confinement loss as core diameter is reduced,
which is steeper for higher order modes and higher index glasses. Note that they show there is
only a restricted range of core diameters for which the fiber is effectively single mode. For
example, if one requires a confinement loss of greater than 10 dB/m for the higher order
modes in order to have effective single mode guidance, then the maximum core diameter for a
single mode F2 nanowire only increases from 490 nm (for strict single mode guidance) to 540
nm (for effective single mode guidance).
To see the effect confinement loss has on the optimum core diameter for fluorescence

sensing, Eqg. (1) was again calculated but with the confinement loss at both excitation and
fluorescence wavelengths included within the attenuation terms for a fiber of 1 m in length

(Fig. 6). For clarity, the effect of fluorophore absorption was not included in these results, but
will be included when comparing with experimental results in Sec. 3.
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Fig. 6. Fluorescence capture into all modes of a step-index fiber with core material bismuth
(black), F2 (red), and silica (green). The results of Fig. 3(b) have been shown again for the
case of no confinement loss (thin lines), and then confinement loss has been included at both
excitation and fluorescence wavelengths (thick lines). The fiber length has been set at 1 m,
with fluorescence measured in the forward direction.

By comparing the thin lines (no confinement loss) and thick lines (confinement loss) in
Fig. 6 we see that confinement loss has the effect of reducing the fluorescence capture peaks
observed for the low mode number core diameters, as well as increasing the smallest core
diameter fibers that can be used in practice. For example, the minimum core diameter,
defined as the core diameter at which the capture is 0.1% (log;o(FCF) = —3), increases from
90 nm to 210 nm for bismuth fibers, 150 nm to 330 nm for F2 fibers, and 230 nm to 490 nm
for silica fibers. It also has the effect of smoothing the curves, as the sharp peaks observed in
Fig. 3(b) were the result of capture into higher order modes near cut-off, at which point they
are in reality rather lossy.

The next factor we include is experimentally measured small-core loss (Fig. 7).
Experimental data for silicate fibers is shown in Fig. 7(a) [17, 29], and the line of best fit has
been used to estimate the expected loss for a small-core lead-silicate (F2) fiber. Implicit is the
assumption that the loss of the first silicate glass in Fig. 7(a) (Corning 0215, black data
points) has similar properties to F2 glass. As with the confinement loss, the small-core loss
was factored into the attenuation term of Eq. (1). The results are shown in Fig. 7(b) for an
example case of a 1m long fiber with fluorescence captured in the forward direction, where
confinement loss has been included for both, but fluorophore absorption effects (Fig. 4)
neglected.

L] L1}
fad (b

|-'“‘1-'| AFCF)

-

Fibre loss (dB/m)
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Fig. 7. (a) Measured loss at 633nm for small-core silicate tapers [29] (Corning 0215, n = 1.52,
black data points) and F2 suspended-core fibers [17] (F2 Schott glass, n = 1.62, red data
points). (b) Forwards fluorescence capture fraction for a 1 m F2 fiber with small-core loss
considered (red) or small-core loss neglected (black). Confinement loss has also been included
for both.

Figure 7(b) shows that small-core loss has a profound effect on fluorescence capture in the
regime of subwavelength core diameters, dominating the impact of the confinement loss.
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Indeed, fluorescence capture into the fundamental mode is almost completely lost for a fiber
only one meter long, implying that single-mode, and potentially few-moded, optical
nanowires are not well suited to fluorescence capture for lengths the order of one meter or
more. The next step is to combine the individual effects of fluorescence capture (Fig. 3),
fluorophore absorption (Fig. 4), confinement loss (Fig. 6), and small-core loss (Fig. 7). These
will now be combined for a specific example and compared with experimental results.

3. Experimental results

Only a modest amount of experimental work quantifying the behavior of optical fiber
fluorescence sensors has been reported in the literature. Several authors have demonstrated
that the fluorescence capture is proportional to the fiber’s numerical aperture [18, 30, 31].
Bryant et al demonstrated that the signal level obtained from thin-film side-excited fiber
increases with increasing core diameter [30]. Afshar et al also confirmed several predictions
in regards to the length dependence of an optical fiber fluorescence sensor [8], such as the
presence of an optimum length when measured in the forwards direction and no optimum
length for the backwards direction. For the first time, we present here experimental results
that are quantitatively compared with fluorescence capture theory for small-core fibers. We
compare the experimental results with predictions made in Sec. 2, in regards to the
dependence of fluorescence signal on core diameter and fluorophore concentration.

To perform these experiments, a number of F2 (lead-silicate Schott glass) suspended-core
fibers where fabricated with a range of core diameters (620 nm, 770 nm, 920 nm, 1290 nm,
2050 nm) [17]. These fibers were cleaved to 26 cm lengths and filled with various
concentrations of Rhodamine B dissolved in water. Prior to filling, excitation light (532 nm)
was launched into the fiber core and the output power was recorded to determine the coupling
efficiency. After filling, the forward fluorescence signal was measured after passing through
one or two 550 nm long pass filters. The measured data was corrected for the power loss due
to the quantum efficiency of the Rhodamine B (70%) and the long pass filter(s) (66-89%,
depending on filter used). Also, an optical spectrum analyzer (ANDO AQ6315E) was used
for low concentration samples due to the need to filter out the pump light, for these the data
was multiplied by 11.1 to take into account the spectral bandwidth of the fluorescence
spectrum that was recorded (585 to 595 nm out of a rhodamine spectrum that ranges from
approximately 520 nm to 700 nm, measured using a rhodamine B sample in a cuvette).
Additionally, for the two highest concentration samples, fluorescence re-absorption was
estimated using theory and was factored into the measured data (factor of up to 3.5). These
experimental results are shown in Fig. 8 on the same scale as the equivalent theoretical
results. The theoretical curves include all effects that were considered in Sec. 2; fluorescence
capture, fluorophore absorption, confinement loss, and core-size dependent surface roughness
loss. Note that no free parameters have been used.
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Fig. 8. Predicted forward fluorescence signal for 0.26 m long F2 step-index fibers (solid lines)
and measured signal for equivalent suspended-core fibers (data points). For the predicted
curves small-core loss and confinement loss has been included. The excitation wavelength was
532 nm and fluorescence wavelength for the theory was 590 nm. The rhodamine B
concentrations were 50 uM (black), 25 uM (red), 1 uM (green), 100 nM (blue), and 10 nM
(orange). The vertical error bars refer to signal fluctuation during measurement (=10 s), and
horizontal error bars relative to SEM resolution.

The experimental results compare well quantitatively with theory, particularly for low
concentration samples. For higher concentration samples (= 25 puM), the measured results
were found to be lower than expected, and reasons for this may include concentration
quenching [32], or stronger than estimated reabsorption. Also, the lower concentration
measurements (< 1 uM) for the 2.05 um fiber appear to be higher than that predicted by
theory. This could indicate the presence of multimode excitation light, which could be
considered in future theoretical work.

The experimental results confirm several important points. Firstly, in the limit of high
concentration samples the dependence on core diameter is quite small. This is due to near-
complete pump absorption even at large core diameters. In contrast, stronger signals are
obtained from smaller core fibers when low concentration samples are used, with up to an
order of magnitude difference observed between 620 nm and 2050 nm core diameter fibers.

4. Conclusions

The fluorescence sensing properties of core-pumped high-refractive-index optical nanowires
have been explored theoretically and experimentally. Evanescently excited fluorescence is
most efficiently captured into fibers made from high refractive index materials due to their
relatively high numerical aperture. We also predict that there is very little dependence on core
diameter when considering only the fluorescence capture, due to the role of higher order
modes, which have been taken into account in the model for the first time here. However,
when also considering the Beer's law absorption of the excitation light the higher power
fraction of small core fibers can provide a stronger fluorescence signal, particularly for low
concentration sensing. We then include loss effects that are characteristic for optical
nanowires, such as confinement loss and experimentally measured loss arising from surface-
roughness. These effects dictate the minimum core diameter fiber that can be efficiently used
for sensing. For example, a 1-meter long F2 optical nanowire would not be useful if the core
diameter is less than approximately 400 nm. These results thus set a guideline for future fiber
fabrication for optimal sensor design.
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Of course, these results are specific to the parameters considered here and would vary for,
say, different fluorophores, fluorophore concentrations, fiber lengths, and fiber substrates. For
example, if only very short lengths of fiber were to be used, then the minimum useful core
diameter would be reduced. Other factors, such as coupling efficiency and stability, could
also be included in future analysis. In particular, coupling stability into sub-micron core
optical nanowires needs careful attention before these devices are to become practical.

Our experimental results using F2 suspended-core fibers are in close agreement with the
numerical results. Notably, both the theoretical and experimental results show that the
advantage of using small-core fibers (e.g. 620 nm compared to 2 um) is most significant for
low concentration sensing (< 1 pM for the example in this paper); where up to an order of
magnitude improvement can be obtained. The experimental results show successful
fluorescence measurement for a fluorophore (rhodamine B in this case) with a concentration
as low as 10 nM. While it was not the aim of this paper to present detection of extremely low
concentrations, lower concentrations could be measured by using detector sources with lower
noise, longer interaction lengths, and moving to higher index optical fibers. Indeed, it has
been shown previously that 200 pM detection is possible using similar fibers [33].

In summary, we have presented a rigorous model for predicting the fluorescence sensing
performance of optical nanowires, which is in agreement with experimental results. The
model is a useful tool for the optimization of optical nanowire sensing designs and the
numerical results highlight the benefits of small-core high-refractive-index optical nanowires,
particularly for low concentration sensing.
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3.6 Fluorescence Capture Fraction: Thin-Layer Sensing

The publication [P5] forms the basis of this section.

Y. Ruan, T. C. Foo, S. C. Warren-Smith, P. Hoffmann, R. C. Moore, H. Ebendorff-
Heidepriem, and T. M. Monro, “Antibody immobilization within glass microstructured
fibers: a route to sensitive and selective biosensors,” Optics Express 16, 18514-18523

(2008).

3.6.1 Publication Overview
Aim

The primary aim of this publication was to demonstrate that silane chemistry can be used
to biologically activate the surface of glass microstructured optical fibres by attaching
antibodies, thus giving the sensor specificity. However, the primary relevance to this
chapter is how the fluorescence capture theory of [P1] can be applied to estimate the
surface density of attachment from the corresponding measured fluorescence intensity
from the output of the fibre. Therefore, only this component of the published work will

be discussed here.

Field of Knowledge and Link Between Publications

The high intensity optical field that exists at the glass-air interface of MOFs, as found
in [P1], shows the great potential of surface-based MOF sensing. While the diameter
of the fibres used in this paper (1.3 pum) are not small enough for this effect to be
particularly noticeable, the theory of [P1] can nevertheless be usefully applied, in this
case to estimate the surface density of attachment of antibodies to the optical fibre
surface. The estimate of the surface density of fluorophores (thus antibodies as they
are labeled with fluorescent quantum dots) attached to the surface of the fibre required
modification of the fluorescence capture theory presented in [P1] (Derivation in Appendix
A). In [P1] it was assumed that the fluorophores are evenly distributed within the holes
of the optical fibre, whereas the experiment in [P5] has the fluorophores situated on the

glass-hole surface, with a uniform surface density assumed. Using a modal approach to
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study surface layer fluorescence has previously been performed [17, 18, 156]. In all cases
it was shown that a surface layer of fluorophores increases the fluorescence signal over an
equivalent uniform cladding geometry due to the closer proximity of fluorophores to the
core. However, [P5] is the first application of this theory for the purpose of characterising

a surface attachment experiment.

Note that this has relevance to the corrosion sensing chapter (Chapter 5), where surface
attachment of fluorophores is the primary method for sensor fabrication. While not done
in Chapter 5, the methods used in [P5] could in principle be used to characterise the

surface density of attachment.

Discussion and Conclusions

The fluorescence capture theory of [P1] was modified as derived in Appendix A so
that it could be applied to a surface layer of fluorophores. This was then compared
to an equivalent solution filled MOF with known concentration both experimentally
and theoretically so that the surface density of attachment could be estimated. The
results show that the predicted surface density is quite low, with a value of 1.42 x 10~1®
mole/mm?, approximately three orders of magnitude lower than found for glass slides

[109] [P5].

It is important to recognise that this low value could either be due to the application of
the theory, or inefficiencies in the surface coating procedure. The fluorescence capture
theory makes several approximations that are potentially inaccurate. For example, the
modelling in [P5] approximated the geometry as a step-index fibre, whereas the fibre ge-
ometry used in the experiment was a suspended-core (wagon wheel) fibre. This could be
improved by performing finite element modelling of a realistic suspended-core geometry
as was done in [P1-P3], however, the experimental results of [P4] suggest that this is a
reasonable approximation. A more significant approximation was that the theory used
in this paper assumed only fundamental mode coupling, which was seen to be inaccurate
in [P4] for fibres with large core diameters, such as the 1.3 pum core diameter used in this
experiment. In any case, on a qualitative consideration, the findings of the theoretical
work both here and elsewhere [17, 18, 156] show that the fluorescence signal should be
higher for a thin-layer of fluorophore over a volume distribution due to the intuitive

explanation that the fluorophores are closer to the core, whereas the experimental result
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showed a 10x lower signal. This suggests that despite the approximations in the theory
the low fluorescence measured is primarily due to issues with coating the fluorophores,
which had not been optimised. For example, the coating procedure within the confined
space of the optical fibre geometry is obviously quite different to that of a glass slide
and may be inherently inefficient. Note though, that this was the first experimental
example of internal surfure functionalisation with fluorophores and the technique has
since evolved, such as that used in Chapter 5. In any case, further characterisation of
coating the insides of MOF's will need to be carried out in order to optimise and better
understand the process. The technique presented in [P5] for surface density estimation
is thus a useful tool for indirectly inferring the density of surface attachment and thus

allowing optimisation processes to be quantified.

3.6.2 Statement of Contribution

Conceptualisation

The concept to use microstructured optical fibres for biological sensing was first concep-
tualised by Tanya Monro. The concept to use silane chemistry to achieve this aim was
conceptualised by Yinlan Ruan. The concept to combine the fluorescence capture theory
[P1] with the experimental result to estimate surface binding density was conceptualised

by Tanya Monro.

Realisation

Fibre fabrication for these experiments was performed by Heike Ebendorff-Heidepriem
and Roger Moore. Surface chemistry and glass slide characterisation was performed
by Herbert Foo and Yinlan Ruan. Biological support for the antibody-antigen binding
work was provided by Peter Hoffman. Optical fibre fluorescence measurements were
performed by Yinlan Ruan. Fluorescence capture modelling was performed by Stephen

Warren-Smith.
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Abstract:  Glass microstructured optical fibers have been rendered
biologically active for the first time via the immobilization of antibodies
within the holes in the fiber cross-section. This has been done by
introducing coating layers to the internal surfaces of soft glass fibers. The
detection of proteins that bind to these antibodies has been demonstrated
experimentally within this system via the use of fluorescence labeling. The
approach combines the sensitivity resulting from the long interaction
lengths of filled fibers with the selectivity provided by the use of antibodies.
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1. Introduction

Microstructured optical fibers (MOFs) have the potential to provide improved performance
relative to more traditional spectroscopic and fluorescence-based fiber sensors [1-6]. The
manipulation of the geometry of the fiber cross-section can increase the fraction of the guided
light that is available to interact with the environment to be sensed. The application of MOF-
based sensors for the detection of biomolecules is of particular interest, and previous work
includes the detection of antibodies in solution [1], the detection of proteins in solution down
to the 1 nM level [6], and the detection of the thickness of DNA layers [7]. The first two
examples rely on the use of fluorescently labeled biomolecules, with the fluorescence signal
being collected via excitation of the guided mode of the fiber.

The development of effective MOF-based biosensors requires: 1) a sensitive detection
mechanism capable of measuring low-levels of biomolecules and 2) a means of selectively
identifying specific biomolecules of interest. The first requirement can be realized by taking
advantage of the long interaction lengths offered by the interaction between a guided mode in
a fiber and the material of interest. It has been possible to detect proteins at the 1 nM level
using soft glass MOFs [6].

The introduction of selectivity to an MOF-based sensor requires the functionalization of
the otherwise inert fiber to allow its response to a biological species to be determined via
optical measurements. In principle, this can either be done during the fiber fabrication process
or via post-processing of the fiber.

One advantage of using polymer MOFs is that the surface can be chemically modified to
allow biomolecules to be attached directly [1, 8, 9]. The low glass transition temperature (e.g.
~90°C for PMMA) makes polymer fibers impractical for use in high temperature
environments or for high power light transmission. Although glass MOFs do not allow direct
functionalization, their potential benefits for biosensing are great, since they offer access to
particular spectral regions such as the UV-Vis (via high purity silica glass) and the mid-IR
(via soft glasses such as tellurite, fluorides, and chalcogenides). Compared to polymer MOFs,
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glass MOFs have other advantages including lower loss, the potential for higher damage
thresholds because of their higher glass transition temperatures, better cleaving, and easier
integration with conventional fiber technologies. This motivates the investigation of
approaches for functionalizing glass-air boundaries within glass MOFs.

For glass fibers, which have relatively high processing and fabrication temperatures, the
most promising approach for incorporating biological functionality within the fiber is to
deposit surface layers after the fiber has been drawn. This post-processing can be done from
the end of the fiber or via side access holes. Side access holes can be produced by techniques
such as drilling at the preform stage, or ion beam milling at the fiber stage [10,11]. While
side-access is attractive for distributed detection schemes, only limited lengths have been
fabricated in glass fibres [11]. For the work presented here, we choose to explore the approach
of functionalizing fibers from the fiber ends, which requires the development of techniques
for depositing coatings on the internal surfaces of the holes within the cross-section and along
the length of the fiber.

Recently, the internal surfaces of silica MOFs have been coated with strands of DNA [7].
This approach uses poly-L-lysine to immobilize negatively charged molecules such as DNA
to a solid support. Poly-L-lysine has positively charged amino-groups that can bind to the
negatively charged silica surface through an ionic binding [12]. An alternate approach is
based on coating the internal surfaces of soft glass MOFs with nm-scale silane layers [13]. A
similar process has been used to coat the core of a photonic bandgap fiber with a silane
coating [14].

Here we demonstrate that it is possible to extend this technique to allow the
immobilization of antibodies inside soft glass MOFs. Soft glasses have lower glass softening
points than silica, enabling preform and jacket tube fabrication via extrusion through complex
stainless steel dies [15]. The extrusion technique allows a large flexibility in the preform and
jacket tube geometries that can be achieved. This, in turn, has recently enabled the fabrication
of fibers with nanoscale core sizes as small as 400 nm diameter (without requiring a
postprocessing tapering step), which is of great advantage for sensing applications [16].
Furthermore, for nanoscale core sizes, the higher refractive indices of soft glasses compared
with silica enables higher sensitivity due to enhanced fluorescence capture fraction [17].

The immobilization of antibodies inside soft glass MOFs is based on adapting the
established procedure used for the immobilization of antibodies onto glass slides [18] to the
internal holes within an MOF, and here we implement this procedure in non-silica glass fibers
for the first time. Proof of concept of this approach was demonstrated in Ref. [19]. Here we
present a detailed description of the experimental demonstration of the selective detection of
immobilized proteins within a glass fiber. In Section 2, the immobilization processes and
experimental results on bulk glasses are introduced. The way in which these processes can be
applied to soft F2 glass MOF for biosensing is then described in Section 3.

2. Antibody immobilization on glass

To detect specific proteins, it is necessary to immobilize antibodies onto the glass surface that
forms the fiber core in order to facilitate the selective binding of antigens to antibodies to
occur in a region where the overlap with the guided mode of the fiber is strong. However, as
mentioned above, antibodies cannot be attached directly to a glass surface. Bhatia et al. [18]
immobilized antibodies onto glass slides by first introducing silane and crosslinked layers. In
brief, first a silane layer is attached to the glass surface, followed by attachment of a so-called
crosslinker onto the silane layer. Finally, the antibodies are attached to the crosslinker [18]. A
solution containing a range of antigens that may be labeled with different dyes can then be
introduced into the holes of the fiber by dipping the end of the fiber into the solution and
allowing it to fill under capillary action. The antigens that correspond to the immobilized
antibodies will bind to them, and any unmatched antigen can be flushed away.

Here we adapt the immobilization procedures described by Bhatia [18] for use in glass
films to our fiber/glass geometry. This process begins with the cleaning of the glass surface to
remove debris and to create hydroxyl groups. The next step is the silanization of the internal
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surfaces (for more detail, see Ref. [13]), and then a cross-linking layer is formed to connect
the silane layer to the antibody. The procedures utilize thiol-terminal silanes and
heterobifunctional crosslinkers with different reactive groups on each end. One end of the
crosslinker is coupled to the silane film and another end forms an amide bond with a terminal
amino group on the antibody. The material we choose for silanization is 3-
Mercaptopropyltrimethoxysilane [Sigma]. The organic crosslinking agent is N-y-
maleimidobutyryloxy succinimide ester (GMBS) [Merck]. Five proteins were chosen for our
tests of selective detection, and they are mentioned below as required.

2.1 Demonstration of immobilization on glass plates

This immobilization process was first tested on glass plates made from 3 different glass
materials: conventional glass slides, F2 and LLF1 glass plates. F2 and LLF1 glasses are
commercially available Schott glasses. To obtain a hydrophilic surface for silanization, the
glass plates are first cleaned with a mixture of concentrated hydrochloric acid and methanol,
and then treated with concentrated sulphuric acid. After cleaning, the oxide surfaces of the
glass plates exhibit a relatively low water contact angle (that is, a more hydrophilic surface).
After silanization, the contact angle of water with the glass plates is 52, in agreement with
literature [18]. Similar results are obtained for the F2 and LLF1 plates. The silane and
crosslinker layers were attached via immersion of the glass plates in the corresponding
solutions. To reduce cost, in most of our experiments, a single drop (30 uL) of
antibody/antigen solution was placed on the glass surface for incubation to achieve protein
immobilization or binding.

To determine whether the antibodies were attached to the glasses, we labeled the
antibodies with quantum dots, whose fluorescence was detected with a Typhoon imager. The
imager is equipped with lasers at 488, 532, and 630 nm, and has filters to block the excitation
light and improve the image contrast. We used two different quantum dots, which separately
emit light at 800 nm (Qdot800) and at 705 nm (Qdot705).

No filter used, excitation wavelength: 532 nm

Gilass slide I2 glass LLF1 glass

Fig. 1. Images of the glass samples with immobilized Q800-labeled antibodies.

The first antibody sample used here is Qdot800 goat F(ab")2 anti-mouse 1gG conjungate.
The maximum wavelength of the filters within the imager is 670 nm (30 nm bandwidth),
which will block 800 nm emission from the Qdots used for antibody labeling [6]. Thus no
filter was used for fluorescence measurement of the samples with Qdot800 labeled antibodies.
A 532 nm laser was chosen as an excitation source. This selection was made as a result of a
trade-off between the loss of the glass at the pump wavelength, the source availability, and the
pump absorption. Figure 1 shows the images of the three glass plates with each treated via
application of a 100 nM 30 pL antibody solution drop. The drop was firstly allowed to remain
on the glass surface for one hour before the plate was rinsed using deionized water. The area
the antibody drop covered appears dark in color and indicates strong fluorescence from
Qdot800, demonstrating that the antibody has attached to the glass surfaces via silane and
cross-linked layers. The contrast of the fluorescence signal between the droplet and the
background regions is clear. The signal from the conventional slide is stronger than the other
glasses, indicating higher attachment efficiency for the slides compared to the F2 and LLF1
glasses.

To further test the immobilization process, we used an antibody labeled with an
alternative quantum dot (Qdot705 goat F(ab')2 anti-mouse 1gG conjungate) with an emission
wavelength located at 705 nm. When the image of the glass slide immobilized with this
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conjungate was taken together with those of the F2 and LLF1 samples immobilized with the
Qdot 800 labeled antibody (Fig. 1) using the 670 nm filter, only the glass slide presents the
antibody drop image with the emissions from Qdot800 on the F2 and LLF1 glasses removed
by the filter. This confirmed that all the drop images are produced by fluorescence light
emitted by the Qdot-labeled antibodies.

To determine the quantity of immobilized antibody, the image of the drop with the same
volume (30 pL) and concentration of the antibody on the glasses has been taken as a
reference. Image analysis software (IMAGEQUANT SOLUTIONS) has been used for signal
quantification. Figure 2 shows the image of the drop of 100 nM 30 pl Qdot800 goat F(ab")2
anti-mouse IgG conjungate, which remained on the glass slide when the image was taken. The
object and background are defined in Fig. 2 for fluorescence analysis. The total fluorescence
of the image is obtained by integrating the signal corresponding to the object and subtracting
the background. Table 1 summarizes the ratios of the total fluorescence of the images shown
in Fig. 1 relative to that of the standard 100 nM 30 pL antibody drop shown in Fig. 2. Based
on the concentration of the drop and their image areas, the density of the immobilized
antibody can be extracted. As shown in Table 1, the relative immobilization efficiency was
found to be: conventional glass slide > LLF1 glass > F2 glass.

In Table 1, our results are also compared with previous results reported in Ref. [18] for
glass slides and silica. Since different antibody concentrations were used, we normalized the
immobilized antibody surface density, S, to the concentration of the antibody solution, C. The
thus obtained parameter d = S/C represents the minimum thickness of a depletion layer at the
substrate surface, i.e. it corresponds to a solution layer on the surface, which is completely
depleted of antibody molecules since all the antibodies are immobilized onto the glass surface.
The thus defined minimum depletion layer thickness allows comparison of immobilization
results for different solution concentrations, which shows that our experiments achieve similar
immobilization efficiency to that of Ref. [18]. As is shown below, this parameter also allows
comparison between a larger solution volume and a solution confined in a small fiber hole.

Background
£l
Object ﬂlma ge
= e

Fig. 2. Fluorescence image of the standard 30 uL100 nM antibody drop on the glass slide. The
definition of the object and background for fluorescence analysis is also displayed.

Table 1. Antibody immobilization for different glasses

antibody fluorescence immobilized depletion
concentration | intensity relative to | surface density | layer thickness
C (nM) standard volume S (fmol/mm?) d =S/C (um)
Ref. [18] |silica 312 6 19
glass slide 312 4 13
this work | glass slide 100 0.0186 1.4 14
LLF1 plate 100 0.0156 1.1 11
F2 plate 100 0.0136 0.9 9
F2 MOF 100 max. 0.2
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2.2 Quantification of the binding efficiency of the antibody to the antigen

Following the quantification of the density of the immobilized antibodies on the glass
surfaces, the next step is to quantify the binding efficiency of the antibodies to the antigens.
Two binding experiments were performed. For the first binding experiment, 30 uL 100 nM
unlabeled antigen (purified mouse 1gG) was firstly immobilized on the treated glass slide.
Then one 30 uL drop of 100 nM labeled antibody (Qdot800 goat F(ab’)2 anti-mouse 1gG
conjungate) was put on the surface of the glass slide for one hour, and then was washed away
using deionized water. Usually if the antibody treated substrate is incubated in a so-called
blocking agent solution, the number of the antigens attached to the crosslinker is negligible
[18]. Note that for these preliminary experiments no blocking agents were used. The image of
the treated glass slide is shown in Fig. 3(a). The darker area in the center corresponds to the
labeled antibody drop, indicating the antibody has been attached to the substrate. The attached
antibody density is 0.40 fmol/mm? based on its fluorescence intensity relative to the standard
in Fig. 2. Since no blocker was used, this antibody density comprises antibodies immobilized
to the antigens and adsorbed to the crosslinker. The total density of the antibodies coupled to
the substrate relative to the density of immobilized antigens is 44%, smaller than that achieved
in Ref. [18] (60%), which resulted from higher concentration (330 nM) antibody/antigen
solutions for immobilization and binding. Thus the different binding efficiency is attributed to
the use of F2 glass and to the use of lower concentrations (100 nM) for the antibody and
antigen solutions in our experiment.

( A

b :
Q800 goat F(ab)2 anti- g"?g;i::;::;‘::” Mouse anti-human
gwuds‘f IgG Comlunegate binding to Goat anti Q705 conjungate
oncio motse-9 F(ab)2 anti-mouse on glass slide
on glass slide IgG(H+L)

@ (b) ©

Fig. 3. Binding between antibody and antigen with only one of them labeled: (a) labeled
antibody (Qdot800 goat F(ab')2 anti-mouse IgG conjungate) bond to unlabeled antigen
(Purified mouse 1gG); (b) antigen (mouse anti-human Qdot705 conjungate) bond to unlabeled
antibody (Goat anti-Fab2 anti-Mouse 1gG (H+L)); (c) 30 uL 100 nM antigen solution (mouse
anti-human Qdot705 conjungate) as a reference.

In any practical sensor, it is necessary to use specific antibodies to detect specific antigens
within the sample. Thus for the second experiment, we reversed the sequence of the antibody
and antigen. The unlabeled antibody (goat anti-Fab2 anti-Mouse 1gG (H+L)) was first
immobilized onto the treated LLF1 glass slide. A large volume (>130 pl) was used to allow
immobilization to occur across the whole surface. A high concentration (330 nM) was used to
increase the density of the immobilized antibody (and of the bound antigen). Indeed, a thick
antibody layer was observed after immobilization (with a 100 nM antibody solution, the layer
is not evident to the eye). Following a rinse using the buffer solution, a portion of the layer
washed away, indicating weak attachment between the thick antibody layer and the
crosslinked film. Applying a 30 uL 100 nM antigen solution (Qdot705 mouse anti-human
conjungate) on the surface of the remained thick film for one hour and then washing the
antigen solution away, the image of the bound antigen is shown in Fig. 3(b). Figure 3(c)
shows the image of the antigen solution drop with the same concentration/volume as that used
in Fig. 3(b). Through comparing the fluorescence signals of Fig. 3(b) and 3(c), and calculated
antigen number included in the antigen drop in the Fig. 3(c), the calculated density of the
attached antigen in Fig. 3(b) is 2.5 fmol/mm?2. This corresponds to 68% total density of
immobilized antigen relative to the density of immobilized antibody. As expected, a higher
binding density results from a higher density of immobilized antibody. This value is also
equivalent to that achieved on the silica substrate in Ref. [18], where no blocker was used as
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well. Since no blocker was used, nonspecific binding of antigen or antibody to the crosslinker
layer was not prevented. For the silica substrate, Ref. [18] demonstrated that the nonspecific
binding represented 38% of the total binding to antigen and crosslinker [18]. The ratio of
nonspecific binding to the specific binding is believed to be mainly dependent on respective
reactivity of the antigen to the antibody and to the crosslinker. Thus we can conclude that
specific antigen binding has been achieved in the LLF1 glass.

3. Application to fibers for biosensing

The F2 glass MOFs used in this work have a fiber core that is suspended in air by 3 long fine
struts within a robust jacket. An SEM image of one of these fibers is shown in Fig. 4(a). These
fibers have been fabricated in-house, and we have very recently achieved core diameters as
small 400 nm using this design concept [16]. For the preliminary experimental work described
here, MOFs with relatively large core diameter of 1.3 um and relatively large hole radius of
~4.3 um were chosen to enable high coupling efficiency and fast filling of the air holes. In
order to adapt the immobilization processes developed for bulk glasses to the internal surfaces
of optical fibers, we omitted the cleaning step for immobilization within the MOF, since the
internal surfaces of the MOF are fire-polished during fabrication and are unlikely to be
contaminated. After every step, in order to avoid previous chemicals left within the MOF, a
specific solution (buffer or deionized water) was used to flush the MOF. A pump was used to
fill and empty the fibers with the required liquids [13]. The time for filling is set to 2 hours
and for emptying is 1 hour using our pumping system. Note that in a practical application this
can be reduced significantly using higher pressure filling, larger holes, or both. In addition,
not all of the fiber needs to be filled in order to make a measurement provided that one is not
operating near the detection limit of the system. The protein used for immobilization on the
internal hole surfaces of the fiber is 100 nM Qdot800 goat F(ab")2 anti-mouse 1gG conjungate.

After immobilization, the loss of the F2 MOF increased to about 30 dB/m at 532 nm
compared to 2 dB/m before processing. The reason for this increased fiber loss is not entirely
clear and requires further investigation. Thus only a short fiber could be used for observation
of fluorescence. The same setup was used for fluorescence measurement as illustrated in Ref.
[6]. The measured fluorescence signals with different output power from the 19.2 cm long F2
MOF with immobilized antibodies is shown in Fig. 4(b). The background fluorescence from
the MOF itself has been subtracted in Fig. 4(b). The strong fluorescence clearly indicates that
antibodies have become attached to the core surface. Figure 4(c) shows the fluorescence
signal of another F2 MOF with 25 cm length from the same fiber draw as that used in
Fig. 4(a) but instead filled with a 100 nM antibody solution. Both fibers have the same core
size, and the same experimental conditions were used. Note that the loss of the solution filled
F2 MOF was only 2 dB/m. Comparing Fig. 4(b) and 4(c), it can be seen that the F2 MOF with
immobilized antibody exhibits a fluorescent signal about 10% of that from the MOF filled
with solution.

To predict the density of the immobilized antibody on the core surface, and also the
potential of the immobilized fiber for sensing, the fluorescence capture within the
immobilized MOFs is compared with solution-filled MOFs has been calculated using the
models recently developed by our group [17,20]. In order to simplify these calculations, a
step-index structure is used for these calculations. For the antibody solution filled fibers, the
model assumes that a length of MOF is fully filled with the solution. For the immobilized
fibers, a single molecular layer is assumed to be immobilized on the core surface. Thus the
distance from the Qdots to the surface of the fiber core is regarded as layer thickness, and is
approximately 10 nm according to the data provided by Invitrogen [21]. The extinction
coefficient of the Qdots is 2x10® M™m™ [22]. The loss of the solution-filled MOF at the
excitation wavelength of 790 nm was measured as 1 dB/m using a standard cut-back
measurement. The fluorescence measurements are made at the opposite end of the fiber from
which the pump light is launched. The calculated ratio of the captured fluorescence in the
immobilized fiber (with a loss of 30 dB/m) to that in the solution-filled MOF is shown in Fig.
5(a). This quantity is described as the ratio of the fluorescence capture fraction (FCF) in Fig.
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Fig. 4. Fluorescence intensity captured by the forward propagating mode of F2 MOFs using
Qdot 800 labeled antibodies for the case of: (a) the SEM image of the MOF used here; (b)
immobilized antibodies on the internal surfaces; (c) holes with a 100 nM solution of antibodies.

5. As a comparison, the ratio of the captured fluorescence for an immobilized fiber with a loss
of 2 dB/m is also displayed in Fig. 5(b). This corresponds to assuming that no loss is
introduced in the immobilization processes. It can be seen from both figures that the
fluorescence signal of the immobilized F2 MOF is strongly dependent on the surface density
with which the antibody attaches to the surface of the core.

Using this data, the antibody surface density corresponding to the fluorescence capture
ratio of 10% (as defined above) as measured in our experiment can be estimated to be
1.42x107® fmol/mm? as illustrated by a grey dot in Fig. 5(a). If no additional loss is introduced
to the fiber during the immobilization process, the relative fluorescence signal of fibre with
immobilized antibodies could in principal be increased to 36% as shown in Fig. 5(b) (grey
dot). Additionally, the lower loss of the immobilized fiber should also enable much longer
fiber to be used for further fluorescence enhancement. Figure 5(c) shows length dependence
of the fluorescence capture fraction of the low loss immobilized fiber. It can be seen from
these results that the fluorescence signal increases with increasing fiber length, with the
highest value occurring for a fiber length of approximately 2 m. For longer lengths the
fluorescence decreases due to attenuation of the fluorescence signal along the fiber length. For
the surface density of 1.42x10° fmol/mm? achieved in our experiments to date, the maximum
fluorescence of the immobilized fibers can be enhanced by a factor of 4 using a 2 m length of
the MOF (compared with 19.2 cm length used in these experiments).
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Fig. 5 Comparison of the FCF in the immobilized MOF and in the solution filled MOF. The
grey dots in the figures correspond to the points with the surface density of 1.42x10°
fmol/mm?. (a) FCF ratio between two fibers with loss of immobilized fiber of 30 dB/m; (b)
FCF ratio with assumed loss of the immobilized fiber as 2 dB/m; (c) length dependence of the
FCF with the immobilized fiber loss of 2 dB/m.

Note that the fiber hole radius (approximately 4 um) is smaller than the minimum
depletion layer thickness of 9 um measured for a F2 glass plate in Table 1. This suggests that
it should be possible to attach all the antibodies within the solution-filled F2 MOF to the
internal hole surface, which would amount to an attachment density of 0.21 fmol/mm? based
on the size of the F2 MOF used above and the solution concentration of 100 nM. This value
represents the maximum antibody density that can be immobilized for this fiber. This
maximum is 150 times greater than the attached antibody density that we inferred from our
experimental results (Fig. 4(a), 1.42x10® fmol/mm?). This difference indicates that there is
significant scope for substantially improving the magnitude of the fluorescence signal by
optimizing the coating processes for improved antibody density.

4. Conclusion

We have successfully demonstrated the adaptation of protein immobilization and binding
processes in soft F2 and LLF1 glasses, and achieved good immobilization and binding
efficiency. We successfully applied these processes into microstructured fibers made of the F2
glass material. Immobilized proteins have been detected within soft glass MOFs for the first
time using fluorescence labeling techniques. This paves the way to sensitive and selective
biosensors through binding process. This approach lends itself to the measurement of multiple
biomolecules via the immobilization of multiple antibodies. The primary task for building on
this work is to optimize the coating procedures to reduce the fiber loss and increase the
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density of the attached antibody after processing, which will enable high sensitivity of
detection shown by our modeling.

At the same time, the fiber design can be systematically optimized for enhanced
fluorescence capture by increasing the mode field fraction in the fiber holes and/or increased
field intensity in the glass-air interface [17,20]. Note that when a glass-air interface within a
fiber cross-section is located at a point of high intensity within a guided mode, a localized
region of high intensity is created on the low-index side, and this effect is particularly striking
in high index glasses. Such localized regions can be used to enhance the efficiency of
excitation and capture of fluorescent photons for sensing [20]. Thus in the future,
improvements in the density of antibodies immobilized on the fiber core surface combined
with the deployment of new small-core high-index glass-based MOFs, promises the
development of highly sensitive selective biosensors that have ability to compete with existing
commercial technologies, such as ELISA [23]. While ELISA is widely used both in research
and industry, it lacks the ability to perform real-time in-situ measurements. By adapting this
approach to allow the detection of backscattered fluorescence from the input (launch) end of
the MOFs, as demonstrated in Ref. [24] for a solution-filled biosensor, this approach promises
to lead to the development of biosensors that can move beyond these limitations.
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3.7 Discussion and Conclusions

The modelling of suspended-core optical nano/micro-wires for fluorescence-based sensing
has been studied in detail in [P1-P5]. In [P1] it was shown that for sufficiently small-core
high-index fibres there exists a high intensity layer in the optical field that leads to a
highly efficient fluorescence capture for the fundamental mode. [P2] then demonstrated
the difference between forwards and backwards collection modes for fluorescence-based
sensing. It was shown that the power level is predicted to be greater for the backwards
collection, which complements several technical advantages such as reduced excitation
signal, and optics at only one end of the fibre that allows for a dip-sensor configuration.
Also, the backwards collection method does not posses an optimum length, unlike the
forwards collection method, and this was confirmed experimentally. The theory was then
extended to the case of a liquid-immersed exposed-core fibre in [P3] where it was shown
that the asymmetric refractive index profile can be used advantageously to improve both

the amount of evanescent field available and the fluorescence capture.

The main missing component to the theory considered in [P1-P3] was the evaluation of
the effects of higher order modes as only the fundamental mode was considered. While
accurate if the fibre is single moded, this is unlikely to be the case if the core diameter
has similar or greater dimensions compared to the propagating wavelength due to the
high index contrast of fibres considered here. For this reason the theory was extended
to include higher order modes in [P4], as well as included other important loss effects.
Significantly, the theory was found to agree quantitatively with experiments that were
performed with suspended optical nanowires (wagon wheel fibre). Also important is
that the theory, when higher order modes were included, was shown to be consistent

with equivalent ray-optics theory.

The final paper, [P5], presented an example of how the developed theory can be used for
sensor characterisation rather than performance prediction. Here the surface density of
a biological sensor was estimated by equating the theory with experimental results. It
is very difficult to directly measure the surface binding density of attached fluorophores
within a microstructured fibre and thus this is a useful indirect characterisation tech-
nique. While many approximations and assumptions were made in doing this, the theory
doubtlessly confirmed that the surface density coverage was much lower than anticipated

from glass slide experiments. This result lead to the acknowledgment that the surface
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attachment procedures need to be optimised, thus highlighting the usefulness of the

theory for such an application.

The theory presented in this chapter is largely complete and shows good agreement
with experiment. However, there are, of course, many improvements and other factors
that can be modelled for the fluorescence-based optical fibre sensor. Considering the
fundamental theory, it is assumed that the fluorescence sources have a uniform emission
in every direction that is unaffected by the proximity to a dielectric boundary. This is not
entirely accurate as it is known that fluorescence emission properties, such as emission
lifetime, are affected by proximity to a dielectric boundary [158-161]. These effects can
be accounted for in a pure classical theory, or a higher level of complexity would be
to approach the problem from a quantum mechanical viewpoint [162-164]. Quantum
mechanical effects are likely to be particularly important for thin-layer sensing where
mono-layers of fluorophores are attached to the surface, even more so if a single-molecule

sensor is desired.

Coupling efficiency is another problem that has not been studied completely accurately.
As discussed in Appendix B, it is difficult to obtain an exact expression for coupling
efficiency even for the step-index fibre and as such several approximations are generally
made. As a result, the coupling efficiency can give unphysical results such as greater
than 100% efficiency. Clearly there is a need to readdress this problem so that the

coupling into devices such as nanowires can be modelled accurately.
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It is a good morning exercise for a research scientist to discard a pet hypothesis every

day before breakfast. It keeps him young.

Konrad Lorenz
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4.1 Fabrication Overview and Motivation

The theoretical predictions of Chapter 3 demonstrated that suspended-core fibres (both
enclosed and exposed core variants) have optimal fluorescence sensing performance when
they have core diameters that are approximately the same dimensions of the propagating
wavelength, or smaller. As will be seen in Chapter 5, fluorophores used for corrosion
sensing, and indeed many other applications, operate at visible wavelengths. This im-
plies that the optimal core diameter for a suspended-core fluorescence-based sensor is in
the order of 500 nm. Thus, the primary aim of the work presented in this chapter was
to fabricate suspended-core fibres (enclosed and exposed) with these core diameters. To
achieve these aims the fabrication technique of extruding soft glasses was chosen due
to its versatility in producing a wide variety of preforms. This is essential particularly
for the exposed-core design which cannot be created using, say, capillary stacking tech-
niques. These fibres could then be used for biological applications [P5] and corrosion
sensing (Chapter 5). Of particular interest was the fabrication of exposed-core fibres
which allow for real-time and distributed sensing, and experimental results demonstrat-
ing this are shown in [P7] and [P8], respectively. In addition, the fibres were used for

verifying several theoretical predictions, which were presented in [P2, P4].

In this section a brief overview of optical fibre fabrication history is given, and the
method of fabrication used in this project is overviewed. Then in Sec. 4.2 a description
of the fabrication of enclosed suspended-core fibres is presented, which primarily includes
the publication [P6]. In Sec. 4.3 the fabrication technique used in [P6] is extended
for the fabrication of exposed-core fibres, and primarily includes the publication [P7].
Following [P7] is an additional section (Sec. 4.3.3) which discusses one of the primary
difficulties in fabricating exposed-core fibres using the extrusion technique and methods
for overcoming these difficulties. Finally, Sec. 4.4 includes the publication [P8], which
presents experimental results demonstrating the ability of exposed-core fibre to be used
for distributed sensing, which is a primary motivator for corrosion sensing with these

fibres.

A flowchart of how the sections of this chapter relate to other sections of this thesis is

shown in Fig. 4.1.
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FIGURE 4.1: Flowchart showing the links between Chapter 4 and publications, appen-
dices, and other chapters.

Optical Fibre Fabrication History

Perhaps the first demonstration of an optical waveguide was in 1854 by John Tyndall who

showed that light could be guided along a water stream due to total internal reflection

at the water-air interface [165]. Since this time various optical light pipes were invented,

such as metal coated glass rods [165]. It was in 1954 that Abraham van Heel proposed

surrounding glass rods, or fibres, with a lower index transparent cladding for the purpose

of abberation free image transportation [166, 167].

It was found that the cladding

protects the fibre and prevents cross talk, that is, where light rays can exit one fibre and

enter an adjacent fibre [167].



130 Optical fibre fabrication and characterisation

However, initial optical fibres were not viewed as an alternative communications medium
due to their relatively high transmission losses. Then in 1966 Charles Kao and George
Hockham proposed that impurities in the glass rather than the glass itself caused the
measured loss and that losses below 20 dB/km should be possible if the glass material
is refined [166]. This was achieved by Corning researchers in 1970 and since this time
optical fibres have revolutionised the communications industry with losses as low as 0.2

dB /km [166].

While it is straightforward to draw bare fibres from a glass rod, producing a fibre with
a cladding requires more sophisticated techniques [165]. Currently, the main method
for optical fibre fabrication is the process know as modified chemical vapour deposi-
tion (MCVD) [168]. MCVD was first invented by MacChesney et al. in 1972 at Bell
Laboratories [168]. The process involves flowing chemicals such as silicon chloride and
germanium chloride though a silica capillary that rotates on a lathe, and depositing
these chemicals via a reaction with oxygen at high temperature using a hydrogen torch
[168]. This produces a slightly higher index (compared to pure silica) germanium ox-

ide doped layer that forms the core and provides the index contrast required for total

internal reflection [165, 168].

Microstructured Optical Fibre Fabrication

Optical fibres with holes in their cross section were investigated as early as the 1970s, in
an attempt to develop low-loss communications fibres [169]. However, significant interest
in these fibres began in 1996, when Knight et al. reported the fabrication of these fibres
in Ref. [75]. The intention of this design was to create a two dimensional photonic
bandgap structure, where the large index difference between the silica glass and the air
holes was a beneficial property for this form of light manipulation [75]. While drilling
holes into glass rods is a possible MOF preform fabrication technique, the preform in Ref.
[75] was fabricated by stacking capillaries and has since become the preferred and most
widespread method of fabrication [10]. The main disadvantage of capillary stacking is
the limitations in the possible designs, which are generally restricted to circular features.
An alternative technique is to extrude glass through a die whose design is the inverse of
the structure of the desired preform [74]. In principle this will allow any design to be

fabricated and is the technique used in this project.
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Fabrication of Fibres in this Project

The fabrication of suspended optical nanowires and exposed-core fibres is described in
[P6] and [P7] respectively. In this section the fabrication process is briefly overviewed

and images of the key hardware components are included.

For the fabrication of the suspended nanowires in [P6], commercial F2 lead silicate
glass [170] was used. Of the commercially available soft glasses, F2 glass is attractive
because it combines high transmission in the visible spectral range with a low softening
temperature (592 °C) [170]. The low softening point allows use of glass extrusion through
stainless steel dies for preform and jacket tube fabrication [171].

1. Extrusion 2. Caning 3. Drawing

FIGURE 4.2: Schematic diagram of the fabrication process for enclosed suspended

core fibres. The structured preform (top-left) and jacket tube (bottom-left) are first

extruded. The structured preform is caned (top-middle) and inserted into the jacket
tube (bottom-middle), which is draw into a fibre.

The fibres were made using a three step process as shown in Fig. 4.2. Firstly, the
structured preform and jacket tube were manufactured from billets of glass using the
extrusion technique. This was achieved by forcing the glass billet through a steel die
with high temperature (=~ 570°C) and pressure (1-10 kN across the billet cross section)
using the machine shown in Fig. 4.5. The billets generally had a circular diameter of 30
mm and a height of 70 mm (Fig. 4.3), while the outer diameters of the extruded items
were in the range 10-15 mm. In the second step, the preform was reduced in size to a
cane of approximately 1 mm outer diameter using a fibre drawing tower (Fig. 4.6). The
cane was then inserted into the jacket tube. The inner diameter of the tube is selected

to provide a close fit to the cane diameter. This assembly was finally drawn down to
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form the final fibre. Careful adjustment of the drawing speed allowed accurate control
of the outer diameter of the fibre, which was in the range of 100-200 um depending on

drawing parameters.

NOTE:
Thisfigure isincluded on page 132
of the print copy of the thesisheld in
the University of Adelaide Library.

FI1GURE 4.3: Example of a lead-silicate glass billet used for fabricating the fibres in
this project (Schott glass F2 [170]).

The method of fabrication for the exposed-core fibre expands on the method outlined
above for fabricating suspended-core fibres with the main difference being that a wedged
jacket is fabricated rather than a symmetric jacket tube as shown in Fig. 4.4. Note also
that varients of the structured preform were fabricated in order to expose the core. As
will be seen in [P7], fibres made using the structured preforms shown in Fig. 4.4 (a, b)
require a post-drawing etching step in order to exposed the core, while those made from
Fig. 4.4 (c) are directly drawn exposed.

1. Extrusion 2. Caning 3. Drawing

(a® (b® (C) E
Symmetric WW Asymmetric WW Cut WwW ‘
= “ » v

FIGURE 4.4: Schematic diagram of the fabrication process for exposed-core fibres. The

structured preform (various designs, top-left) and the wedged-jacket (bottom-left) are

first extruded. The structured preform is caned (top-middle) and inserted into the
wedged-jacket (bottom-middle), which is draw into a fibre. Image from [P7].

Wedged Jacket

The advantage of extrusion for this fibre design is significant, as it allows the fabrication
of asymmetric structures such as the wedged jacket, which could not be produced by

alternative methods such as capillary stacking. Though, as will be seen in Sec. 4.3.3,
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this has its own intrinsic challenges. It should also be noted, that the “cut” structured
preform shown in Fig. 4.4 (c) was fabricated by cutting the preform shown in Fig. 4.4
(a) using a diamond saw. Extruding this design directly may be a better alternative
as it would be a cleaner process, but is a non-trivial exercise that was not successfully

achieved in this project.
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FIGURE 4.5: Extrusion machine used to fabricate soft glass preforms for suspended
optical nanowires and exposed-core fibres. The soft glass billet (F2 for this project) was
placed within the body, along with the steel die. The furnace is then closed and the body
is heated to the required temperature (approximately 560-580°C) using the temperature
controller. The thread-driven press (Zwick-Roell) is then slowly lowered (usually 0.2
mm/min) to supply pressure to the glass via the piston and hence extrude the glass
through the die. The anti-bending jig was used only for wedged jacket extrusions, which
will be described in [P7] and Sec. 4.3.3.
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FIGURE 4.6: Soft glass fibre drawing tower used in this project to pull both enclosed
and exposed suspended-core fibres. The soft glass preform is placed centered within the
induction furnace. The lower end of the preform is heated to the glass melting point
which tapers into a fibre. For the lead-silicate (F2) glass used in this project the sus-
ceptor temperature was approximately 860°C. The leading end of the fibre is attached
to the motorised drum which applies tension to the fibre. The preform feed speed, glass
temperature, and drum speed are then adjusted to control the outer diameter of the
fibre which is monitored throughout the fibre drawing. In the case of drawing a cane
the specialised caning wheels are used instead of the fibre drawing drum due to the lack
of flexibility of the cane.
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4.2 Suspended Optical Nanowires

The publication [P6] forms the basis of this section.

H. Ebendorff-Heidepriem, S. C. Warren-Smith, and T. M. Monro, “Suspended nanowires:
fabrication, design and characterization of fibers with nanoscale cores,” Opt. Express

17, 2646-2657 (2009).

4.2.1 Publication Overview
Aim

The aim of this work was to demonstrate the fabrication of optical nanowires in a
suspended-core microstructured optical fibre configuration. Such fibres represent the
practical realisation of the fibre designs theoretically modelled in [P1, P2], and are
the precursors for the exposed-core fibre design in [P7]. In addition, the optical loss
characteristics of these fibres were analysed in detail, including surface scattering loss

and confinement loss.

Field of Knowledge and Link Between Publications

Suspended optical nanowires (a small-core subset of wagon-wheel or steering-wheel fi-
bres) are fibre waveguides with sub-micron core diameters [11, 70, 89, 90, 172-175]
[P1-P3]. Such small core diameters offer access to fibre properties such as high nonlin-
earity [175], and large power fractions in the evanescent field for sensing applications

[11, 70] [P1-P5).

The majority of nanowires that have been investigated prior to this work were fabricated
via the tapering of fibres of standard outer diameter (> 100 pum) to subwavelength
diameters (50-900 nm) [73, 175-177], where the whole fibre cross section with nanoscale
diameter acts as the fibre core. These nanowires are fragile, which makes them difficult
to handle, and are fully exposed to the environment. While this is generally desired
for a sensing application, without some form of protection the nanowires are susceptible
to a high degree of degradation, such as an increase of 10 dB/day due to atmospheric

moisture [177].
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In this paper an alternative means of fabricating nanowires is demonstrated; namely
the direct drawing of long length of fibres with subwavelength core sizes and practical
outer diameter (> 100 pum) using the extrusion technique for preform and jacket tube
fabrication. The fibre structure is based on a high air filling fraction microstructured
fibre with a small core suspended via three thin struts and is essentially a suspended
optical nanowire with a protective outer jacket. Previous to this paper the smallest
reported suspended core diameters were approximately 800-1000 nm [89, 90, 174]. In
this paper suspended core fibres with up to two times smaller core diameters (420-720
nm) have been demonstrated, which was made possible due to the use of the extrusion

technique that allows nearly arbitrary design of the MOF preform.

This paper also contains results that are important to several other papers contained
within this thesis. The suspended optical nanowires presented in this paper are the
practical realisation of the fibres theoretically modelled in [P1, P2]. The techniques
(namely extrusion of preform and outer jacket) were subsequently extended to fabricate
the exposed-core fibres modelled in [P3], realised in [P7], and used for distributed sensing
measurements in [P8]. In addition, the surface-induced small-core loss shown in Fig.
7 of this paper was used for the theoretical modelling in [P4], and the experimental
confirmation of confinement loss (Fig. 5 of this paper) adds confidence to the confinement
loss theory developed in Appendix C and used in [P4]. Similar fibres to those fabricated
in this paper were also used for corrosion sensing experiments presented in Chapter 5

and the paper in Appendix D.

Discussion and Conclusions

In this paper fabrication of suspended optical nanowires with core diameters in the range
of 420-720 nm was demonstrated. To the best of our knowledge this is the smallest core
size reported to date for an optical fibre without a post-processing tapering step, and this
approach also produces practical outer diameters of > 100 pm and long fibre lengths.
This range of core diameters is sufficiently small to achieve high power fraction in the
evanescent field and thus high sensitivity in a sensor device. Flexibility in the geometry
of extruded preforms and jacket tubes as well as improved extrusion and fibre drawing
allowed such small core sizes to be achieved. The optical loss properties were examined,

and found to be consistent with previously fabricated optical nanowires. In addition, the
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experimentally measured confinement loss was found to be consistent with a simplified

confinement loss model.

The next challenge is to determine how far the extrusion approach can be extended
towards smaller core sizes, and [P4] examined theoretically if this is indeed necessary
or useful. The main difficulty is increasing the effective size of the air cladding to
avoid confinement loss, which could be achieved through positive pressurisation of the
holes during the fibre drawing, as has been achieved elsewhere using tellurite glass [91].
Other issues concern the fragility of such small cores and also their susceptibility to
environmental degradation, particularly water [177]. For example, silane coatings [123],
or other coatings may be necessary to protect these fibres from water degradation. Other
issues concern the ability to couple light into these fibres and how stable this coupling is.
Clearly free space optics will have issues with both reaching the dimensions required due
to the diffraction limit, and also stability. Splicing conventional fibre onto suspended
optical nanowires would be the preferable option, but is also a difficult task due to the

fragility of the small core and struts, and the mode size mismatch.
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Using the extrusion technique for the fabrication of suspended optical nanowires was
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loss measurements, and performed numerical modelling for confinement loss (Figs. 5
and 6) and data in Fig. 4. Tanya Monro was involved in useful discussions for fibre

fabrication and numerical modelling.
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Abstract: We report a new approach for the fabrication of nanowires: the
direct drawing of optical fibers with air suspended nanoscale cores. The
fibers were made from lead silicate glass using the extrusion technique for
preform and jacket tube fabrication. Fibers with core diameters in the range
of 420-720 nm and practical outer diameters of 110-200 um were produced,
the smallest core sizes produced to date within optical fibers without
tapering. We explored the impact of the core size on the effective mode area
and propagation loss of these suspended nanowires relative to circular
nanowires reported to date. As for circular nanowires, the propagation loss
of these suspended nanowires is dominated by surface roughness induced
scattering.
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1. Introduction

Nanowires, also referred to as photonic wires, microfibers, nanofibers or nanotapers, are fiber
waveguides with subwavelength core diameters (typically <1 pm). Such small core diameters
offer access to extreme fiber properties such as tight mode confinement and large power
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fraction in the evanescent field, which opens up new opportunities in nonlinearity and sensing
applications, respectively [1-12].

Moving to smaller core sizes, towards the nanowire regime, the guided mode becomes
increasingly confined, which decreases the effective mode area and thus increases the
effective nonlinearity of the waveguide. For some value of the core diameter (dyi,), minimum
mode area and maximum nonlinearity is found. The value of both d;;, and the minimum mode
area decreases with increasing refractive index (ny) of the host dielectric material and
decreasing wavelength. For air-clad nanowires, dyin is in the range 500-1000 nm [13] for
refractive indices of 1.5-2.8 at a wavelength of 1550 nm. The record fiber nonlinearity
reported to date (1860 W™ km™ at 1550 nm) was demonstrated in a high-index lead silicate
glass (Schott glass SF57, ny=1.88) microstructured fiber with suspended core diameter of
950 nm [10]. This core size is larger than the value of dp, (700 nm) for this glass, however it
is the closest fiber core size (relative to dp,) reported to date. Further nonlinearity
enhancement was reported using very high index As,Se; chalcogenide glass (ng=2.8). In this
work, fiber tapering was used to reduce the core diameter to 950 nm. Although this core size
is significantly larger than d.;, =600 nm for this very high index glass, the tight mode
confinement in the fiber taper combined with the high nonlinear index (n,) of the glass still
resulted in an extreme nonlinearity value of 93,000 W™ km™ [11]. Modeling results reported
in Ref. [12] indicate that fibers or tapers with a core size of d.;, made from this material
should yield a nonlinearity of almost twice this value (~164,000 W™ km™).

For core sizes that are smaller than d,, the light guided by the fiber becomes increasingly
located outside of the fiber core. This regime is of particular interest for sensing applications,
where this light becomes accessible for light-matter interactions and thus allows the
development of highly sensitive sensors [1,2,8].

The majority of glass nanowires that have been investigated to date are fabricated via the
tapering of fibers of standard outer diameter (>100 um) to subwavelength diameters
(50-900 nm) [11,12,14-17]. Soft glass nanowires have also been made by direct-draw
techniques [18]. For these nanowires, the whole fiber cross section with nanoscale diameter
acts as the fiber core, and we refer to these structures as free-standing nanowires. Such
nanowires are fragile, which makes them difficult to handle, and fully exposed to the
environment, which can lead to contamination and degradation [16]. To prevent these issues,
free-standing nanowires have been supported by embedding them in a porous substance such
as an aerogel [19] or in a low-index polymer [20,21]. The disadvantage of this approach is that
the arrangement is no longer flexible, which limits the ability to act as a sensor. Another type
of nanowire can be produced by tapering a microstructured fiber [22,23]. This approach uses
tapering to reduce the size of the fiber core to the subwavelength scale. This core remains
supported within the air/glass structure of the cladding, and is thus protected from the
environment by the solid outer cladding. Note that the length of the nanowires and
microstructured fiber tapers demonstrated to date using these approaches is restricted to a few
tens of centimeters due to handling and fabrication constraints, respectively.

Here we present an alternative means of fabricating nanowires; namely the direct drawing
of long length of fibers with subwavelength core sizes and practical outer diameter
(>100 um). This approach avoids the need for any postprocessing tapering step, which limits
the length of the nanowire. Our fiber structure is based on a high air filling fraction
microstructured fiber with a small core suspended via three thin struts [3]. For nanoscale core
dimensions, the core acts as a suspended nanowire. Similarly to microstructured fiber tapers,
the suspended nanowire in a suspended core fiber is supported within and protected by the
solid outer cladding.

To date, suspended core fibers have been made from a range of glasses, including silica
[7,8,9], lead silicate [10], tellurite [24], and bismuth [25] glasses. However, the smallest
suspended core diameter that has been reported in the literature to date is approximately
800 nm [8-10]. Here we demonstrate suspended core fibers with up to two times smaller core
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diameters (420-720 nm), thus approaching for the first time truly nanoscale dimensions. The
fibers were fabricated using the extrusion technique for preform and jacket tube fabrication.
Recently, we extended the extrusion technique in terms of die design and process control [26].
This allowed us to enhance the flexibility in the selection of the preform and jacket tube
geometries that can be achieved and made the fabrication of the nanoscale core fibers
possible. In addition, improved drawing conditions played a role. In Section 2 of this paper,
we describe the impact of the fabrication conditions on the dimensions of the transverse fiber
features. In Sections 3 and 4, we compare the mode area and propagation loss of our
suspended nanowires with free-standing nanowires and discuss the core size dependence.

2. Fiber fabrication and dimensions

For the fabrication of the suspended nanowires described here, we used commercial F2 lead
silicate glass (Schott Glass Co). Of the commercially available soft glasses, F2 glass is
attractive because it combines high transmission in the visible spectral range with a low
softening temperature (592 °C) [27]. The high transmission in the visible is of particular
advantage for (bio)chemical sensing applications since it allows for the efficient excitation of
a range of fluorophores (for example quantum dot labeled proteins at 532 nm [5]). The low
softening point allows use of glass extrusion through stainless steel dies for preform and
jacket tube fabrication [26]. The refractive index of F2 glass (ng=1.62 at 588 nm) is higher
than that of silica glass (n,=1.46 at 588 nm). Note that for nanoscale core sizes, the higher
index of F2 glass relative to silica enables higher sensitivity due to enhanced fluorescence
capture fraction [6], as well as offering tighter mode confinement and higher n, for nonlinear
applications.

The fibers were made using a three step process. Firstly, the structured preform and jacket
tube were manufactured from billets of glass using the extrusion technique. The outer
diameter of these extruded items was in the range 10-15 mm. In the second step, the preform
was reduced in size to a “cane” of ~1 mm outer diameter using a fiber drawing tower. Then
the cane was then inserted into the jacket tube. The inner diameter of the tube is selected to
provide a close fit to the cane diameter. This assembly was finally drawn down to form the
final fiber. Careful adjustment of the drawing speed allowed accurate control of the outer
diameter of the fiber (within £ 1 um in 110 — 200 um), and thus to a similar relative error in
size of the core itself. From a single cane-in-tube assembly of the dimensions used in this
work, we produced more than 100 m length of fiber, which was wound on a spool in several
bands of uniform outer diameters in the range of 100-200 um. Each band corresponds to a
different choice of fiber drawing parameters.

The dimensions of the preform, cane and fiber features (outer and core diameter, strut
length and thickness) were measured using cross-sectional images, which were taken using a
digital camera for the preforms, an optical microscope for the canes and a scanning electron
microscope (SEM) for the fibers. The results are listed in Table 1. As for previous suspended
core fibers, the measured core diameter (d,,) is defined as the diameter of the largest circle that
can be inscribed in the core region (Fig. 1) [8,10]. However the area of this circle is smaller
than the area of the triangular core region in the fiber. Thus, to enable some comparison of
suspended nanowires having triangular core region with free-standing nanowires having
circular core region for a given core diameter, we also define the effective core diameter (desr)
as the diameter of a circle whose area is equal to a triangle that fits wholly within the core (i.e.
ders = 1.286xd;,), as shown in Fig. 1.

To achieve fibers with nanoscale core sizes and practical outer diameters, the jacket tube
and the preform need to have large ratio of outer diameter (OD) to inner diameter (ID) and
core diameter (d,,), respectively. In addition, a large ratio of strut length (s) to core diameter
(dn) in the fiber is needed to ensure that the struts have sufficient length (i.e. that the air holes
are sufficiently large) to prevent leakage of the guided mode into the cladding (i.e. high
confinement loss for the fundamental mode).
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Table 1: Dimensions of the cross sectional features of preforms, canes and fibers made from F2 glass.

preform| preform cane tube fiber fiber fiber core fiber
no. |strut/core | strut/core | OD ID no. |strut/core | dn  des oD
(mm) (um) (um)

#1 1.6 14 10 1.2 #1 15 16 21 125
#2 3.1 2.1 10 1.2 | #2a 2.7 16 21 150
2.8 14 138 125

3.1 15 0.8 | #2b 3.7 0.72 0.92 200
3.9 0.59 0.76 160
4.1 0.48 0.61 125
3.1 0.42 0.54 110

fiber core JASR

Fig. 1. Cross sectional images of preform and fiber, cross sectional structure of JASR
configuration and definition of several cross sectional features.

Preform #1 Cane #1 Jacket #1
Fibre #1

L4
e
2mm
Cane #2a Jacket #2a Fibre #2a
Preform #2 ® _’
I‘—i
Jmm
Jacket #2b Fibre #2b

- '
—
2mm

Fig. 2. Cross sectional images of preforms, canes and fibers made using F2 glass. The outer
diameter of all three fibers is 125 um. The measured core diameter for fibers #1, #2a and #2b is
1.6 um, 1.4 pm and 0.48 um, respectively.
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For the preform extrusion, we initially used an extrusion die design that was successfully
employed to fabricate suspended core fibers with core diameters of d,, > 1 um with negligible
confinement loss using high-index heavy metal oxide glasses such as bismuth and SF57 lead
silicate glasses [10,25]. When using low-index F2 glass, which has a relatively small lead
oxide content, the same die design resulted in a larger core size and shorter struts (i.e. smaller
s/dy, ratio of 1.6) compared with a bismuth glass preform (s/d,, = 2.1) due to partial hole
closure. This undesired structural deformation is attributed to the increase of surface tension
with decreasing heavy metal content in glass [28]. For the fiber fabrication, a jacket tube
OD/ID ratio of ~8 was used. The s/d, ratio of the final fiber (#1) was 1.5 (Fig. 1, Table 1),
which is too small to achieve core sizes <1 um and low confinement loss.

To counteract this detrimental structure deformation, we modified the extrusion die
design. In the new die design, the strut length was doubled while the core size and strut
thickness was maintained. In a first fiber drawing trial using a piece of preform #2, we used
the same cane outer diameter and tube dimensions as for the fiber #1 (Table 1). Partial hole
closure occurred during the drawing step, decreasing the s/d, ratio of the cane relative to the
preform (Table 1, Fig. 1). The cane-in-jacket assembly was drawn down to a fiber (#2a) with
core diameters of dy, = 1.4 pm and 1.6 pm and OD = 125 pum and 150 pm, respectively.

To reduce the core size in the next fiber (#2b) that was made using another piece of
preform #2, we considerably increased the OD/ID ratio of the next jacket tube. Improved
drawing conditions allowed the preservation of the s/d, ratio of the preform in the cane
(s/dy, = 3.1). Both the large OD/d,, ratio for this cane and the large OD/ID ratio of the
corresponding jacket tube resulted in a fiber with core diameters as small as d,,, = 420-720 nm,
whereas the fiber ODs were in the range of 110-200 um (Table 1, Figs. 1 and 3). This is a
reduction of core size by a factor of 2 compared with the smallest previously reported
suspended core fibers [8-10]. Indeed, to the best of our knowledge, these results represent the
smallest core optical fibers that have ever been reported for any geometry or material. The
thickness of the struts was measured to be in the range of 50-80 nm, which is close to the
measurement error of £10nm for the SEM. In order to obtain a range of core sizes, we have
drawn from a single cane-in-tube assembly four fiber bands of uniform OD. Each fiber band
has a length of 20-60 m. Note that it is straightforward to scale to larger fiber lengths via
drawing a single fiber band from a cane-in-tube assembly and/or using longer cane and tube
length.

To determine how the fiber structure and the fabrication processes contribute to the
propagation loss of these suspended core fibers, we also fabricated a bare (unstructured) fiber
from the same glass material using an extruded rod of 10 mm OD.

OD=200um
OD=160pm )

o

core=590nm

OD=125um
OD=110um

*®

core=420nm

core=480nm

core=720nm

Fig. 3. Cross sectional images of the four fiber bands of fiber #2b. The values for the core size
refer to the measured core diameter.

3. Core diameter and mode area

As seen in Section 2, the core shape of a suspended nanowire is triangular and thus
comparison of the fiber properties with a (circular) free-standing nanowire is not immediately
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straightforward. A simple method is to determine a definition of core diameter for which the
effective modal area of the fundamental mode best matches between the suspended and free-
standing nanowire geometries. Here we model both fiber geometries and show that the
effective core diameter as defined in Section 2 for a suspended nanowire is sufficient for
comparing the two geometries to first order. Note that to avoid confusion we have labeled the
diameter of a (circular) free-standing nanowire as the effective core diameter.

The fundamental mode of the free standing nanowire was determined from a step index
fiber solution [29]. The fundamental mode of the suspended nanowire was determined for an
idealized geometry (selected to closely match the SEM images) using the commercially
available finite element modeling package COMSOL 3.2 [6]. Three different wavelengths
were considered (500 nm, 1000 nm, and 1500 nm) and the refractive index was found using
the Sellmeier equation for F2 (n = 1.630, 1.603 and 1.596 at each wavelength respectively)
[27]. The effective mode area was then calculated using the definition found in Ref. [6].

Unsurprisingly, both nanowire types show the same behavior: the mode area decreases as
the core size and wavelength decreases [Fig. (4a)]. We also plotted the mode areas as a
function of deq/A [Fig. 4(b)], which shows that the minimum mode area occurs approximately
at the same dg/A ratio of ~0.6 for both nanowire types. The similarity of the core size scaling
of the mode area of both nanowire types demonstrates that the effective core diameter is a
suitable parameter for investigating the core size scaling of the optical properties of triangular
nanowires with circular nanowires at a given core size.

The minimum mode area of the triangular-shaped suspended nanowires is ~20% higher
than that of circular free-standing nanowires. For core diameters smaller than d, (which is
the core diameter at the minimum mode area), Figure 4 shows that the suspended nanowires
exhibit smaller mode areas than the free-standing nanowires. In essence, this occurs because
the struts help somewhat to confine the mode. These phenomena limit the maximum
nonlinearity and the power fraction in the evanescent field that can be achieved with
suspended nanowires. However, the considerably longer lengths of suspended nanowire that
can be achieved relative to free-standing nanowires can readily counteract this limitation.

ASR: A=500nm ASR: 3=500nm

100 1 —— ASR: 4=1000nm [ 1 ASR: A=10000m [
—— ASR: A=1500nm ASR: 3=1500n0m
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Fig. 4. Effective mode area (Ae) of an air suspended rod (ASR) made of F2 glass [27] with a
circular core and suspended core fiber (SCF) with a triangular core: (a) as a function of the
effective core diameter, (b) as a function of the ratio of effective core diameter to wavelength.

4. Propagation loss

The propagation loss spectra of the fibers were measured using the standard cutback
measurement technique. A supercontinuum white light source (KOHERAS SuperK™
Compact) was collimated and then focused into the fibers using a 2.75 mm focal length lens.
The output signal was launched into an optical spectrum analyzer (OSA) using free space
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coupling after collimation with the use of a 40 times microscope objective. When measuring
the MOF loss, the cladding (outer jacket) modes were removed with the use of Dag® graphite
fluid so that only the loss of core-guided modes was measured. Both the input and output
coupling was maximized at 1000 nm so that the measurements were repeatable when
successive cutbacks were made. While this method of loss measurement is relatively simple, it
should be noted that free space coupling into small core diameter fibers can lead to significant
experimental errors due to coupling instabilities, which result from vibrations and drift of the
fiber, fiber stage, optical bench, optical source, mirrors and lenses. In particular, we observed
anomalous results for the fiber with core diameter des = 610 nm due to a small spectral shift
during the experiment, particularly near the optimization wavelength 1000 nm. For example,
the negative loss values between 1000 nm and 1120 nm are a measurement artifact and should
be discounted. This effect appeared to be minimal for fibers with core diameters of
des = 760 nm and greater.

The spectra of the bare fiber and of the suspended core fibers #2a and #2b, both made
from preform #2 (Table 1) are shown in Fig. 5. The loss of the fiber #2a with 2.1 um effective
core diameter is identical to the bare fiber loss to within the measurement error. This result
demonstrating negligible excess loss in the microstructured fiber is consistent with previous
results for fiber #1 with similar core size and made from the same glass [30]. For fiber #2b,
the loss of the fiber bands with 920 nm and 760 nm effective core diameter is only slightly
larger (1.3-1.9 dB/m at 633 nm) than fiber #2a (0.7 dB/m at 633 nm). For the fiber bands with
very small core sizes of 610 nm and 540 nm effective diameters, the loss in the visible spectral
range is significantly higher (5-8 dB/m at 633 nm). In addition, a steep increase in loss is
observed for wavelengths >900 nm for the 540 nm core and >1400 nm for the 610 nm core.
Modeling, as described below, demonstrates that the steep near-infrared loss increase is due to
confinement loss in the smallest core fibers.
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Fig. 5. Loss spectra for the bare fiber and suspended core fibers #2a and #2b made using F2

glass. The data points refer to the bulk glass loss calculated using the transmission data given in

the Schott catalogue [27]. Modeled confinement loss for the two smallest core diameter fibers

are shown by dashed lines.

Numerical modeling, such as finite element modelling, of the confinement loss of the
suspended core fiber structure for different core sizes, strut lengths and wavelengths is
computationally intensive. Thus, we considered a jacketed air suspended rod (JASR)
configuration (as shown in Fig. 1) as an approximation to the true geometry. The confinement
loss of the JASR was calculated by analytically determining the corresponding dispersion
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equation in a method analogous to the step-index fiber [29]. First, the wave equation was
solved in the core, inner cladding and outer cladding regions of the JASR by writing the
electric and magnetic fields as an appropriate superposition of Bessel functions. Continuity of
the tangential components of the electric and magnetic fields at the two boundaries was then
imposed to create a dispersion relation by which the complex effective index was determined
using fsolve from Matlab’s optimization toolbox. The confinement loss was then determined
from the imaginary component of the effective index.

As shown in Section 2, the ASR configuration provides a useful approximation to the
suspended nanowire in terms of understanding the mode area characteristics. The JASR
diameter corresponds approximately to the effective core diameter of a suspended core fiber.
Now, to determine which definition of air hole width of the suspended nanowire best
corresponds to the outer radius of the JASR (r4, Fig. 1), we calculated the confinement loss
for the fundamental mode of JASRs using 3 different parameters (ry, I, r3) for the air hole
width (Fig. 1). The shortest width (r;) is approximately the sum of measured core diameter
and strut length. The largest air hole width is r; and the average of both is the medium width
r,. For the 610 nm core fiber, the best agreement between measured fiber loss and calculated
JASR confinement loss is observed for the medium air hole width (r,). For the 540 nm core
fiber, the shortest air hole width (r3) fits best the measured loss (Fig. 5). This subtle difference
can be attributed to both small differences in hole shape for the two fibers (Fig. 3) and that
this method is an approximation based on a circular structure without struts.

To gain more insight in the impact of strut length (i.e. air hole size) on the confinement
loss, we modeled the confinement loss of the fundamental mode for a range of JASRs with
different core diameters and air widths. The minimum bulk loss of the F2 glass used for the
fabrication of our nanowires is 0.3 dB/m. Hence we are willing to consider values of the
confinement loss in the suspended core fibers of less than 0.1 dB/m as negligible.

For different core sizes and wavelengths, we calculated the minimum ratio of the air
cladding radius to effective core radius (rg/resr, Fig. 1) that is required to ensure that the
confinement loss is < 0.1 dB/m. The r/r ratio increases as the core size decreases and the
wavelength increases [Fig. 6(a)]. Thus, we also plotted all ratios as a function of the ratio
desi/. Using this approach, we find that all data from Fig. 6(a) fits closely onto a single curve
[Fig. 6(b)], with only slight deviations due to the difference in glass refractive index (hence
modal properties) for different wavelengths. The solid red line in Fig. 6(b) shows the overlap
of each of the wavelengths. This line demonstrates what minimum r/re ratio is necessary to
achieve negligible confinement loss of < 0.1 dB/m for any given deg/A ratio. Towards small
desi/ (<0.3), the rg/refs ratio needs to be enhanced drastically to ensure low confinement loss.
While this general trend is unsurprising, this information is an important guide for fibre design
and fabrication.

Using r, from Fig. 1 for the air cladding radius of fiber #2b with nanoscale core sizes, the
I rerr ratio of this fiber is in the range of 9-11. This corresponds to a minimum dg/A ratio of
~0.5 that can be achieved along with low confinement loss of <0.1dB/m [Fig. 6(b)] simply by
scaling this cross-sectional structure during the fiber drawing process. Note that this lower
limit of de/A~0.5 is somewhat smaller than the de./A~0.6 predicted to achieve the minimum
mode area. We anticipate that it should be possible to achieve degs/A ~ 0.4 via increasing the
Faidltese ratio to ~20 using further die design modification and pressurization of the preform
holes during cane drawing.

At the minimum mode area, the fiber nonlinearity is highest. For core sizes smaller than
that corresponding to the minimum mode area, the mode spreads out of the core. Hence with
these fiber designs, maximum nonlinearity as well as high power fraction in the evanescent
field can be achieved with low confinement loss. The mode confinement depends on the
refractive index of the glass, which will affect the choice of the most suitable values of deg/A
(to achieve minimum mode area) and ry/reore (for low confinement loss). Note that when
filling the fibers with materials either for (bio)chemical sensing [5,8] or nonlinearity
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enhancement [3], the refractive index of the matter in the holes will have an impact on the
guidance properties of the fiber, reducing the effective index contrast between core and
cladding, and thus increasing the confinement loss, and necessitating the use of longer struts.
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Fig. 6. (a) Contour plot of the JASR r/res ratios for which the confinement loss is <0.1 dB/m
as a function of effective core diameter and wavelength. (b) JASR ra/re ratios for which the
confinement loss is <0.1 dB/m as a function of de/A within the wavelength range of 500-
1500 nm.

In Fig. 7, the measured loss of our fibers is compared with loss results reported for free-
standing nanowires at 633 nm and 1550 nm wavelength [14,16-18]. For silica glass, the bulk
glass loss (<0.001 dB/m) is negligible relative to the nanowire losses (>0.1dB/m at 633 nm
and 1550 nm). In contrast, for our fibers, the bulk glass loss is in the same order of magnitude
compared with the fiber loss in the wavelength range of negligible confinement loss. Thus to
understand the loss due to the small core size in excess over the bulk loss, we subtracted the
bulk glass loss from the measured loss of our suspended core fibers. For the silicate nanowires
reported by Tong et al. [18], the loss of the nanowires (>15 dB/m at 633 nm) is considerably
larger than the bulk glass loss of our silicate glass F2, which has a similar refractive index
than the silicate glass used by Tong. Therefore we neglected the bulk glass loss for the silicate
nanowires reported by Tong [18].

Sumetsky [31,32] predicted that propagation of light through a nanowire becomes
extremely lossy if the nanowire diameter is smaller than a threshold diameter. For silica at
1550 nm wavelength and nanowire length of 10 km, the threshold diameter is «200 nm, which
is below the nanowire diameter fabricated to date. The theoretical predictions of radiative
losses for both long and short nanowires made in Refs [31,32] are more than an order of
magnitude lower than the experimentally measured excess loss values shown in Fig. 7. This
implies that the loss of these nanowires is not dominated by radiation loss, but rather by
scattering of the guided modes to non-guided modes (e.g. surface modes, cladding modes) at
the air/glass interface due to the inherent roughness of the glass surface [33,34]. Such
roughness arises from thermally excited surface capillary waves, which become frozen-in
during cooling of a glass melt (e.g. during fiber drawing or tapering) at the glass transition
temperature [35]. The roughness forming process is dictated by equilibrium thermodynamics,
so that it cannot be substantially reduced by technological improvements. Surface roughness
measurements using atomic force microscopy demonstrated that nanowires, hollow-core
fibers and fire-polished glass samples exhibit root-mean-square surface roughness amplitudes
of 0.1-0.5 nm [17,35-37]. Modeling of the scattering loss due to inherent surface roughness
demonstrated that it is proportional to the glass transition temperature (Tg) and the inverse of
the surface tension (o) [35]. Furthermore, the scattering loss becomes larger as the refractive
index of the glass increases [34]. Accordingly, lowest scattering loss will be found for glasses
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with low Tg, low n and high . However, these three glass properties cannot be tailored
independently. For example, in heavy metal oxide glasses, Tg and o decreases, whereas n
increases with increasing heavy metal content [28]. As another example, comparing fluoride
glass with silica, Tg and o of fluoride glass is considerably lower whereas n is similar for both
glass types [38,39].
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Fig. 7. (a) Loss at 633 nm and 1550 nm for a range of nanowires (free-standing and suspended)
having different size and made using different glasses. (b) Selected data sets for linear
regression of the logarithm of the loss as a function of the logarithm of the effective core
diameter.

In addition to the inherent surface roughness, surface imperfections such as contamination
and cracks also cause scattering loss. Ultrasonic cleaning of extruded performs can be used to
reduce the loss of suspended core fibers with 1-2 um effective core diameter (made from
SF57 lead silicate glass) from 9dB/m to 2dB/m [10] due to removal of surface
contamination. The loss of silica nanowires for a given core diameter reported to date in
different papers varies over more than one order of magnitude [Fig. 7(a)], which demonstrates
that in many cases there are other causes for loss than the inherent surface roughness.
Furthermore, it was found that the nanowire loss increases with time due to formation of
surface cracks as a result of exposure to moisture [16]. One attractive feature of our approach
is that the nanowire-type core is enclosed within the fiber structure, providing opportunities
for protecting the core surface from moisture via sealing of the fiber ends.

The loss of our suspended nanowires is very similar to the lowest loss hanowires reported
to date (Fig. 7). This demonstrates the viability of our approach to fabricate nanowires with
low surface roughness and contamination.

The loss of small core microstructured fibers was found to increase as the core size
decreases, which has been attributed to the increased field strength at the hole interfaces
leading to larger roughness scattering loss component [10,25,33]. This result is consistent with
the core size scaling of free-standing nanowires [14,16-18] and our suspended nanowires
(Fig. 7). To determine quantitatively the core size dependence of the scattering loss of
nanowires, we used the loss data at 633 nm wavelength of the silica nanowires reported by
Tong et al. [17] and of the silicate nanowires reported in this paper and by Tong et al. [18].
Note that the two silicate glasses have similar refractive indices, which implies similar glass
properties and thus surface roughness. Linear regression of the logarithm of both the loss and
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the core diameter yields a slope of approximately -3, i.e. that the loss is approximately
inversely proportional to the cube of the core diameter [Fig. 7(b)]. The same dependence was
found for the overlap of the fundamental mode with the core surface in step-index and hollow-
core fibers [35].

The wavelength dependence of the surface-roughness induced scattering loss has been
investigated for nanowires [34], small-core microstructured fibers [33] and hollow-core fibers
[35]. In Ref [34], which considers circular nanowires, the amplitudes of the radiation modes
excited by the surface roughness, and thus the loss caused by surface roughness, is modeled
via the use of an induced current model. This approach predicts that the surface-roughness
induced loss increases with increasing wavelength. In Ref [33], a statistical analysis of the
scattering from the surface capillary waves is used to explore the surface roughness induced
loss of small-core silica microstructured fibers. This analysis demonstrates a decrease in this
loss with increasing wavelength, which is consistent with experimental data for these fibers.
The reason for the discrepancy between these two models is not immediately apparent. For
our suspended nanowires, it has not yet been possible to accurately extract the wavelength
dependence of surface roughness induced loss as a result of confinement loss and
measurement limitations. Further work is needed to do this.

5. Summary and conclusions

We have demonstrated that it is possible to produce suspended core fibers with nanoscale core
diameters in the range 420-720 nm, 110-200 um outer diameter and tens of meters of fiber
length of uniform diameter. To the best of our knowledge this is the smallest core size
reported to date for an optical fiber without post-processing tapering step, and this approach
also produces practical outer diameters of >100 um and long fiber length. These fibers present
an attractive alternative approach for the fabrication of nanowires. This range of core
diameters is sufficiently small to achieve maximal mode confinement (and thus to optimize
the effective fiber nonlinearity) or high power fraction in the evanescent field (and thus high
sensitivity in a sensor device) for fibers made from most soft glass materials. Flexibility in the
geometry of extruded preforms and jacket tubes as well as improved extrusion and fiber
drawing allowed us to achieve such small core sizes. The propagation of these fibers in the
visible spectral range is consistent with loss values reported for free-standing nanowires. We
identified an effective core diameter for our suspended nanowires with triangular shape which
allows the optical properties of suspended nanowires to be compared with circular free-
standing nanowires to first order. Using the effective core diameter, both the suspended and
free-standing nanowires demonstrate the same scaling of the propagation loss with the core
size, which is dominated by surface roughness induced scattering loss. Our approach for
nanowire fabrication can be readily adapted to other glass compositions, which will have a
dramatic impact on high-nonlinearity and sensing applications. Future work will determine
how far this approach can be extended towards smaller core sizes. The principal challenge
here will be to increase the effective size of the air cladding to avoid confinement loss issues,
in order to enable such fibers to have practical applications in next generation optical fiber
Sensors.
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4.3 Exposed-Core Fibres

The publication [P7] forms the basis of this section.

S. C. Warren-Smith, H. Ebendorff-Heidepriem, T. C. Foo, R. Moore, C. Davis, and
T. M. Monro, “Exposed-core microstructured optical fibers for real-time fluorescence

sensing,” Optics Express 17, 18533-18542 (2009).

4.3.1 Publication Overview
Aim

The aim of this work was to demonstrate the fabrication of exposed-core microstruc-
tured optical fibres building on the methods previously shown in [P6] for the fabrication
of suspended-core optical nanowires, and is the practical realisation of the fibres theo-
retically modelled in [P3]. In addition, a second aim was to demonstrate experimentally
that one advantage of exposing the core is the possibility of real time sensing, in addition

to distributed sensing which will be demonstrated in Sec. 4.4 [P8].

Field of Knowledge and Link Between Publications

As discussed previously, MOFs have the ability to provide high sensitivity for fluores-
cence and absorption based sensing. While in principle long interaction lengths can be
achieved using MOFs, in practice the difficulty exists that they can only be filled from
one of the distal ends and filling greater than a few meters takes an impractically long
time. In this configuration they cannot be used for real-time sensing, nor can they be
used for distributed sensing due to a lack of access to the core along the fibre length.
These issues can, in principle, be solved by exposing the core along the length of the MOF
so that the entire length of fibre can be immersed instantaneously for real-time sensing,

and any section of the core can be accessed independently for distributed sensing.

The exposed-core MOF was first proposed in 2003 by Hoo et al. [84] and fabrication
has since been demonstrated by the use of a fusion splicer and air pressure to blow open
holes within an MOF [76], use of a focused ion beam [103, 104], and femtosecond laser

micromachining [105, 106]. However, these methods only result in short exposed regions,
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of the order of tens of microns. Cox et al. have shown that long lengths of exposed-core
polymer fibre can be fabricated by creating an opening at the preform stage of the fibre
fabrication, such as by drilling holes into the cladding of a polymer MOF preform [108].
However, polymer fibres generally exhibit high optical losses and thus are unlikely to
make useful distributed sensors. Hence, it was the aim of this work to develop a method
for fabricating glass exposed-core fibres. These fibres have subsequently been used for
various other experiments in this thesis. Firstly, distributed sensing was demonstrated
using these fibres and is reported in [P8]. Also, aluminium ion sensing experiments using

these fibres are presented in Chapter 5.

Discussion and Conclusions

In this paper two methods for fabricating glass exposed-core microstructured optical
fibres have been demonstrated. In the first method a soft-glass extruded preform was
drawn into a fibre and then chemically etched to expose the core. This method was
demonstrated with two different fibre designs and it was observed that reducing the
amount of glass to be etched allowed for the fabrication of consistent lengths of exposed-
core fibre. In the second method the wagon wheel preform was cut prior to caning
so that the drawn fibre was exposed without requiring etching. The surface roughness
and resultant optical loss due to hydrofluoric acid etching meant that directly drawing
exposed-core fibre was the preferred method for fibre fabrication. The exposed-core
fibres were then evaluated for fluorescence-based sensing, in order to determine the
measurement response time compared to equivalent enclosed MOF sensors. The signal
response time was found to be significantly faster for the exposed-core fibre. For example,
lengths of fibre in the order of 20 cm could be filled in one second as opposed to 30-80

minutes.

There is great scope for continuing research in the fabrication of exposed-core MOFs.
As will be discussed in Sec. 4.4.3 the most significant area of improvement is to reduce
the optical loss. The best loss result for the exposed-core fibre was measured to be
approximately 2 dB/m at 1000 nm, which is greater than the bulk glass loss of 0.3
dB/m. This implies that a mechanism other than glass impurities is contributing to the
fibre loss such as surface debris or moisture attack, and thus cleaner and drier fabrication

techniques could be used to improve the loss. Another area of improvement is to increase
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the structural strength of the fibres, as they are currently quite fragile. This could be
achieved through improving the structural design (such as thicker struts), using silica
as the substrate material, and coating the fibre with polymer, as is done for most fibres.
As will be discussed in Chapter 5, a major difficulty in optical fibre sensing is to protect
the fibre from unwanted environmental and mechanical degradation while still allowing

it to be sensitive to the analyte of interest.

Note that several problems were encountered during the fabrication process for these
fibres, most of which concern the successful extrusion of the wedged jacket, which will

be discussed in more detail in Sec. 4.3.3, following [P7].

4.3.2 Statement of Contribution

Conceptualisation

Several concepts were combined in this paper in order to achieve the final result. The
exposed-core fibre design was conceptualised by Tanya Monro. Using the extrusion
technique for the exposed-core fibre fabrication was conceptualised by Tanya Monro
and Heike Ebendorff-Heidepriem. The etching method was conceptualised by Tanya
Monro while the cut preform method was conceptualised by Stephen Warren-Smith. The
concept of demonstrating time-response measurements was made by Stephen Warren-

Smith and Tanya Monro.

Realisation

Pivotal to this paper was previous work involving the fabrication of suspended optical
nanowires, see [P6]. Many components, both successful and failed, were required in order
to achieve the fabrication of the exposed-core fibres. Stephen Warren-Smith lead this
research, running most extrusions, preform preparation, assisted with fibre drawing, as-
sisted with fibre etching, assisted with preform die design, developed the straight wedged-
jacket method (see Sec. 4.3.3), organised atomic force microscopy (AFM) imaging, and
performed loss and real-time sensing measurements. Heike Ebendorff-Heidepriem de-
signed preform die designs and assisted with other aspects of the fabrication process.

Tze Cheung Foo was involved with chemical support for fibre etching experiments. Roger
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Moore performed the fibre drawing and assisted with preform die design. Claire Davis
was involved in useful discussions for fibre fabrication. Tanya Monro was involved in
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Abstract: New methods for fabricating glass exposed-core microstructured
optical fiber are demonstrated. The fiber designs consist of an optical fiber
with a suspended micron-scale core that is partially exposed to the external
environment, which is particularly useful for sensing. These fibers allow for
strong evanescent field interactions with the surrounding media due to the
small core size, while also providing the potential for real-time and
distributed measurements. The experimental performance of an exposed-
core fiber is compared to an equivalent microstructured fiber with an
enclosed (protected) core in terms of their performance as evanescent field
sensors. We demonstrate that the exposed-core fiber can provide a
significantly improved measurement response time.
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1. Introduction

Microstructured optical fibers (MOFs) and optical nanowires have the ability to provide a
large proportion of the guided optical power either to the external environment or the holes
within the MOF. Of particular interest is the jacketed and suspended nano/micro-wire design
[1-6] (wagon wheel fiber), as this provides a means for protecting the highly sensitive optical
wire, and long lengths can be fabricated by drawing a structured preform. Currently, core
diameters have been reduced to values as low as 410nm in lead silicate glass [5]. As this is
smaller than the wavelength of light used in most sensing applications, a large percentage of
the evanescent field can be used to interact with an analyte, allowing sensing via absorption
or fluorescence processes. In addition, it has been shown theoretically that small core
diameter fibers, particularly those with a high refractive index substrate material, can
efficiently capture fluorescence into the guided modes of the fiber [1, 2, 7]. A broad range of
sensing applications exists using this design of sensor due to the ability to functionalize the
surface for biological applications [6, 8], as well as other chemical applications. While in
principle long interaction lengths can be achieved using MOFs, in practice the difficulty
exists that fibers of the type described above can only be filled from one of the distal ends
(via capillary forces for liquids [7, 9] or diffusion for gases [10]). Typical filling times include
greater than four hours to fill half a meter of fiber with isopropanol (liquid) [7] and 200
minutes to fill 1 m of fiber with acetylene (gas) [10]. While pressure can be used to improve
the filling time [9], filling greater than a few meters takes an impractically long time and thus
cannot lead to a real-time sensor. Likewise, there is some scope for increasing the size of the
holes within the MOF so that filling times are improved [11], but again real-time sensing is
not possible. Note that if the analyte changes during the measurement period, emptying and
re-filling of the fiber is required. In addition, it is not possible to perform distributed sensing
with traditional MOFs due to the requirement to fill from the distal ends. These issues can, in
principle, be solved by exposing the core along the length of MOFs.

The exposed-core fiber was first proposed in 2003 by Hoo et al [10] and fabrication has
since been demonstrated by the use of a fusion splicer and air pressure to blow holes within
an MOF [12], use of a focused ion beam [13, 14], and femtosecond laser micromachining [15,
16]. Also, tapering of MOFs can allow access to the guided optical field [17]. However, these
methods generally result in short exposed regions, such as the order of tens of microns. Cox et
al. have shown that long lengths of exposed-core polymer fiber can be fabricated by creating
an opening at the preform stage of the fiber fabrication, such as by drilling holes into the
cladding of a polymer MOF preform [18]. In this paper we present two new methods for
fabricating exposed-core fiber, and demonstrate these methods using lead-silicate glass fibers.
The first method involves etching the drawn fiber to expose the core; while the second
involves directly drawing the exposed-core fiber. We then demonstrate that the fabricated
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fibers can successfully measure fluorescence with a response time substantially quicker than
for an equivalent protected-core MOF.

2. Fabrication

Our method of fabrication expands on the method previously developed for fabricating
enclosed wagon wheel (WW) fibers via preform extrusion, caning, and drawing of soft glass
[5]. Here a lead-silicate glass (Schott glass F2, n ~1.62) was used. The process is summarized
in Fig. 1. First, a WW structured preform and wedged jacket were extruded from stainless
steel dies at high temperature and pressure. The WW preform was caned using a fiber
drawing tower and inserted into the jacket. The cane-in-jacket preform was then drawn into
fiber with an outer diameter of approximately 160pum, with core diameters ranging from 2.0
to 3.0 um. The advantage of extrusion for this fiber design is significant, as it allows the
fabrication of asymmetric structures such as the wedged jacket. However, this proved to be a
challenge in practice, due to the tendency of the preform to bend as a result of temperature
asymmetries resulting from the use of an asymmetric wedged jacket die. This caused an
asymmetry in the viscosity profile and thus bending in the preform during extrusion. In
addition, the use of an asymmetric die can cause bending, even in isothermal conditions [19].
Several methods were employed to overcome preform bending. The most successful method
was found to be attachment of a stainless steel pole to the wedged jacket at the start of the
extrusion to mechanically force it along a straight line.

1. Extrusion 2, Caning 3. Drawing
Bymmetic WW  Asymmedric W Cut Wi

-ru-ru

Fig. 1. Schematic diagram of the fabrication process.

VWedged Jackat

As indicated in Fig. 1, several fiber designs were trialed for their suitability in fabricating
this type of exposed core fiber. A summary of these trials is included here for clarity in Table
1, where a description of each of the trials follows. Loss measurements from Sec. 3 have also
been briefly included.
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Table 1. Summary of the exposed-core fiber fabrication trials. Loss values have been
included from Sec. 3.

Trial Loss before
number WW die Etchin etching Loss after etching
g required (dBm™at (dBm™ at 532nm)
1000nm)

1 Symmetric WW Yes 28+0.2 Fiber too
damaged

2 Asymmetric WW Yes 21+0.2 54+5

3 Cut WW (standard No 41+02 N/A

struts)
4 Cut WW (thick struts) No 22+03 N/A

Using a symmetric WW preform (Fig. 1(a)), the fiber shown in Fig. 2(a) and (b) was
drawn (trial #1) and by using an asymmetric WW preform (Fig. 1(b)) the fiber shown in Fig.
3(a) and (b) was drawn (trial #2). Approximately 100-150m of each fiber type was drawn,
each from a single preform. Note that these fibers are not yet fully exposed at the time of
drawing due to the presence of a cover layer. This cover layer was used to protect the core
during the fiber drawing, and assisted in maintaining the fiber structure by allowing self-
pressurization of all three fiber holes. We refer to these fibers as protected-core fibers.

(b)

y' A

Fig. 2. Trial #1 exposed-core fibers fabricated from a symmetric WW preform, the image sizes
are (a) 200um, (b) 80um, (c) 80um, and (d) 40um. Images (c) and (d) show the fiber after HF
etching.

Fig. 3. Trial #2 exposed-core fibers fabricated from an asymmetric WW preform, the image
sizes are (a) 200um, (b) 35um, (c) 35um, and (d) 40um. Images (c) and (d) show the fiber after
HF etching.

The cover layer was removed through chemical etching with 0.056+0.001 wt. %
hydrofluoric acid (HF). This was experimentally determined to have an etch rate of 30+1
nm/min at the site of the cover layer while 25 cm of a 33 cm length of fiber with both ends
sealed was fully immersed in the acid, held vertically, and rotated at 78 rpm. Vertical
orientation and rotation of the fiber was found to be necessary in order to produce a consistent
etch rate along a reasonable length of the fiber. The required etch time was determined to be
78 mins for the trial #1 fiber (Fig. 2) and 11.3 mins for the trial #2 fiber (Fig. 3). For the fiber
produced in trial #1, it was not found to be possible to completely etch through the cover
layer along the entire length of fiber without etching through the struts at some point due to
the cover layer being considerably larger than the struts. The fiber from trial #2 had a much
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improved strut to cover layer ratio (48% compared to 12%), and was thus successfully etched
without damaging the struts.

To avoid the requirement for HF etching, we trialed the direct-drawing of exposed-core
fibers by cutting a thin slot into the side of a symmetric WW preform as shown in Fig. 1(c).
This was then caned and drawn into the fiber shown in Fig. 4 (trial #3). The advantage of this
method is that exposed-core fiber is produced straight from the fiber draw stage, which allows
significantly longer lengths of exposed-core fiber to be fabricated. However, the fiber core is
unprotected during the caning and drawing processes. The struts also become elongated due
to surface tension effects, with a final thickness of 7010 nm, compared with 160+10 nm for
the fiber shown in Fig. 3(c). This accounts for an observed increase in fiber fragility for the
directly-drawn exposed-core fiber. In particular, the core tended to break during use, even
while the cladding remained intact. Also note the ribbed effect along the struts in Fig. 4(d),
which indicates stress in the struts. To improve fiber strength, particularly in the region
supporting the core, the strut thickness was doubled in the WW preform with the resulting
fiber shown in Fig. 5 (trial #4). This fiber was significantly easier to handle, and no breakage
of the core during use has yet been observed.

(a) (b) L
0 .

Fig. 4. Trial #3 exposed-core fibers fabricated from a symmetric WW preform with slot and
standard strut thickness. The image sizes are (a) 200um, (b) 50um, (c) 200um, and (d) 40pm.
(b) -

ﬂ
1

Fig. 5. Trial #4 exposed-core fibers fabricated from a symmetric WW preform with slot and
increased strut thickness. The image sizes are (a) 170 um, (b) 40 um, (c) 200 um, and (d) 40
pm.

To the best of our knowledge this is the first demonstration of glass exposed-core
microstructured optical fiber produced directly from fiber drawing. The length of fiber
produced from a single draw for both trial #3 and #4 was the order of 200 m, which is a
significant improvement on previous pointwise methods where reported lengths of the
exposed region include 64um [12] and 20 um [13].

3. Propagation loss

The propagation loss spectra of trial #1 and #2 fibers before etching, along with trial #3 and
#4 fibers, were measured using the standard cutback measurement technique. A
supercontinuum white light source (KOHERAS SuperK™ Compact) was collimated and then
focused into the fibers using a 2.75 mm focal length lens. The output signal was launched into
an optical spectrum analyzer (OSA) using free space coupling after collimation with a 40X
microscope objective lens. Both the input and output coupling was maximized at 1000 nm so
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that the measurements were repeatable when successive cutbacks were made. The results are
shown in Fig. 6.

B —— Trial 1
— Trial 2
L —Trial 3
— Trial 4
“WW [5)

=3
r‘_\.l7

=y A

A J Ve
N / o\
o0 700 1000 1300 1600

Wavelength (nm)

Fig. 6. Measured loss for trial #1 protected-core fiber (blue), trial #2 protected-core fiber (red),
trial #3 directly-drawn exposed-core fiber (black), and trial #4 directly-drawn exposed-core
fiber (green). The WW preform used to fabricate the trial #4 fiber was ultrasonically cleaned
prior to fiber drawing. The loss of an enclosed wagon wheel fiber with a similar core diameter

(2.1 um, compared to 2.0-3.0 um) has been included for comparison (orange) [5]. The WW
preform used to fabricate this fiber was also ultrasonically cleaned.

The results show that the propagation loss of the first directly-drawn exposed-core fiber
(trial #3) is approximately 2 dBm™ higher relative to the protected-core fibers (trials #1 and
#2). This is likely to be due to surface contamination post-caning and post-drawing, as no
cleaning was performed beyond the preform stage. It is also possible that surface cracks may
have formed in the time between drawing and measurement as a result of exposure to
moisture [20], and this effect would also likely lead to increased long term loss for the fiber.
For this reason the exposed-core fibers were stored in a moisture-free environment when not
in use. In order to improve the directly-drawn exposed-core fiber loss, the WW preform used
to fabricate the trial #4 fiber was ultrasonically cleaned prior to caning. Ultrasonic cleaning of
the preform is a standard procedure for WW fiber fabrication [5], but had not been performed
on previous exposed-core fiber trials due to concerns over strut fragility. The improvement
can be observed by comparing the loss of trial #3 and #4 fiber in Fig. 6, where the average
loss across the whole spectrum was reduced by 2.4 dBm™. However, comparing the loss
between the trial #4 fiber and that of a previously reported enclosed wagon wheel fiber (Fig.
6, orange) we see that the exposed-core fiber still has significantly higher loss. The reasons
for this excess loss are not yet clear, although it is anticipated that improved preform cleaning
and fiber storage conditions will assist in reducing the exposed-core fiber loss.

These measurements were performed on the fiber immediately after drawing, but for trials
#1 and #2 the fiber is not exposed at this point as they required chemical etching. Trial #1
fiber could not be etched consistently enough to perform a loss measurement. The loss of trial
#2 fiber after HF etching was measured as 545 dBm* at 532 nm, compared to 6+1 dBm™
for the unetched, protected-core fiber. This was measured by comparing the transmission of
etched and unetched fiber of the same length (25 cm), which assumes that the coupling is the
same for both cases. This high loss was caused by an increase in the surface roughness due to
the HF etching, as observed with atomic force microscopy measurements performed on bare
fiber (no structure) under identical etching conditions to that of the trial #2 exposed-core fiber
(Fig. 7).
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Eiched sample 1 Eiched sample 2 Etched sample 3 Eiched sample 4

Mot Elched sample 1 Not Etched sample 2 Mot Elched sample 3 Mot Elched sample 4

Fig. 7. Atomic force microscopy images of the surface of HF etched bare fiber (upper images)
and the surface without etching (lower images). The images sizes are 5 um x 5 um and the
image height spans 50 nm.

The images in Fig. 7 exhibit considerable differences in the surface before and after
etching with HF. The etched surface appears to be considerably rougher, while the non-etched
surface is relatively smooth with the exception of large pieces of debris. These large pieces
are likely due to surface contamination during storage (1 month), which could not be
successfully removed when cleaned with ethanol and water prior to mounting for AFM
measurements. These surfaces are not likely to be representative of the fiber surface quality
immediately after fabrication, particularly when considering that the exposed-core fiber is
partially protected by the wedged jacket. These large pieces of debris are not visible on the
etched surface, which suggests they were removed from the surface during the HF etching
process. Thus, discounting the large debris pieces, the surface quality of the etched surface is
visibly rougher and accounts for the high loss measured for the etched, exposed-core fiber.

Unfortunately, the high level of loss due to HF etching means this method of exposed-
core fiber fabrication is not well suited to fabricating lengths of more than tens of centimeters
unless the etching process can be improved. In addition, there are practical challenges in
accurately etching large lengths of fiber, say, greater than one meter. However, one
possibility for distributed sensing is to choose to expose only selected locations along the
fiber whilst leaving the majority of the fiber inactive and thus protected. This could prove
useful in applications where multi-point sensing is required in a quasi-distributed system or to
improve MOF filling times.

4. Fluorescence measurements

In general, evanescent-field microstructured optical fiber sensing has either made use of
absorption or fluorescence based techniques. Absorption is commonly used for gas sensing
[16, 21-23] while fluorescence tends to be used for biological applications where fluorescent
labels are often used [6,8]. One drawback of the MOF sensing method is that the
measurement response time is related to the time required to fill the fiber. Here we
demonstrate that one useful application of the exposed-core fiber is to reduce the time of
filling an MOF, and thus to dramatically improve the response time of the sensor. Here we
present experimental results of the response time for fluorescence sensing with exposed-core
fibers, and compare these to using enclosed (protected) core fibers.
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To measure the response time for the exposed-core fiber the experimental setup shown in
Fig. 8(a) was used where 532 nm laser light was focused into directly-drawn exposed-core
fiber (trial #4, Fig. 5), and the output was directed through a long pass filter and into a
spectrometer. The fiber was placed into an empty bath which was filled with 2x10° M
Rhodamine B in water while recording the spectral response over time.

To compare the response time an unetched, enclosed (protected) core fiber was also tested
(trial #2 not-etched, Fig. 3(a, b)). For the enclosed (protected) core fiber the test fluorophore
was a 91 nM solution of organic quantum dots (QDot800™, Invitrogen) dissolved in
hexadecane, which was allowed to fill into the fiber via capillary forces. The experimental
setup is shown in Fig. 8(b). The 532 nm excitation light was reflected from a long pass
dichroic mirror (R532 T633) and focused into the fiber using a short focal length aspheric
lens (f = 2.75 mm) and a nano-positioning stage. The fluorescence signal collected by the
fiber was imaged using the same aspheric lens, passed through the dichroic mirror, filtered
using a 550 nm long pass filter, measured using a low power photo-detector, and the data
logged with a power meter.

Mirror (a) (b) Mirror
A [e=zm] Nz ]
Spect " Power meter
Exposed- pectrometer i
Lens corefibre  Lens (Ocean Optics) Protected
l } Lens core fibre
S HE | o
Mirror diode
550+ 550+ Dichoic Q-Dot
Bath containing filter filter  mirror solution

Rhodamine B

Fig. 8. Experimental setup for measuring the fluorescence sensor time response for (a)
exposed-core fiber (trial #4, Fig. 5) and (b) enclosed (protected) core fiber (trial #2 not-
etched, Fig. 3 (a, b)).

Note that quantum dots were used for the enclosed (protected) core fiber to avoid the
effect of photobleaching, which is significant when small quantities of fluorophore are used
[7]. An organic dye was used for the exposed-core fiber due to the large volume of
fluorophore required to fill the bath. Also, a spectrometer was used to measure the
Rhodamine B fluorescence in order to help differentiate the pump and fluorescence signals,
which was not necessary for the quantum dots due to the large separation of excitation and
fluorescence wavelengths. The fluorescence sensing time response measurements for the
exposed-core fiber are shown in Fig. 9, and for the enclosed (protected) core fiber in Fig. 10.

10

,|_~ {a) {b)
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Fig. 9. (a) The spectral signal recorded over time using an exposed-core fiber (trial #4, Fig. 5)
as the bath was filled with Rhodamine B. (b) Same as for (a) considering the initial few
seconds only.
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As expected, a strong fluorescence signal was obtained after filling the bath with
Rhodamine B, which then decayed initially due to photobleaching [7], and then reached a
stable level. The fluorescence power curve in Fig. 9(a), together with Fig. 9(b), shows that the
time taken to reach a strong fluorescence signal is the order of one second for the exposed-
core fiber. We now compare this to the results obtained using the enclosed (protected) core
fiber, which are shown in Fig. 10.
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Fig. 10. Fluorescence signal measured for the enclosed (protected) core fibers (trial #2 before
etching) over 30 mins (a) and 80 mins (b). Different colors refer to repeats of the same
experiment.

The results in Fig. 10 for the enclosed (protected) core fiber show a more gradual increase
in fluorescence, which corresponds to the capillary filling time of the fiber. The sharp steps
shown in Fig. 10(b) correspond to times when the holes of the fiber became completely filled,
and thus the coupling efficiency at the input end of the fiber changes (because the fluid has
reached the launch end of the fibre). Comparing the two fiber designs, the exposed-core fiber
reached a maximum fluorescence signal after approximately one second, while the enclosed
(protected) core fiber required approximately 70 minutes to completely fill and hence reach a
maximum signal.

5. Conclusions

Two methods for fabricating glass exposed-core microstructured optical fiber have been
demonstrated. In the first method a soft-glass extruded preform was drawn into a fiber and
then chemically etched to expose the small and thus highly-sensitive core. This method was
demonstrated with two different fiber designs and it was observed that reducing the amount of
glass to be etched allowed for the fabrication of consistent lengths of exposed-core fiber. In
the second method the wagon wheel preform is cut prior to caning, so that the drawn fiber is
exposed without requiring etching. The advantage of the etching method is that the fiber core
is protected during the fabrication process, which is reflected in the reasonably low loss
immediately after drawing. However, ultrasonic cleaning of the preform before caning can be
used to improve the loss of directly-drawn exposed-core fiber. In addition, the surface
roughness and resultant optical loss due to hydrofluoric acid etching means that directly
drawing exposed-core fiber is, at present, the preferred method for fiber fabrication.

The directly-drawn exposed-core fiber was evaluated for fluorescence-based sensing, in
order to determine the measurement response time and compare with enclosed MOF sensors.
The exposed-core fiber was placed in a bath that was filled with a fluorophore and the
measurements were made in the forwards direction. While ideal for demonstrating the
capability of the exposed-core fiber, this type of experimental arrangement does not allow for
small volumes of analyte to be measured. The signal response time for the exposed-core fiber
was found to be significantly faster than for the enclosed (protected) core fiber. Given the
ability to do almost real-time sensing and the possibility for distributed sensing it is
anticipated that exposed-core fibers will in the future play an important role to the field of
chemical and biological sensing.
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4.3.3 'Wedged-Jacket Extrusion

The enclosed suspended-core fibres in [P6] are symmetric structures and thus, while
challenging in their own right, do not have the symmetry related problems that were
present in the fabrication of the exposed-core fibres in [P7]. The majority of these
problems occur at the preform stage in trying to extrude the wedged jacket, where two
interrelated problems effect the quality of the preform. The most noticeable effect is
that the preform bends while extruding, which has the secondary effect of distorting the

cross-sectional structure.

These challenges were only briefly mentioned in [P7] and thus a more complete discussion

on why these challenges arise and how they were overcome is included here.

Preform Bending

Preform bending results from using an asymmetric extrusion die, which can be due to
both temperature asymmetries and intrinsic flow asymmetries [178]. For the extrusions
in this project there was an inferred (though not directly measured) temperature asym-
metry associated with the wedged-jacket design. Extrusion dies for this project were
made of steel, which has a higher conductivity than glass. Figure 4.7 shows that heat
is lost more quickly from the wedge and thus the wedge side is colder relative to the
glass side. Consequently the glass on the wedged side has a higher viscosity than on the

opposite side causing the preform to bend towards the colder side.

In general, it is impossible to create a perfectly symmetric temperature and flow distri-
bution for any die design, even a circular tube, due to imperfections in the alignment and
construction of the furnace and the extrusion die. However, the weight of the extruded
glass is generally sufficient to force the preform to extrude straight. Initial trials, such
as that shown in Fig. 4.8, demonstrated that the extrudate weight was not sufficient to
force the preform straight for the case of a wedged-jacket extrusion. Observe that the
right hand side, which was the first to leave the die, bent towards the wedge, which was

expected given the description above.

The intuitive solution was to attach a weight to the preform at the start of the extrusion.
Tests were performed by attaching a small steel tube (100 mm long x 1 mm thick x 10

mm diameter) to the glass as it begun extruding. However, this proved to have little
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FIGURE 4.7: Schematic diagram of the extrusion process where heat is supplied exter-
nally via a furnace and glass is forced downwards through the die. The asymmetric die
leads to a small temperature variation which causes preform bending.
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FIGURE 4.8: Bent wedged-jacket preform with a 45° wedge where the left hand side
was the last to exit the die.
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impact when tested as the jacket simply bent until it hit the extrusion machine stand
(Fig. 4.5). The second approach was to attach a guiding-pole which forces the leading
end of the extrudate along a straight line. The setup used to achieve this is shown in

Fig 4.9 where it attaches to the extrusion machine as was shown in Fig. 4.5.

Pole attached
to preform

Guiding pola

FIGURE 4.9: Guiding pole used to force the leading edge of the wedged-jacket extrusions
along a straight line.

By using a combination of the guiding pole and slightly higher extrusion temperatures
(565°C compared to 560°C previously used for symmetric tubes) the relatively straight
wedged jackets shown in Fig. 4.10 were extruded. Temperature is a key parameter in
the extrusion process as higher temperatures result in increased tapering, while lower

temperatures result in bending that requires more force to correct.

The wedged jackets shown in Fig. 4.10 had a total bend derivation of 9 mm over the
entire length of preform (3%). However, only 180 mm of the jacket was used for fibre
drawing and thus the central 180 mm of the jacket had a bending deviation of only 3
mm. While deviations of less than 1 mm (for a 180 mm preform) are optimal for fibre

drawing, fibres can still be successfully drawn with derivations of 3 mm.

(a)

FIGURE 4.10: Examples of extruded wedged jacket preforms where the guiding pole
has been used. Side view (a) and top view (b).

These results demonstrate that straight wedged jacket preforms can be successfully fabri-

cated by forcing the preform straight during extrusion. The problem of preform bending
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can be combated through the use of a guiding pole where instead of jackets with 180°
bends, the total bending deviation can be reduced to 3 mm over the entire jacket. These
preforms were sufficiently straight such that the fibres in [P7] could be fabricated. Bend-
ing, however, is not the only issue to be addressed. The cross-sectional structure must

also have the correct characteristics as will now be discussed.

Wedged-jacket cross-sectional structure

The goal of extrusion is to fabricate a preform that has the same cross-sectional struc-
ture as the original die design. However, several processes prevent this from occurring,
particularly for asymmetric structures, such as the internal flow properties within the
die and die swell. These issues were overcome in this project through a trial and er-
ror process that involved iterations to counter-act the deformations. This is a tedious
process, but has nonetheless lead to successful fabrication of exposed-core fibres. An
possible alternative is to model the extrusion process in order to optimise the geometry,
however, this would require non-trivial three-dimensional modelling (for example, see

Ref. [178]).

The key cross-sectional characteristics of the wedged-jacket that need to be present

include that

1. The wedge is open in the wedged-jacket after extrusion

2. The wedge is sufficiently wide in the wedged-jacket so that it does not close during

fibre drawing
3. The cane can be held within the central region of the wedged-jacket

4. Correct and fixed orientation of the cane can be achieved within the wedged-jacket

The following examples show the iterations of the wedged jacket design that were tested
in this project, why certain designs were unsuccessful, and design modifications that
were made in order to achieve the aforementioned aims and thus fabricate the fibres

that were presented in [P7].

Ezample 1: Square wedged-jacket
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In order to correctly orientate the struts of the structured preform within the wedged
jacket several methods were tested. The first involved using a square-based structure
where the central portion of the wedged jacket die has a square shape which was to
have a cane inserted with a corresponding square wagon wheel design (Fig. 4.11(a)).
However, extrusion of the wedged jacket led to severe deformation of the square shape
due to surface tension effects rounding out the sharp features and also opening the
wedge to a large angle (Fig. 4.11(b)). This led to the problem that the cane could not
be held within the jacket as intended and the wagon wheel structure became distorted

and incorrectly orientated.

(@)

FIGURE 4.11: Square wedged-jacket die design (a), preform cross section (b), and the
resulting fibre (c).

Two fibres were drawn based on the square wagon wheel approach, with neither being
successful. The first design was using a 90° wedge with the cane mechanically fixed to
the jacket. A typical cross-section of this fibre is shown in Fig. 4.11(c). As the cane
was not intrinsically held within the jacket it simply bonded to the outer surface of
the wedged jacket. Another important point is that the wedged jacket angle increased
significantly during the drawing process, this being the reason for smaller wedge angle

die designs in subsequent extrusions.

Other methods for maintaining cane orientation were also trialled. For example, a lock-
key method consisted of adding a notch to the wedged-jacket with the corresponding
key in the wedged jacket. However, surface tension effects caused the notch and key to
be smoothed out during extrusion. It was later found that a close fit between the cane

and the jacket was sufficient to hold the orientation of the cane.
Ezample 2: }5° wedged-jacket

A second attempt involved using a 45° wedge. As seen from Fig. 4.12(a) this design is

able to intrinsically hold the cane within the jacket. Distortions in the preform relative
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to the original die design, as discussed previously, meant that the small features that
were to hold the cane to the jacket were lost during extrusion and the central circular
feature became elliptical. This demonstrates that there is a need to exaggerate the

features of the die design in order to extrude a preform with the correct requirements.

(2)

FIGURE 4.12: 45° wedged-jacket die design (a), and preform cross section (b). Note
that the fibre draw was not successful for this design due to the cane and jacket sepa-
rating.

Ezample 3: Channeled wedged-jacket

The above design was modified to have a channeled wedge (Fig. 4.13(a)). The preform
displayed reasonable retention of the cross-sectional structure, with good ability to hold
the cane in place (Fig. 4.13(b)). Unwanted distortions included narrowing of the channel
and the central hole becoming elliptical. The narrow channel was the eventual downfall

of this design, as several drawing attempts yielded fibres that had the channel collapse
as shown in Fig. 4.13(c).

FIGURE 4.13: Channeled wedged-jacket die design (a), preform cross section (b), and
the resulting fibre (c).

Ezxample 4: D-shaped wedged-jacket

The D-shaped wedged-jacket design (Fig. 4.14(a)) was developed to counter-act the is-
sues that were identified in the above examples. In particular, the channeled section was
widened to prevent collapse during fibre drawing and the central region was manufac-

tured to be a D-shape so that extrusion distortions caused it to become approximately
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circular (Fig. 4.14(b)). As can be seen from the fibre drawn in Fig. 4.14(c), the preform
was successful in being drawn into useful fibre. This design of wedged-jacket was used

to fabricate the exposed-core optical fibre used in [P7] and [P8].

FIGURE 4.14: D-shaped wedged-jacket die design (a), preform cross section (b), and
the resulting fibre (c).
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4.4 Distributed Sensing using Exposed-Core Fibres

The publication [P8] forms the basis of this section.

S. C. Warren-Smith, E. Sinchenko, P. R. Stoddart, and T. M. Monro, “Distributed fluo-
rescence sensing using exposed-core microstructured optical fiber,” Photonics Technology

Letters 22, 1385-1387 (2010).

4.4.1 Publication Overview
Aim

The aim of this work was to demonstrate that the exposed-core fibres fabricated in
[P7] can be used for fluorescence-based distributed sensing. In particular, this was
the first demonstration of using microstructured optical fibres for spatially continuous

fluorescence-based distributed sensing.

Field of Knowledge and Link Between Publications

Distributed sensing is a commonly stated advantage of sensing with optical fibres and
many demonstrations have been reported [1]. For example, time-resolved Raman back-
scatter can be used for distributed temperature sensing due to the temperature depen-
dence of the ratio of Stokes and anti-Stokes spectral bands, while frequency resolved
Brillouin scattering can be used to measure parameters that affect acoustic velocity,
namely temperature and strain [1]. Rayleigh backscatter can be used in optical time
domain reflectometry (OTDR) to perform distributed loss measurements along a fibre

[128].

However, very few examples of distributed chemical sensors exist. A notable exception
is water sensing, which has been demonstrated by using OTDR to measure microbend
losses due to the swelling of a polymer to which the fibre is attached [128, 130]. In partic-
ular, few reports on distributed fluorescence-based chemical sensing exist [113, 116, 127].
Fluorescence sensors are typically fabricated with a sensitised cladding surrounding the
core of a multi-mode silica fibre that allows interaction between the external environ-

ment and the evanescent field [127, 128]. The limited success of distributed fluorescence
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sensors to date is thought to be due to the difficulty in finding both appropriate cladding
materials and fluorescent dyes, and the low percentage of evanescent field that is typi-
cally available to interact with the chemical analyte in available fibres [128]. In principle,
it is this later problem that can be solved by using microstructured optical fibres. The
primary challenge with distributed sensing with MOFs is that the evanescent field is
generally only accessed via the distal ends of the fibre. Consequently, distributed sens-
ing at an arbitrary position along the fibre is not possible, unless the core is exposed,

such as the fibres presented in [P7].

Discussion and Conclusions

In [P8] it was demonstrated, for the first time, that fluorescence-based distributed sensing
using exposed-core microstructured optical fibres can be achieved by performing time-
resolved measurements when various lengths of fibre were immersed in a fluorescent
material. A spatial resolution of 0.5 m was demonstrated but with a range of only 2.5
m. The primary constraint on the range being that the loss of the fibre was relatively
high for this type of experiment, which was inferred to be 10.8 dB/m. Methods for
improving the fibre loss, and thus the distributed sensing range, will be discussed in
Sec. 4.4.3 following [P8]. It should also be noted that this was a demonstration for
an ideal fluorescent liquid that has a short fluorescence lifetime (0.17 ns) and strong
fluorescence, but the sensing of this liquid is not in itself of particular interest. The
distributed fluorescence sensing concept is only useful if either the species of interest is
fluorescent, which is uncommon, or if the cladding can be sensitised such that it produces
a fluorescence response in the presence of the analyte. This will be discussed in more
detail in Chapter 5 in regards to aluminium ion sensing and, consequently, corrosion

sensing.

4.4.2 Statement of Contribution

Conceptualisation

Several concepts were combined in this paper in order to achieve the final result. The
exposed-core fibre design was conceptualised by Tanya Monro, using these fibres in the

distributed sensing at Swinburne University of Technology was first proposed by Stephen
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Warren-Smith, with the experimental setup primarily designed by Paul Stoddart and

Elena Sinchenko.

Realisation

Pivotal to this paper was previous work involving the fabrication of the exposed-core
fibres [P7], and the design and construction of the distributed sensing experimental setup
[179, 180]. The modification of the experimental setup for use with exposed-core fibres
and subsequent measurements were primarily performed by Stephen Warren-Smith and

Elena Sinchenko, with assistance from Daniel White.

Documentation

This paper was primarily written by Stephen Warren-Smith, with editing by all other

authors.
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4.4.3 Distributed Sensing: Extending the Range

In [P8] the longest piece of fibre used, 2.5 m, was found to be close to the range limit for
this particular setup. This is due to the high loss (inferred to be 10.8 dB/m in [P8]) of
the exposed-core fibre relative to conventional silica step-index fibre, where ranges of 10
km or more can be achieved [1]. The effect of this loss was seen by observing the peak
heights in Fig. 3 [P8]. For a 0.5 m sample distance there were approximately 10° counts,
while for a 2.5 m sample distance the counts were reduced to approximately 40 counts.
In this section the data is analysed in more detail and extrapolated in order to determine
what range could in principle be achieved if certain experimental and fabrication factors

were improved.

To begin, note that power transmission through a fibre is written in the form [54]

P(z) = Py1070 (4.1)

where P(z) is the power transmitted after a propagation distance of z along the fibre
in the axial direction, Fy is the input power at the start of the fibre, and « is the
fibre attenuation in dB/m. Assuming that both the excitation light propagation and
the fluorescence propagation have the same attenuation the loss of the fibre can be

determined by fitting the peak heights of Fig. 3 [P8] with the following equation,

logio[P(L)] = —%L +logio(Ry), (4.2)

where P(L) is the peak height taken from the Gaussian fitting of Fig. 3 [P8], and
L = z/2 is the length of fibre taking into account the double traverse of the excitation
pulse and the fluorescence return. Note that this equation represents the line of best fit
that is shown in Fig. 5 [P8]. Py now refers to the amount of fluorescence that would
be expected from a fibre of length zero, and is related to the input excitation light by
factors such as fluorophore absorption, fluorophore quantum efficiency, and fluorescence
capture into the guided modes of the fibre [P1-P4]. From this, the exposed-core fibre loss
was determined to be 10.8 dB/m, which is significantly higher than the value measured
prior to performing the distributed sensing experiment (2.7 dB/m). However, this value

includes the large peak height observed for the 0.5 m length of fibre, which may be an



180 Optical fibre fabrication and characterisation

anomalous result. If not included in the analysis the loss result is 5.2 dB/m, which is

substantially closer to the previously measured value.

This result can be extrapolated to determine the length of fibre that could be used if
parameters such as the fibre loss, coupling efficiency, or laser power are improved in the
future. If P, is the minimum peak height required in order to detect a signal (assumed
to be 10 counts in the following calculations, which corresponds to a signal-to-noise ratio

of 3) then Eq. 4.2 can be rearranged to give the expected range, L4z, according to

o §P0
Lmaz - 510910 <Pm7,n> ) (43)

where £ is the improvement (relative to this experiment) in factors that have the effect
of linearly increasing optical power, such as coupling efficiency, laser power, and fluo-
rescence capture fraction. Py is taken from the linear fit obtained using Eq. 4.2, thus
allowing a direct extrapolation from the experimental results within [P8]. Equation 4.3
shows that the detection range is inversely proportional to the fibre loss, while logarith-
mically related to the £ factor. As a consequence, reducing the fibre loss is the most
effective way of increasing the detection range. For example, increasing the coupling
efficiency from 0.1% to 10% only increases the range by a factor of 2, while reducing the
loss from the current 10 dB/m to 1 dB/m gives a 10 fold increase in range. Equation 4.3
has been evaluated for a range of parameters and is presented in Fig. 4.15. Indicated on
Fig. 4.15 is the current fibre loss, the material loss for F2 glass (Schott glass datasheets

at 800 nm [170]), and for commercial silica fibre.

It is seen that relatively simple changes to the experiment, such as improving the fibre
loss to that of the raw material (which has been achieved for enclosed suspended-core
fibres of similar design [P6]) and improving the coupling efficiency from 0.1% to 10%,
the range could be extended to 77 m.

It is important to note, however, that several other factors need to be considered in this
analysis. In these experiments nearly the full dynamic range of the detector was used,
meaning that improvements in the coupling efficiency or laser power would not neces-
sarily provide increased range unless the dynamic range of the detector is also increased.
The detection range can also be extended by increasing the laser repetition frequency

and accumulation time. This serves to increase the total number of measurement cycles
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FIGURE 4.15: Analysis of parameters affecting the range of distributed sensing with
the exposed-core fibre. All calculations are for a wavelength of 800nm.

N (that is, the number of laser pulses employed in the measurement), which leads to
a v/N improvement in the signal-to-noise ratio. Once again, this has a relatively weak
effect on the range due to the logarithmic term in Eq. 4.3. Also, the laser repetition
rate is limited by the need to avoid pulse overlap within the fibre. For example, for a
100 m long fibre a repetition rate of approximately 900 kHz is theoretically acceptable,
allowing a significant increase from the current experiment. However, if the fibre length
is in the order of 10 km the repetition rate would have to be reduced from the current

25 kHz.

To summarise, in [P8] a detection range of 2.5 m with a spatial resolution of 0.5 m was
demonstrated for this particular experimental setup. Although the range achieved in
these proof-of-concept results is relatively modest, improvements in the experimental
setup and fibre fabrication could lead to a significant improvement in range. A range of

up to 77 m should be possible in the relatively near future.

4.5 Discussion and Conclusions

The fabrication of suspended optical nanowires [P6] and exposed-core microstructured
optical fibres [P7] has been demonstrated. Both design types were fabricated using the

extrusion technique to produce structured preforms which were caned and inserted into
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enclosed and wedged jackets, respectively. In the case of suspended optical nanowires the
extrusion technique has proven useful as it allows greater control of the cross sectional
structure over capillary stacking and has thus allowed subwavelength core diameters to
be produced. The usefulness of the extrusion technique is even more pronounced for
the exposed-core fibre as the asymmetric wedged-jacket design would certainly not be
possible with capillary stacking. While difficulties arose due to the asymmetric design
such as preform bending and cross-sectional structure distortion, these were successfully

overcome using simple methods.

An important issue is the loss of the fabricated fibres. The enclosed suspended-core
fibres were found to have losses close to the background loss of the commercial glass
billets they were fabricated from if the core diamater was sufficiently large (> 760 pm).
This loss increased as the core diameter reduced, in accordance with known theory of
optical nanowire losses [177]. In contrast, the exposed-core fibre was found to have
considerably higher loss than the background material regardless of the core diameter.
This is likely due to environmental contamination and was found to reduce when greater
care was taken of preform cleaning. In addition, when the HF etching method was used
as a method to fabricate the exposed-core fibres the loss was found to dramatically
increase due to an increase in the surface roughness of the core and thus an alternative
method involving cutting the preform was developed. However, cutting glass preforms
can damage the glass and can also leave glass particles on the surface that are difficult
to clean and so future work will likely look at fabricating the open wagon wheel preform

using a modified die design.

The exposed-core fibre design was used to demonstrate both real-time and distributed
sensing. The real-time sensing experiments demonstrated that the open wedge of the
exposed-core fibre could be filled in less than one second, as demonstrated with a flu-
orescence measurement. The distributed sensing experiment demonstrated that the
exposed-core fibre can be used for time-domain distributed fluorescence sensing. Whilst
improvements in fibre loss are required to improve the current range of 2.5 m, the re-
sults of this chapter nevertheless demonstrate the viability of using exposed-core fibres
for applications where highly sensitive and distributed measurements are required, such

as corrosion sensing.
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Corrosion Sensing Application

Four stages of acceptance
(1) This is worthless nonsense,
(2) This is an interesting, but perverse, point of view,
(8) This is true, but quite unimportant,

(4) I always said so.

J. B. S. Haldane

183



184 Corrosion sensing application

5.1 Chapter Overview

In order to use the optical fibres fabricated in the previous chapter as sensors there
must be a transduction mechanism that turns a physical or chemical property into an
optical signal. In the case of chemical sensing, this can be through intrinsic properties
of the analyte itself, such as absorption or fluorescence. More commonly, an additional

material provides the transduction mechanism, such as through a sensitive coating.

A flowchart of how the sections of this chapter relate to other sections of this thesis is
shown in Fig. 5.1. In this chapter, a method for sensitising the optical fibre surface to
be sensitive to the corrosion of aluminium alloys is studied. Firstly, a fluorescence-based
indicator molecule was chosen and its properties in response to aluminium ions were
characterised. The chapter is then divided into two sections. Firstly, a porous polymer
was investigated for embedding the indicator molecule, where the exposed-core fibre
was tested in a corrosion simulation. In the following section a surface based approach
was tested using enclosed suspended-core fibres. Here only aluminium ion sensing was
performed with a view that it could be expanded to corrosion sensing. The results of

this later section have been compiled into a paper, which is shown in Appendix D.

5.1.1 Approach

The approach chosen for this project is to use an organic indicator molecule that flu-
oresces when complexed with aluminium ions, which are released in the early stages
of corrosion of aluminium alloys [8]. The advantage of this method is that it can be
specific and also sensitive, as very low concentrations of aluminium can be detected.
For example, it has been shown that concentrations as low as 200 nM and 20 nM have
been detected using the fluorescence-based organic indicator molecules morin [148] and
lumogallion, respectively [148]. However, the primary motivator for using this approach
is that it is amenable to spatially continuous distributed sensing by performing time do-
main measurements, as was demonstrated in [P8]. Methods such as metal coated fibres
(Sec. 2.8.2) introduce too high a loss to the system and could thus only be used for a

quasi distributed sensor.

There are a number of options for implementing a fluorescence-based indicator approach.

The first consideration is the choice of the indicator molecule, which is discussed in the
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F1GURE 5.1: Flowchart showing the links between Chapter 5 and publications, appen-
dices, and other chapters.

next section. The second consideration is selection of a method for immobilising the
fluorophore to the fibre surface, which is necessary if the fibre is to be left in-situ and
inaccessible for long periods of time as would be the case for aircraft corrosion sensing.
Several methods to achieve this are available as was discussed in Sec. 2.6. In this project
two methods were chosen, the first was to embed the indicator molecule into a porous
polymer (Sec. 5.4) and the second was to covalently attach to a polyelectrolyte layer

that is held electrostatically to the fibre surface (Sec. 5.5).

The advantage of the polymer approach is that it is able to protect the core of the
fibre from unwanted environmental contaminants, but a related problem is adjusting
the porosity so that the indicator molecule is trapped within the polymer, but diffusion
of the analyte (aluminium ions) is possible. On the other hand, the polyelectrolyte
method, as will be seen, produces a very thin layer. This means that the aluminium
ions can easily reach the indicator molecule but the fibre core is not well protected.
Other important considerations include the longevity of the coating, where the polymer

will likely be superior, and how well the indicator is immobilised. A porous polymer only
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holds the indicator by physical entrapment while the polyelectrolytes attach the indicator
to the surface via electrostatic and covalent bonding. However, it is unclear which is
superior as it would depend on many factors such as polymer porosity, environmental

conditions, and the chemistry of either the porous polymer or the polyelectrolytes.

5.1.2 Choice of Organic Fluorophore

The ideal characteristics of a fluorescent indicator for aluminium include the following.

1. Fluorescence increase when complexed to aluminium. In contrast, quenching based
systems can suffer from erroneous results due to variations in system power, such

as from fibre degradation, reduced coupling efficiency, or photobleaching.

2. Stability and operation in a suitable pH range. Most corrosion occurs in either
strongly acidic or strongly basic conditions [8]. It is unlikely that a single type
of molecule would be able to operate (that is, fluoresce in response to aluminium
ions) in both strongly acidic and basic conditions and thus the work in this chapter

will concentrate on acidic conditions.

3. The excitation and fluorescence wavelengths of the molecule should be in the high
transmission window of the optical fibre. As was seen in [P6] and [P7], this occurs
between approximately 500 nm to 1500 nm for the lead-silicate (F2) glass used in

this project.

4. High chemical and photo stability. These are often not quoted in literature but are
essential for a sensor that is intended to be operational for long periods of time.
This is particularly important for this project given that the sensor will need to

survive for a long period of time after it is embedded into a structure.

5. Selective to aluminium. This is not a significant issue for this particular application
as the detection of any metal ions in solution would also likely correspond to
corrosion, but could be important for other aluminium-ion sensing applications

such as water quality testing.

A list of potential candidates that satisfy some of the above conditions are shown in Table

5.1. The molecule chosen for this project is lumogallion due to its visible light operation,
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suitable pH range, and commercial availability. The principle of operation is shown in
Fig. 5.2. When not complexed to aluminium ions, lumogallion is weakly fluorescent.
When complexed to aluminium ions, the molecule becomes strongly fluorescent due to

an increase in rigidity that reduces non-radiative losses [181].

1
Al
/
OH Oy L 0 / \ o, P
HO  “S~on O  S-oH
HO N\\ Al3+ HO N\\
N - N
Cl Cl
lumogallion lumogallion complex
weakly fluorescent strongly fluorescent

FiGure 5.2: Chemical structure for lumogallion and how it can form a fluorescent
complex with aluminium (I1I) ions [182, 183].



TABLE 5.1: List of fluorescence-based indicator molecules for detecting aluminium ions

Common name Chemical name Excitation Fluorescence pH References
or abbreviation wavelength! (nm) wavelength? (nm)  range®
Purpurin 1,2,4-trihydroxyanthaquinone 540 600 5to 7 [148]
DHAB 2,2’-dihydroxyazobenzene 505 600 6to8 [184-189]
Lumogallion 4-chloro-3-(2,4-dihydroxyphenylazo)- 502 588 2 to 5.7 [182, 183, 190-193]
2-hydroxybenzene-1-sulphonic acid
Morin 27,3,4’,5,7-Pentahydroxyflavone 430 500 7 [147, 182, 190]
8-HQ 8-hydroxyquinoline 360 to 390 520 acidic [8, 194]
PAN 1-(2-pyridylazo)-2-naphthol 535 560 3to6 (195]
Alizaren Red PS  1,2,4-trihyroxy 9,10-anthraquinone-3-sulfonic acid 480 564 3to4d (196]
SAPH Salicylaldehyde picolinoylhydrazone 384 468 5.4 [197]
DBIH Dihyroxybenzaldehyde-Isonicotinylhydrazone 394 484 3.5 to 5.5 [198]

1. Most commonly used wavelength, usually close to absorption peak. Note however that the absorption spectrum is usually quite broad (>

40 nm).

2. Center of the fluorescence emission when excited at the specified excitation wavelength. Note however that the fluorescence spectrum is
usually quite broad (> 40 nm).

3. Based on pH ranges used in experiments in literature. Generally not conclusive as this is often not thoroughly studied, to be taken as a

guide only.
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5.2 Characterisation of Lumogallion

The first experiments performed were cuvette spectroscopic and fluorometric measure-

ments in order to confirm the expected behaviour of lumogallion.

5.2.1 Sample Preparation

All lumogallion used in this project (unless modified, as in Sec. 5.5) was purchased
from TCI-America (98% purity). Unless otherwise stated, the lumogallion was dissolved
into an acetic acid buffer solution. Acetic acid and sodium acetate were purchased
from Sigma-Aldrich. Aluminium ions were in the form of hydrated aluminium (IIT)
potassium sulphate, also purchased from Sigma-Aldrich. Throughout this chapter the
presence of hydrated aluminium (III) potassium sulphate will simply be referred to as
aluminium ions. Unless otherwise stated, all cuvette samples were prepared without
any further purification or modification at room temperature using distilled water as
the solvent. Disposable plastic 1 cm x 1 cm x 4.5 ¢cm cuvettes were used for all cuvette

measurements.

5.2.2 Absorption Measurements

Absorption measurements were performed using an incandescent lamp, a fibre coupled
cuvette holder (Ocean Optics, CUV-ALL-UV), and a CCD-array spectrometer (iHR
320 spectrometer with Synapse CCD detector). The concentration of lumogallion was
50 M and the concentration of aluminium ions was chosen to be 0 M and 100 uM. This
meant that the spectrum was measured for uncomplexed lumogallion (0 uM AI*T) and
fully complexed lumogallion (100 M AI3*). That is, for the 100 uM AI3* sample the
number of aluminium ions outnumbers the number of lumogallion molecules and thus
it is assumed that the majority of lumogallion molecules in the sample have formed a
complex. The pH was set to pH = 5 for this experiment, which corresponds to potentially
corrosive conditions, which is close to the optimum value of pH = 5.2 [182, 190, 191],

where the fluorescence emission is greatest.

The results of Fig. 5.3 show that lumogallion has strong visible light absorption, as ex-

pected. In its uncomplexed form lumogallion has an absorption peak at approximately
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FIGURE 5.3: Cuvette measurements for the spectral absorption of lumogallion at pH

= 5 where two different concentrations of aluminium (III) ions are present. The con-

centration of lumogallion was 50 M. The ratio indicates the relative absorption for the
100 ©M aluminium ion sample compared to the 0 pM aluminium ion sample.

425 nm, whereas the complexed form has a shifted absorption peak centred at approxi-
mately 480 nm, noting that both peaks are relatively broad (> 50 nm). The strongest
fluorescence can thus be obtained by exciting close to 480 nm, such as 488 nm from an
argon-ion laser. Also shown in Fig. 5.3 is the ratio of the complexed absorption spec-
trum to the uncomplexed absorption spectrum (grey curve). This is important because,
as will be seen shortly, it is the background fluorescence of the uncomplexed lumogallion
that determines the lowest concentration of aluminium ions that can be detected. Figure
5.3 shows that the peak in this ratio occurs at longer wavelengths, such as 532 nm from a
doubled Nd:YAG laser (which has thus been used in the following measurements), where
the excitation of uncomplexed lumogallion is low. This is particularly important for a
distributed sensor where the light source will need to propagate with low loss over long

distances without significant absorption from the indicator molecule when uncomplexed.

5.2.3 Fluorescence Measurements

In this section the fluorescence response of lumogallion to various concentrations of alu-

minium ions was tested in order to to determine the linearity of the response, which is
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important if a quantitative sensor is to be made, and to determine the lowest concentra-
tion that can be measured. These are both effected by the noise characteristics of the

source and detector, the source power, as well as the behaviour of the chemical.

The cuvette fluorescence measurements were performed using a similar experimental
setup to that used for the absorption measurement. A 532 nm laser (JDSU, Solid-
State, Compact) was directed via a multimode fibre (MMF) into the cuvette which was
held within a fibre coupled cuvette holder (Ocean Optics, CUV-ALL-UV). Fluorescence
was captured perpendicular to the excitation pump into a multi-mode fibre (MMF)
and directed into a CCD-array spectrometer (iHR 320 spectrometer with Synapse CCD

detector). The experimental setup is shown in Fig. 5.4.

Spectrometer
MMF
Cuvette
20 X
| 532 nm I CD +
MMF
Cuvette

holder

FIGURE 5.4: Experimental setup for fluorescence measurements using cuvettes.

The raw spectra are shown in Fig. 5.5 where it is seen that the fluorescence intensity
increases approximately linearly with increase in aluminium ion concentration over the
range of 0.2 uM to 50 uM. The spectra were then integrated from 540 nm to 800 nm and
divided by the 0 uM sample (Fig. 5.6) so that the curve demonstrates the relative level
of fluorescence measured compared to the uncomplexed sample. Note that the lower
integration limit of 540 nm was chosen to avoid excitation light, and the upper limit of
800 nm was chosen because the fluorescence spectrum was over an order of magnitude

lower than the peak value at wavelengths beyond this.

Figure 5.6 confirms that the response is close to linear from 0.2 uM to 50 pM, with a
linear fit R? value of 0.98 in this range (with a base 10 logarithm taken of the data). The
minimum concentration detected was approximately 0.2 uM, where below this the fluo-
rescence from the small proportion of complexed lumogallion could not be distinguished
from that of the uncomplexed lumogallion for this particular experimental configuration.

Figure 5.5 shows that it is the background fluorescence of the uncomplexed lumogallion
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FI1GURE 5.5: Cuvette measurements for the fluorescence of 50 pM lumogallion at pH

= 5 for various concentrations of aluminium (III) ions present, excited at 532 nm. The

aluminium ion concentration increases with increasing line darkness, 0 uM (lightest
grey), to 0.2 uM, 0.5 uM, 1 M, 2 uM, 5 uM, 10 pM, 20 uM, 50 pM (black).
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FIGURE 5.6: Cuvette measurements for the fluorescence of 50 pM lumogallion at pH

= 5 for various concentrations of aluminium (III) ions present, excited at 532 nm. The

spectra from Fig. 5.5 have been integrated and divided by the 0 pM aluminium ion
sample. The linear fit is for the data between 0.2 yM and 50 uM.
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that sets the minimum concentration that could be detected, rather than limits in the
measurement system noise. This could either be due to impurities in the purchased
lumogallion or from intrinsic fluorescence of the molecule. In principle, this could be
reduced by lowering the lumogallion concentration, which would also reduce the max-
imum concentration that can be detected. Thus, a more useful figure of merit is that
approximately two orders of magnitude of aluminium ion concentration can be linearly
measured, provided that noise does not prevent the lower concentrations from being

measured.

5.3 Exposed-Core Fibre Solution Measurements

The ultimate aim is to immobilise lumogallion molecules onto an MOF' surface by some
means. However, a first step is to test the ability to use an MOF for measuring lumogal-
lion fluorescence when in solution form. This was achieved by immersing short lengths
of exposed-core fibre into lumogallion-aluminium solutions and then measuring the fluo-
rescence coupled into the core of the fibre. Note that similar experiments could be done

using enclosed suspended-core fibre and should, in principle, yield similar results.

The exposed-core fibres used in this experiment were described in detail in [P6]. They
were from trial #4, with a core diameter of 3.2 ym, a loss of 2-6 dB/m at the wavelengths

used here (500 to 800 nm), and were made from lead-silicate (F2) glass.

Mirror Mirror
532 nm 633 nm
546 LP Exposed-
Spectrometer 4 X filter 100 X Cfre fibore 100 X
MMF . . . Mirror
Dichoic
mirror

FIGURE 5.7: Experimental setup used to measure the fluorescence captured by an

exposed-core fibre when immersed into a lumogallion solution containing varied con-

centrations of aluminium ions. Note that the details of the immersion setup are not

shown here. The 633 nm HeNe laser was only used for alignment of the multi-mode fibre

(MMF) prior to immersion. After alignment it was then turned off and the right-hand
end of the fibre was immersed into the lumogallion solution.
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As shown in Fig. 5.7, 532 nm laser light (JDSU, Solid-State, Compact) was coupled into
the exposed-core fibre using a 100x microscope objective. Prior to measurement the
coupling into the core of the fibre was measured using a power meter and this value was
later used for normalising the results to the coupling efficiency. This was necessary due
to the variability that can result from coupling into small-core fibres using free space
optics, as was done here. Note that the output power was assumed to be proportional
to the coupling efficiency due to the fibre length being short compared to the expected
loss (12 cm compared to 2-6 dB/m in [P7]), and the length being consistent between
samples. The 633 nm HeNe was then coupled into the opposite end of the fibre so
that alignment into the multi-mode fibre (MMF) and thus the spectrometer (iHR 320
spectrometer with Synapse CCD detector) could be optimised. It was subsequently
turned off. The right hand side of the exposed-core fibre was then flame-sealed so that
the resulting measurements would be from the exposed region of the fibre, rather than
from the internal holes. That is, the end of the fibre was placed briefly (approximately
one second) into a naked flame so that the end of the fibre melted and the holes closed.
The sealed end of the fibre was then immersed into the lumogallion solution, where 2
cm out of a total length of 12 cm was immersed. Note that longer lengths could have
been used but this was not found to be necessary in order to achieve a strong signal
in this experiment. After 10 seconds of immersion a spectral scan was recorded. The
spectra were integrated and then normalised to both the initial coupled power (which
varied between 8 yW and 12 pW and was measured previously with a power meter) and
the spectrometer integration time (0.1 to 1.0 seconds). The integrated results were then
then divided by the 0 uM AI** sample. The results are shown in Fig. 5.8 and are the

exposed-core fibre equivalent of the cuvette measurements in Fig. 5.6.

The results of Fig. 5.8 show a near linear response to aluminium ion concentration,
thus demonstrating that exposed-core fibres can be used for sensing of aqueous chemi-
cals. However, these results show a greater variability compared to the previous cuvette
measurements, where the R? value for a linear fit between 0.5 uM to 50 uM was 0.90,
compared to 0.98 for the cuvette measurements (where the 0.2 M sample was also
included). This is likely attributed to variations in coupling efficiency, which would be
far greater for the exposed-core fibre setup compared to the cuvette setup. This could
potentially be solved in future by splicing the exposed-core fibre to another fibre that

has better coupling stability. Note that an advantage of using an exposed-core fibre in a
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FIGURE 5.8: Integrated fluorescence response of 50 uM lumogallion at pH = 5 for

various concentrations of aluminium (IIT) ions present. The spectra obtained were

integrated and divided by the 0 pM aluminium ion sample. The linear fit is for the
data between 0.5 M and 50 pM.

spliced configuration is that there would be no issues with gas pressure build-up within
the holes of the fibre when filling with liquids as would be the case with an enclosed

MOF.

The minimum concentration of aluminium that could be detected, that is, where the
data was reliably greater than unity in Fig. 5.8, was 5 uM. Unfortunately, this is higher
than the 0.2 yM that was measured using the cuvette samples despite using the same
spectrometer and laser for both experiments. This is due to low coupling efficiency
into the exposed-core fibre (approximately 10-20%), transmission loss of the fibre, and
increased background signal from the glass background fluorescence [4, 199, 200]. The
glass background fluorescence arises from impurities within the glass and adds a baseline

signal to the results that interferes with the intended fluorescence measurement.

The interaction length and power fraction are also important factors. They can be used
to define an effective interaction length, often called sensitivity [9], as power fraction
(PF) x immersed fibre length (L). This effective interaction length is proportional to
the fluorescent signal in the absence of fibre loss and when the pump is not absorbed
significantly by the fluorophore. By extrapolating from the numerical results of [P3], the

fundamental mode power fraction of the exposed-core fibre used in these experiments
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(core diameter of 3.2 um) is predicted to be approximately 0.1%. Thus, the effective
interaction length is approximately PF x L = 0.1% x 2 cm = 20 pum, which is 500x
smaller than the 1 cm interaction length of the cuvette, and also approximately 6000 x

smaller than the interaction length of the background glass fluorescence (12 cm).

By reducing the optical loss and background fluorescence via the use of higher purity
glass, reducing the core diameter (for increased power fraction [P3]), and optimising the
coupling efficiency it should be possible to reduce the minimum concentration that can
be detected to the same levels as measured for the cuvette samples where it was the
intrinsic background fluorescence of the lumogallion that prevented lower levels from

being measured.

5.4 Porous Polymer Coating

5.4.1 Overview

In this experiment the porous polymer originally developed in Ref. [8] was used to
immobilise lumogallion onto the surface of several types of optical fibres, and then the
fluorescence response to aluminium ions was measured. Two types of experiments were
performed. For the first experiment the optical fibres were dip coated with the polymer,
the polymer was embedded with lumogallion, and then the fluorescence response was
measured when dipped into an aqueous aluminium ion solution. In the second experi-
ment the fibres were placed into model aluminium lap joints and held into a small groove
with the porous polymer, which was then embedded with lumogallion. The lap joints
were placed into a salt spray chamber which accelerated the corrosion of the aluminium
plates and the fluorescence response was measured to determine if corrosion could be

detected.

All porous polymer experiments (Sec. 5.4) were performed at the Defence Science and

Technology Organisation (DSTO) in collaboration with Silvia Tejedor, Claire Davis,
and Grant McAdam. The F2 exposed-core fibres and F2 bare fibres used in these
experiments were prepared at The University of Adelaide as part of this project and
taken to DSTO. The fibre coatings, salt spray chamber experiments, and optical mea-

surements were all performed as a collaborative experiment at DSTO run primarily by
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Stephen Warren-Smith and Silvia Tejedor. Data analysis and scanning electron micro-

scope (SEM) imaging was performed at The University of Adelaide.

5.4.2 Material Preparation

The porous polymer is based on previous work performed by DSTO [8], which was
subsequently refined and presented in Ref. [201]. The polymer preparation is designed
to provide a highly porous membrane that, in principle, will embed the lumogallion but

allow diffusion of the aluminium ions.

The porous polymer was prepared by combining 2 ml Poly(oxyethylene-co-oxypropylene)-
triol (3-PEG) with 500 mg Tolonate HDT-LV2 (crosslinker) and 40 mg CAT TD33 amine
catalyst. The coatings were applied within a short period of time of the polymer prepa-
ration (< 20 mins) so that it did not start curing before it was coated. The polymer

was then allowed to cure fully overnight.

In these experiments, the lumogallion was not embeded into the porous polymer until
after the polymer had cured. Note that it may be possible in future to incorporate the
lumogallion into the polymer preparation stage, but it is not yet known if this would
interfere with the polymerisation reaction. Thus, embedding the lumogallion involved
immersing the polymer samples into lumogallion solutions. For this purpose a 0.1 w/w%
lumogallion solution was prepared by dissolving 0.1 g in 100 ml distilled water, which

was further diluted to 0.001 w/w% by adding 1 ml to 100 ml distilled water.

For the dip-coated fibres, the final stage of the experiments was to immerse the fibres
into an aluminium ion solution. For this a high concentration sample (compared to the
cuvette experiments) was prepared in order to optimise the probability of a positive
result given that the diffusion rate of aluminium through the polymer is unknown and
could be quite low. That is, a 1 w/w% aluminium sulphate solution was prepared by

dissolving 1 g in 100 ml distilled water.

5.4.3 Dip Coated Fibre Experiments

Eighteen optical fibres were dip-coated with the polymer. Six were F2 exposed-core

fibres, six were F2 bare fibres (BF), that is, with no structure and thus an air cladding,
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and six were silica bare fibres. The silica fibres were originally polymer-clad but this was
stripped so that the porous polymer could be coated onto them. The outer diameters
of these fibres were 160 pum, 160 pum, and 600 pm, respectively. The fibres were held
vertically and manually dipped into the polymer solution for a length of approximately 2-
3 cm. After curing overnight, lumogallion was embedded into the polymer by immersing
the polymer coated section of the fibres into the 0.001 w/w% lumogallion solution for
16 hrs. Images of the F2 and silica bare fibres are shown in Fig. 5.9, noting that the
exposed-core fibres appeared very similar to the F2 bare fibres due to their similar outer

diameter.

FIGURE 5.9: Images of two F2 fibres (left) and four silica fibres (right) after dip-coating

with the porous polymer and then immersing into the 0.001% lumogallion solution

overnight. The near-horizontal lines are 8 mm apart (as an indication of the scale of
this image).

FIGURE 5.10: Images of two F2 bare fibres showing the inconsistent polymer coating.
The near-horizontal lines are 8 mm apart.

The orange colouration of the polymer coating in Fig. 5.9 suggests that lumogallion
was successfully embedded into the polymer. The colouration could also indicate simple

surface adsorption but this is unlikely the case as the colour did not fade after rinsing.
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The polymer coating appears to have better consistency for the larger silica fibre. The
F2 bare and exposed-core fibres tended to have large conglomerations of polymer along

the length as shown in Fig. 5.10.

To test how well the polymer infiltrated the wedged region of the exposed-core fibre
several scanning electron microscope (SEM) images were taken of the fibre after cleaving

at a coated region of the fibre. Samples of these images are shown in Fig. 5.11.

FIGURE 5.11: Scanning electron microscope (SEM) images of F2 exposed-core fibre

after dip-coating with the porous polymer. (a) Core region where both holes were

infiltrated, (b) no holes infiltrated, and (¢) one hole infiltrated with the polymer. (d,

e) Shows how the polymer fills the wedged region of the fibre. (f) Cracks observed in
the polymer near the core of the exposed-core fibre.

The SEM images show that the polymer successfully infiltrated the wedged region and
makes close contact to the core of the fibre. Unfortunately, the polymer sometimes
infiltrates the holes of the fibre due to the struts breaking. Also, small cracks were
observed in the polymer near the core of the fibre, which could partially explain the

high losses in the polymer coated exposed-core fibres in the results that follow.

To measure the fluorescence response of the dip-coated fibres the setup shown in Fig.
5.7 was used except that the spectrometer was a USB2000 Ocean Optics spectrometer.
Also, the 100x microscope objectives were replaced with 4x microscope objectives for
the F2 and silica bare fibres and a 1.8 optical-density neutral density filter was used in

front of the 532 nm laser to reduce the effects of photobleaching.

A background signal was recorded prior to immersing the ends of the fibres into the
aluminium solution. This background signal is a result of glass fluorescence [199] and
uncomplexed lumogallion fluorescence, and was found to be proportional to input ex-

citation power. The coated end of the fibres were then immersed into the 1 w/w%
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aluminium solution and the fluorescence spectra recorded over time. The spectra were
then integrated and normalised to the background fluorescence signal prior to immer-
sion. For controls, some of the fibres were immersed into distilled water only. The
results are shown in Fig. 5.12. Note that some of the samples are not present, such
as a water immersion measurement for the exposed-core fibre, which was due to fibre

breakage during handling.
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FIGURE 5.12: The fluorescence response for the dip coated fibres as a function of

time. The orange curves (three shades, repeated experiment) correspond to when the

fibres were immersed into the aluminium solution while the blue curves (three shades,
repeated experiment) correspond to being immersed into distilled water only.

Unfortunately, the results of Fig. 5.12 do not show a strong correlation with time
immersed into the aluminium ion solution. There are several possible reasons for this.

First, the penetration depth of lumogallion or aluminium ions into the polymer is not
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known and thus it is possible that the lumogallion or aluminium ions have not reached
the evanescent field of the fibre. Alternatively, the evanescent field interaction of the bare
fibres may not have been sufficient to provide a measurable signal, while the coupling
efficiency and loss of the exposed-core fibre prevented the fluorescence being measured.
For example, the output power of the third exposed-core fibre in Fig. 5.12 prior to
immersion was only 8.3 uW out of a laser power of 24 mW when no neutral density filter
was used. Assuming even a very poor coupling efficiency of 1% this still implies a fibre
loss of approximately 1 dB/cm for the 15 c¢cm long fibre. This was found to be similar,
or worse, for the other exposed-core fibres after being coated with the polymer. Indeed,
the increased loss of the exposed-core fibres after being coated with the polymer is a
significant problem. It likely arises from a combination of scattering loss from the porous
nature of the polymer and also the high intrinsic optical absorption of the polymer,
given it had an opaque white appearance prior to lumogallion immersion. Improving
the coated fibre optical loss could be achieved through both the fibre fabrication and
polymer preparation. Of course, decreasing the background loss of the exposed-core
fibre would assist towards reducing the overall loss after coating with a polymer. Also,
improving the structural strength, such as with increased strut thickness, could prevent
damage to the fibre as the polymer cures. Likewise, improving the optical transparency
and consistency of the polymer is desirable, and it may be that a compromise between

porosity and transparency is required.

In summary, a variety of optical fibres have been coated with a porous polymer coating
that has been embedded with lumogallion. While the experimental results did not
conclusively demonstrate a sensitivity to aluminium ions, the results show that a porous
polymer can be successfully coated onto an exposed-core fibre, as well as bare F2 and

silica fibres.

5.4.4 Lap Joint Experiments

Three lap joints were prepared for corrosion simulations, one with dimensions of approx-
imately 10 x 10 cm? (short lap joint) and two with dimensions 10 x 20 cm? (long lap
joint). The lap joints consisted of a perspex sheet with three 1 mm grooves, which was
then bolted to an aluminium sheet. Each perspex sheet had an F2 exposed-core fibre,

an F2 bare fibre, and a silica bare fibre placed individually into the grooves. The groove
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was then filled with the polymer solution and was allowed to cure overnight. The lap
joints, without the aluminium sheet, were then immersed into the 0.001 w/w% lumogal-
lion solution for 16 hrs. An image of the lap joint after the lumogallion immersion but

without the aluminium sheet attached is shown in Fig. 5.13

F1cURE 5.13: Image of the short lap joint image after the fibres have been embedded

using the polymer and then immersed into lumogallion. Note that only the perspex

side of the lap joint is shown, an aluminium plate was subsequently attached for the
corrosion experiments.

The aluminium sheets were then attached to the lap joints and placed into a salt spray
chamber (Ascott) that was located at DSTO, which is shown in Fig. 5.14. The purpose
of the salt spray chamber is to rapidly accelerate the rate of corrosion for these types of
experiments. An image of the lap joints with the aluminium sheets attached and after

16 hrs of being in the salt spray chamber is shown in Fig. 5.15.

The fluorescence of the fibres embedded in the lap joints was measured after each process-
ing step using the same optics setup as used for the dip-coated fibres. The fluorescence
was then measured after 16 hrs, 39 hrs, and 60 hrs in the salt spray chamber. The
fluorescence spectra were then integrated with the results shown in Fig. 5.16. Only the
F2 and silica bare fibres have been shown as the exposed-core fibres did not survive be-
yond the polymer coating step, that is, no measurable amount of optical power could be
coupled into and out of the core of the fibre. This agrees with the findings for dip-coated
fibres (Sec. 5.4.3) where very little power could transmit through the fibre, noting that
the coating length for the dip-coated fibres was only 2 cm compared to 10 cm and 20

cm for the lap joints.

Unlike the dip-coated fibre results, the results for the lap-joint fibres in Fig. 5.16 show

an increase in the fluorescence signal for increased exposure to a corrosive environment.
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FIGURE 5.14: Salt spray chamber used to accelerate the rate of corrosion of the alu-
minium lap joints.

F1GURE 5.15: Images of all the lap joints with the aluminium plates attached. Image
taken after 16 hrs in the salt spray chamber, where salt deposits and early corrosion
can be seen on the aluminium plates.
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FIGURE 5.16: Fluorescence measured for the fibres embedded into the lap joints after
polymer coating, lumogallion immersion, and three different lengths of time in the salt
spray chamber. SLJ refers to the short lap joint and LLJ refers to the long lap joint.

This increase in fluorescence is strongest for the F2 bare fibre, which agrees with evanes-
cent field theory that smaller core fibres should have higher sensitivity, and that the
higher refractive index material should have a greater fluorescence capture [P4]. How-
ever, the results suffer from large inconsistencies, particularly seen by the anomalously
high result for the F2 bare fibre in the short lap joint. It is unclear what has caused
these inconsistencies. It is unlikely that a lack of repeatability in coupling into the fibres
or the spectrometer is the cause as coupling into large core diameter fibres is generally
repeatable to within approximately 10%. Explanations could include that the coating
was not consistently applied to the fibre surface or perhaps free lumogallion was still
present in the short lap joint for the F2 bare fibre. Alternatively, the corrosion itself may
have not been consistent for the different lap joints, particularly given that aluminium

alloys generally exhibits blisters and pitting rather than uniform corrosion [136, 202].

5.4.5 Discussion and Conclusions

Three different optical fibres were successfully coated with a porous polymer. The

coating adhered well to the surface and did not appear to remove after immersion into
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the lumogallion or when either placed into an aluminium ion solution or the salt-spray
chamber. Lumogallion was also seen to incorporate into the polymer coating, seen by the
colouration of the polymer after being immersed into the lumogallion solution. However,
the dip coated fibres suffered from poor coating consistency. The coating appears more
uniform for the larger silica bare fibre compared to the F2 bare fibres and exposed-core
fibres. Meanwhile, the lap joint polymer coating appeared to form bubbles along the
length of the channel. The solution to this problem will likely be optimising the coating
procedure, as manual dip coating is unlikely to yield uniform coatings. Alternatives
could include robotically controlled dip coating or coating that is performed as part of
the fibre drawing process. In addition, modification of the chemistry so that the curing
time is reduced will also be beneficial, otherwise the polymer will simply deform once

coated onto the fibre.

Fluorescence measurements were performed with both dip-coated and lap-joint embed-
ded fibres. The dip coated fibre measurements did not show a consistent increase in
signal when immersed into an aluminium ion solution. In contrast, the lap-joint fibre
results demonstrated a correlation, albeit somewhat inconsistent, between measured flu-

orescence and time spent in a corrosive environment, particularly for the F2 bare fibres.

As has been stated, there are several (addressable) reasons for the results having some
inconsistencies. While the optical setup is a contributing factor, it is unlikely to be
the primary reason, particularly for the large diameter bare fibres. This implies the
chemistry of either the polymer, the lumogallion, the aluminium ions, or a combination
of all three must be hampering the results. For example, the diffusion rates of the
lumogallion and the aluminium ions through the polymer is an unknown that needs to be
investigated more thoroughly. The porosity of the polymer should also be characterised

in order to understand the diffusion behaviour.

In regards to applying this method to microstructured optical fibre sensing, these exper-
iments demonstrate that a porous polymer can be coated onto an exposed-core fibre and
fully infiltrate the wedged region of the fibre. However, it was found that the exposed-
core fibre suffered from an increase in optical loss after being coated with the polymer.
In this case, the high sensitivity of the MOF can cause it to also become highly sensitive
to the coating consistency and absorption properties. This is an issue that will need to

be solved if distributed sensing is desired.
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5.5 Polyelectrolyte Attachment

5.5.1 Concepts

In this section the second method of attaching lumogallion to the surface of optical fibres
is studied. Here a polyelectrolyte coating was first electrostatically coated onto the glass
surface and then a derivative of the lumogallion molecule was covalently attached to this

layer.

Polyelectrolytes provide a method for giving functionality to the surface of otherwise in-
active surfaces such as glass [112]. In these experiments a polyelectrolyte with an amine
functional group (PAH, poly(allylamine hydrochloride)) was used so that compounds
with carboxylic functional groups can be attached using a standard carboxyl-amine cou-
pling reaction. The polyelectrolyte attaches to the glass surface using electrostatic forces.
PAH is a strongly electropositive polymer that can bind to the weakly electronegative
glass surface as shown in the bottom half of Fig. 5.17. The advantage of this method is
that it can be used for many different surfaces, including different glass surfaces [110],
but suffers from the fact that the interaction with glass is relatively weak compared to,

say, a covalent bond.

Q Compound with %
/C~OH carboxylic acid functional /C~0H
R group R
NH3CI NH3CI
® ®
Electropositive
PAH layer
n n

ST ST s S LSS ST

F1GURE 5.17: The polyelectrolyte, PAH in this case, forms an electrostatic interac-

tion with the glass surface. The amine functional groups can then be used to attach

other compounds with suitable functional groups for binding, such as a carboxylic acid
functional group.

However, observe in Fig. 5.18 that the original lumogallion compound does not have a
suitable functional group to couple to a PAH layer. Therefore a derivative of lumogallion
was synthesised (by Sabrina Heng, The University of Adelaide, as a collaboration created

to support the chemical aspects of this corrosion sensing project) so that it would have
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similar aluminium ion complexing abilities to lumogallion but has a carboxylic acid
functional group (Fig. 5.18) that can, in the presence of suitable coupling reagents,
couple to PAH as shown in Fig. 5.17. Observe that the lumogallion derivative still has

the components required for it to be able to form a fluorescent complex with aluminium.

OH (ONpY) OH 0
HO S\OH HO C\OH
HO N\\ HO N.
N °N
Cl
lumogallion lumogallion derivative

F1GureE 5.18: Chemical structure for lumogallion and the derivative used for
polyelectrolyte-based attachment.

The work in this section, including the synthesis of the lumogallion derivative, has been
prepared for publication. As it was prepared after this chapter was drafted it is included
in Appendix D. A statement of contribution is also included at the start of Appendix
D.

5.5.2 Compound Characterisation

Before testing the attachment of the lumogallion derivative (L2) to glass surfaces, its
absorption and fluorescence properties were tested in comparison to the original lumogal-
lion compound (L1). Cuvette samples were prepared and measurements were performed
as described in Sec. 5.2. The absorption measurements are shown in Fig. 5.19 and the
fluorescence measurements are shown in Fig. 5.20. The results of the original lumogal-

lion compound (L1) have been shown again for comparision.

Figures 5.19 and 5.20 show that both the absorption and fluorescence of the lumogal-
lion derivative (L2) is similar to that of the original lumogallion compound (L1). The
fluorescence results of Fig. 5.20 show that the fluorescence intensity of the lumogal-
lion derivative is lower compared to the original lumogallion compound. However, this
occurs for both complexed and uncomplexed forms of the compound and thus is not
necessarily disadvantageous when competition with the uncomplexed lumogallion back-
ground is the limiting factor in the measurement. For this reason, the data in Fig. 5.21
shows the fluorescence results when the spectra have been integrated, the dark noise
subtracted, and divided by the associated 0 uM Al** measurement, as was done for

Figs. 5.6 and 5.8. Figure 5.21 shows there is very little difference in aluminium ion
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FIGURE 5.19: Cuvette measurements for the spectral absorption of commercial lu-
mogallion (L1, blue curves) and the in-house synthesised lumogallion derivative (L2,
orange curves) at pH = 5 for various concentrations of aluminium (III) ions present
(shown in legend). The concentration of both the original lumogallion (L1) and the
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lumogallion derivative (L2) was 50 uM.
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F1GURE 5.20: Cuvette measurements for the fluorescence of 50 pM original lumogallion
(L1, blue curves) and 50 pM lumogallion derivative (L2, orange curves) at pH = 5 for

various concentrations of aluminium (III) ions present (shown in legend), excited at

532 nm.
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sensing performance between the two compounds. Most importantly, Fig. 5.21 shows

that the lumogallion derivative emits fluorescence that increases linearly with increasing

aluminium concentration, making it suitable for a sensing application.

100

e L1 Data

e L2 Data

10

Ratio of fluorescence counts

L1 Linear fit (R* = 0.98)

L2 Linear fit (R* = 0.99)

0
0.1

10 100
Concentration (uM)

FIGURE 5.21: Integration of the results in Fig. 5.20, where the dark noise has been
removed and each data point has been divided by the associated 0 uM Al** measure-

ment.
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5.5.3 Glass Slide Experiments

Glass slides were used to test and optimise the ability to attach the lumogallion derivative
to a glass surface. While the glass and coating procedures necessarily vary from that used
for optical fibre experiments, this allowed the concept to be demonstrated for a simpler
physical arrangement. The primary differences between the glass slide experiments and
the MOF experiments were differences in glass chemistry and the coating procedure.
The MOFs were fabricated from lead-silicate (F2) glass, compared to the primarily
silica microscope slides. Also, the glass slides were coated by immersing them into the
required solution whereas coating the MOFs, as will be seen in Sec. 5.5.4, required

forcing the liquids through the small MOF holes.

In the following experiments two coating layers were applied to the glass slides, a single

polyelectrolyte layer and a lumogallion layer.

For each experiment eight glass slides were prepared by cutting standard microscope
slides into dimensions of 1 x 2.5 cm?. The slides were then rinsed thoroughly with
distilled water and methanol, and then dried with nitrogen gas. The slides were placed
vertically onto a teflon rack (length 10 cm), which fit into the 30 ml teflon bath shown

in Fig. 5.22.

FIGURE 5.22: Teflon bath and rack used for coating glass slides

The polyelectrolyte layer consisted of PAH (poly(allylamine hydrochloride)), prepared
with a concentration of 2 mg/ml in 1 M NaCl. The PAH solution was then placed into

the teflon bath and allowed to sit for one hour. The slides were then rinsed with distilled
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water only, as organic solvents can remove the PAH coating. The lumogallion solution
was prepared with a concentration of 100 uM in distilled water, with 200 ul of EDC
(1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) and NHS (N-hydroxysuccinimide) so-
lution (Biacore coupling solutions) added to 60 ml of the lumogallion solution, of which
approximately 30 ml was used for each experiment. The teflon bath, containing the glass
slides and teflon rack, was then filled with the lumogallion solution for approximately
three hours. The slides were then rinsed thoroughly with distilled water and dried with

nitrogen gas.

Controls for the experiment were prepared with either only the PAH layer or only the
lumogallion layer, the order of these controls are shown in Fig. 5.23(a) with respect the

the results that follow.

To measure the fluorescence response of the coated slides to aluminium ions a fluores-
cence imager was used (Typhoon Variable Mode Imager). The glass slides were placed
onto the surface and drops of aluminium ion solution (approximately 25 ul each) were
placed onto the slides with the arrangement shown in Fig. 5.23(a). That is, two drops
were placed onto each slide with various concentrations. The slides were then scanned
with an excitation wavelength of 532 nm, a 560 nm long pass filter, normal sensitivity,
a resolution of 200 pm, and a photomultiplier tube (PMT) voltage of either 600 or 650
V (see Fig. 5.23 caption).

For the first experiment the aluminium ion solutions were buffered at pH = 5 using the
same acetic acid buffer used previously. The fluorescence imaging results are shown in

Fig. 5.23(b).

It is seen in Fig. 5.23(b) that there is an increase in fluorescence intensity that correlates
with aluminium ion concentration, particularly for the two higher concentrations (100
uM and 1 mM). However, there is also a considerable increase in fluorescence for the neg-
ative controls relative to outside the aluminium drop. Another important consideration
is how well the coating survives the acidic buffer solution, given that polyelectrolytes
are generally used for biological applications in near neutral conditions. To test this
later point the experiment was repeated but where two of the slides were rinsed with the
buffer solution prior to fluorescence imaging (last two right hand side slides in image).

The results are shown in Fig. 5.23(c).
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Lumogallion derivative

(b)

(c)

(d)

FIGURE 5.23: (a) Order of coating and aluminium solution drops for glass slide exper-
iments. B refers to a drop of the buffer (or water), 10 = 10 pM AI**, 100 = 100 uM
APt and 1m = 1 mM AI3*. The first four slides are negative controls. (b-d) Fluores-
cence image results for glass slides (1 x 2.5 cm?) coated with a single PAH layer and
then a lumogallion derivative layer where darker indicates greater fluorescence. The
aluminium ion solutions were buffered at pH = 5 in (b, ¢) and were in distilled water in
(d). The PMT voltage was 650 V in (b) and 600 V in (c, d). In (c) the last two slides
were rinsed with the pH = 5 acetic acid buffer solution prior to fluorescence imaging.
The images were recorded 22, 30, and 45 minutes after placing the aluminium ion drops
in (b, ¢, d), respectively. Note that only approximately the upper 80% of the slides
were coated in (b, ¢) and the lower 80% in (d).
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The results of Fig. 5.23(c) show that after rinsing with the buffer there is no longer a
correlation between fluorescence intensity and the aluminium ion concentration, indicat-
ing that the coating was removed. A possible explanation is that the acetic acid forms
a salt with the polyelectrolyte, allowing it to be rinsed off. To circumvent this problem
the glass slides were then tested in distilled water (near neutral pH, slightly acidic due
to carboxylic acid). While the fluorescence response is expected to be greatest in acidic
conditions, cuvette measurements (not shown here) still showed a sufficient response
in a distilled water solution. Thus, the previous experiment was repeated but with a
water-only aluminium ion solution. The coating times were also extended to counter
the expected lower fluorescence signal, the PAH coating step was four hours and the
lumogallion step for 18 hours. In principle, the extended coating time should allow for a

greater surface density of PAH and lumogallion. The results are shown in Fig. 5.23(d).

Figure 5.23(d) shows a strong correlation between aluminium ion concentration and
fluorescence intensity. Interestingly, the control slides show a reduced background signal
compared to when the acetic acid buffer was used, indicating that the acidic buffer had

a background signal that was previously interfering with the results.

The results in this section demonstrate that the lumogallion derivative can be attached
to a glass surface using the polyelectrolyte method and aluminium ions can subsequently
be detected using fluorescence measurements. Unfortunately, but as expected, the poly-
electrolyte method appears to be unstable in acidic conditions. This is unsurprising
given that polyelectrolytes are generally used for near-neutral biological applications.
Thus, improving the coating stability will be an important avenue of research if this
method is to used for corrosion sensing. Possible improvements could be to increase the
number of polyelectrolyte layers or to instead use an approach where a covalent bond is
used rather than electrostatic forces, such as through the use of silanes [109] [P5], which

should provide a more robust coating.

5.5.4 Microstructured Optical Fibre Experiments

The process used in Sec. 5.5.3 was then applied for a microstructured optical fibre, in
this case an enclosed suspended-core fibre (wagon wheel fibre) with an effective core
diameter (see [P6] for definition) of approximately 1.7 um and a hole diameter of 12 ym

(Fig. 5.24). Note that this fibre was fabricated in a different project. It was fabricated
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using the techniques presented in [P6] but using active pressurisation of the fibre holes
in order to increase the hole diameter, and thus improve liquid filling speeds and reduce

hole blockages.

FIGURE 5.24: Scanning electron microscope image (SEM) of the inflated suspended-
core fibre (WW) fibre used in this experiment.

The coating procedure is significantly different for the suspended-core fibre compared to
the glass slide experiment. The primary difference is that rather than being immersed
into the coating solutions, the coating solutions are forced through the fibre’s internal
holes using positive pressure. To apply the pressure the fibres were sealed into a metal
chamber using a rubber seal and regulated nitrogen gas was fed into the chamber using

a pressurised nitrogen gas bottle. The pressure filling setup is shown in Fig. 5.25.

Regulator
Rubber
seal
Chamber(s)
Nitrogen
bottle

FIGURE 5.25: Pressure filling setup used to coat the internal surfaces of MOFs. The

fibre is inserted into the rubber seal using a syringe. A sample vial is then positioned

into the chamber, which is closed before applying pressure via the nitrogen gas bottle
and regulator.

The coating procedure went as follows. The PAH solution was flushed through 2 x 60
cm lengths of suspended-core fibre with 20 psi pressure for three hours. The fibres were
then flushed with water for 30 mins at 40 psi and then nitrogen gas for 30 mins at 40

psi. The lumogallion solution was prepared with a concentration of 50 uM in distilled
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water, with 200 pl of EDC and NHS solution added to 10 ml of the lumogallion solution,
of which approximately 2 ml was used for the experiment. The fibres were then flushed
with the lumogallion solution for three hours at 20 psi, then rinsed with distilled water
and nitrogen as done after the PAH coating. Note that the fibres were cleaved at both
ends after each step to prevent residue blocking the holes. Also, the whole length of
the fibre was checked under an optical microscope after each nitrogen flushing step to

ensure that all liquid was removed from the fibre.

The fibres were cleaved into 60 mm pieces and placed into the setup shown in Fig.
5.7. The fibres were filled with various concentrations of aluminium ion solutions for
10 minutes using capillary forces only. Spectra were recorded before and 10 minutes
after filling with the alumimium ion solution. No change in the background fluorescence
was observed with filling with the aluminium ion solution for concentrations equal to or

below 3 mM, but the results for concentrations of 10 mM and 30 mM are shown in Fig.

5.26.
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FIGURE 5.26: Spectra recorded after filling a PAH and lumogallion coated suspended-
core fibre with aluminium ion solutions. The left and right spectra are repeats of the
same measurement using a different piece of the coated fibre.

For the 10 mM samples there is a small increase in the fluorescence signal after filling

with the aluminium ion solution, and a large increase for the 30 mM sample. This
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demonstrates that the suspended-core fibre can be used for aluminium ion sensing us-
ing the PAH-lumogallion coating method. However, the concentrations that could be
detected are two order of magnitude higher than that measured using the glass slide
arrangement. This is due to the large amount of background fluorescence from the
uncomplexed lumogallion that is present. This background fluorescence (black curves
in Fig. 5.26) was only present after the coating procedure, that is, it is not the glass
background fluorescence. This implies that the surface density of attached lumogallion
is actually too high to measure lower concentrations of aluminium. Further experiments
could thus be performed to understand how the coating procedure can be altered to
produce a surface density that allows lower concentrations to be measured. For exam-
ple, the lumogallion solution concentration or the flushing time through the fibre could
be reduced. Note that a method for estimating the surface density of an attached fluo-
rophore was developed in [P5] and could be used here in order to assist the optimisation

process.

As a final comment, the polyelectrolyte coating method was tested with the exposed-
core fibre several times (not shown here). Unfortunately, no increase in the fluorescence
signal was observed after immersing the exposed-core fibres into various aluminium
ion solutions. It is unclear why this was the case, but a possible explanation is that
the difference in the coating procedure prevented a successful coating of lumogallion
from being applied to the fibre core. That is, instead of flowing the coating solution
through the fibre holes as was the case for the enclosed MOF, the exposed-core fibres
were immersed into a measuring cylinder containing the coating solution. This is a
considerably more static condition compared to the enclosed MOF. Also, access to the
core of the exposed-core fibre is considerably more restricted compared to the glass
slides, which were coated statically. Thus, these factors may have prevented sufficient

amounts of the coating materials from reaching the fibre core.

5.6 Discussion and Conclusions

In this chapter a method for sensitising microstructured optical fibres for corrosion sens-
ing of aluminium alloys was identified and tested. The method uses a fluorescence-based

organic indicator molecule (lumogallion) that fluoresces when complexed with aluminium
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ions. The benefits of using this method include high sensitivity and specificity, but chal-
lenges include implementing a method for immobilising the compound reliably onto the
fibre surface and potentially low chemical and photo stability, as is generally the case

when using organic dyes.

Initial characterisation of the lumogallion compound showed favourable results with a
strong and linear response to aluminium ions over a broad range of concentrations. A
potential disadvantage was found to be the absorption characteristics in the uncom-
plexed form, which would limit the length of distributed sensing that could be achieved.
However, this can be minimised by sacrificing some absorption by choosing a longer
wavelength for excitation, such as 532 nm, as the complexed form absorbs relatively
higher at longer wavelengths. A closely related problem is that the compound appears
to have background fluorescence in the uncomplexed form, which sets a limit on the
minimum concentration of aluminium ions that can be detected. However, the mini-
mum concentration detected was found to be quite low at 0.2 uM using cuvettes and
5 uM using exposed-core fibres, and either should be sufficient for measuring corrosion

where high concentrations of aluminium ions are generally present.

After choosing the type of indicator molecule the second aspect of this chapter was
to determine and test methods for immobilising this molecule onto the optical fibre
surface. Two methods were identified and tested; the first was to embed lumogallion
into a porous polymer and the second was to attach lumogallion to the glass surface via

polyelectrolytes.

The potential advantages of the porous polymer method is that it intrinsically provides
protection for the optical fibre and can easily be used for mass production. Three types
of optical fibre were successfully coated with the porous polymer, F2 exposed-core fibre,
F2 bare fibre, and silica bare fibre. The fibres were then immersed into a lumogallion
solution, which appeared to embed successfully into the polymer. This approach showed
encouraging results for bare F2 and silica fibres when used in a corrosion simulation.
In contrast, the loss of the exposed-core fibre increased dramatically when coated with
the polymer. In addition to increased fibre loss, this method suffered from poor coating
uniformity and high opacity. Improvements in the polymer chemistry, particularly to
reduce the resultant optical loss, will need to be carried out before this method is to be

used successfully in a distributed setup.
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The polyelectrolyte method allows the lumogallion compound to be bound to the sur-
face via a covalent bond to the polyelectrolyte and then an electrostatic interaction to
the glass. An advantage of this method over the porous polymer method is that alu-
minium diffusion to the lumogallion molecule is guaranteed, although this is a trade-off
with protection of the core from unwanted environmental contaminants (as opposed
to aluminium ions which are a desired environmental contaminant). In this chapter a
derivative of lumogallion that has a carboxylic acid functional group was synthesised (see
Appendix D) that can couple to the electropositive polyelectrolyte PAH. This derivative
was then coated onto glass slides and onto the internal surface of an MOF. Positive
results were found for both these configurations when using water solutions. This, to
the best of my knowledge, is the first demonstration of a surface funtionalised chemical
ion sensor using microstructured optical fibres. It is also significant progress towards
the eventual aim of corrosion sensing, where the next step would be to improve this

technique so that the coating can be used in corrosive environments.
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Conclusions and Future Work

This is not the end.
It is not even the beginning of the end.

But it is, perhaps, the end of the beginning.

Winston Churchill

Years from now you will be more disappointed by the things you didn’t do than the ones
you did do. So throw off the bow lines, sail away from safe harbour. Catch the trade

winds in your sails. Explore. Dream. Discover.

Mark Twain

If you’re not hurting you’re not riding hard enough.
If you’re not hungry you’ve eaten too much.
If you’re not cold you’re carrying too many clothes.

If you know you will succeed it’s too easy.
Alastair Humphreys

219



220 Conclusions and future work

This thesis shows that fluorescence based sensing using suspended core optical micro/nano-
wires, including those with the core partially exposed along their length, are an attrac-
tive platform for chemical sensing. Theoretical modelling shows that these fibres can
exhibit high fluorescence capture fractions compared to conventional fibres, particularly
when high refractive index materials are used. Fabrication of these fibres has been
demonstrated using the technique of extrusion of soft glasses. Extrusion allows for great
flexibility in the cross sectional geometry of a fibre, which is highly relevant for the fibres
created in this project that have small features and, for the exposed-core fibre, asym-
metry. Corrosion sensing motivated this work, and thus motivated the choice of using
fluorescence as the transduction mechanism, as well as the design and development of
exposed-core fibres. This is because exposed-core fibres can provide the high sensitivity
of a traditional MOF, but also allow for real-time and distributed sensing, both of which
were demonstrated experimentally. Methods for sensitising these fibres for aluminium
ion, and thus aluminium alloy corrosion, sensing were demonstrated. While work needs
to be carried before such devices are to be installed in a real structure such as an air-
craft, the results contained within this thesis demonstrate the feasibility of distributed

corrosion sensing using exposed-core microstructured optical fibres.

In Chapter 3 a new model for evaluating the performance of optical fibre fluorescence
sensors with arbitrary geometries was developed. Unlike previous models, this model
combined vectorial solutions to Maxwell’s equations, fibre attenuation factors, and in-
fibre excitation into a single framework. The model was applied for the fundamental
mode of a suspended optical nanowire where it was found that small-core high-refractive
index fibres offer the greatest fluorescence sensing characteristics. The theory was then
applied to the exposed-core fibre for the unique case where the exposed region is filled
with a liquid, which is particularly relevant to corrosion sensing as corrosion by-products
are generally aqueous. It was found that the liquid immersion can lead to an improved
fluorescence signal due to the different refractive index profile compared to an enclosed
geometry. Higher order modes were then included in the theory so that the theory is
applicable outside of the single mode regime, which is useful when studying suspended-
core fibres that have core diameters close to the wavelength of the propagating light
where several guided modes may exist. This is generally the case for exposed-core
fibres where a compromise between sensitivity, and fibre strength and coupling efficiency

must be considered. Additionally, experimentally measured small-core surface scattering
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loss and confinement loss were included into the model, which allowed the model to
be compared successfully with experimental results and also indicated that there is a
fundamental limit on how usefully small a suspended-core fibre can be made. The final
section of Chapter 3 was a somewhat different application of the fluorescence capture
theory where it was used to calculate surface density of a surface attached fluorophore
(quantum dot). This is relevant from the point of view that one of the methods for
sensitising the exposed-core fibre to corrosion is to form a thin-layer onto the surface
using polyelectrolytes. As the layer is very thin it is necessary to have a method by

which the attachment density can be estimated and thus optimised.

In Chapter 4 the fabrication of both enclosed and exposed suspended-core fibres was
demonstrated using the technique of extrusion of soft glasses. In the case of enclosed
suspended optical nanowires the extrusion technique was shown to be useful because it
allows greater control of the cross sectional structure compared to, say, capillary stack-
ing, and has thus allowed subwavelength core diameters to be produced. The versatility
of the extrusion technique is even more pronounced for the exposed-core fibre where
the fabrication of an asymmetric wedged-jacket was required. The second component
of Chapter 4 was the demonstration that real-time and distributed fluorescence sensing
can be achieved using exposed-core fibres. These are both made possible due to the core
being exposed along the entire length of the fibre. For real-time sensing the entire fibre
can be immersed into a liquid and the liquid then infiltrates to the core nearly instan-
taneously. This was experimentally measured using a fluorescent liquid and was shown
to occur within one second. For distributed sensing, time resolved measurements were
recorded when different lengths of fibre where immersed into a fluorescent liquid, which
corresponded with the spatial location of the liquid. This, to the best of my knowledge, is
the first demonstration of distributed fluorescence sensing using microstructured optical

fibres.

In Chapter 5 the sensing of aluminium ions, and thus corrosion sensing of aluminium
alloys was investigated. The chosen transduction method was the use of an indicator
molecule, lumogallion, which increases its fluorescence emission when complexed with
aluminium ions. Initial experiments showed that the exposed-core fibre was able to
successfully measure aluminium ion concentration when immersed into a lumogallion

solution. Two methods were then tested for immobilising lumogallion onto the surface
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of glass, and thus optical fibres. In the first method a porous polymer was success-
fully coated onto F2 exposed-core fibres, F2 bare fibres, and silica bare fibres. This
approach showed positive results for bare F2 and silica fibres when used in a corrosion
simulation, but not for the dip-coated fibres. Unfortunately, the loss of the exposed-core
fibre increased dramatically when coated with the polymer and prevented results from
being measured, showing that there is a compromise between sensitivity and loss. For
the second method, polyelectrolytes were used to electrostatically attach a derivative of
lumogallion to the glass surface. Positive results were found for both glass slides and
enclosed suspended-core microstructured optical fibres. This, to the best of my knowl-
edge, is the first demonstration of a surface funtionalised chemical ion sensor using

microstructured optical fibres.

As stated previously, the results of this thesis demonstrate the feasibility of distributed
corrosion sensing using exposed-core microstructured optical fibres. In order to reach
a stage where the technology is mature enough to be used in a real device there are
several optimisations that would need to be achieved. These can be broadly classified
as improvements in the optical fibre, and improvements in the chemical transduction

method.

The exposed-core fibres fabricated in this thesis have been demonstrated as being a
useful sensing platform for real-time and distributed sensing. However, the distributed
sensing results highlighted the limitations that resulted from the fibre’s loss, and the
polymer coating experiments revealed the fragility of the current exposed-core fibres.
In future, the fibre loss could be reduced by using cleaner fabrication techniques, such
as the use of a clean room. Also, higher purity starting materials would contribute
to reducing the loss. The exposed-core fibre fragility results from the thin struts that
suspend the core. In future the fragility could be improved by finding, theoretically and
then experimentally, the best compromise between strut thickness and confinement loss.
Adding a protective coating will also likely assist with improving the fibre durability
but, as seen with the porous polymer coating, this itself may induce damage to the fibre

and thus the polymer, and the method by which it is applied, must be selected carefully.

The other factor for improvement is the chemical transduction method. The concept

of using an organic fluorescence-based indicator appears to be sound, as cuvette and
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exposed-core fibre solution measurements show high linearity with aluminium ion con-
centration and a low detection limit. However, the method for immobilising lumogallion
to the glass surface has not yet been developed to a stage where a reliable and durable
sensor can be fabricated. The porous polymer method suffers from high optical loss and
low repeatability in the resultant measurements. Future investigations into the poly-
mer chemistry, and the resultant loss and porosity need to be carried out. In contrast,
the polyelectrolyte method shows a high repeatability and produces a low enough loss
such that it can be used within microstructured optical fibres. However, the polyelec-
trolyte coating method suffers from low adhesion to the glass surface and degradation in
acidic buffers, making it currently of little use for corrosion sensing. This can likely be
improved by either increasing the number of polyelectrolyte layers or using a covalent

binding method such as silanisation for the chemical attachment.



Appendix A

Fluorescence Capture Fraction

Derivation

This is the full derivation of the fluorescence capture theory that is developed and
used in various parts of [P1-P5]. It was developed in order to be able to predict the
fluorescence sensing efficiency of fibres that were fabricated in [P6, P7]. The theory
builds on previous formalisms by Marcuse [16, 17|, and Snyder and Love [54]. Where
equations are the same, or equivalent, to equations presented or used in [P1-P5] a specific

reference has been made.

A.1 Power Propagation in the Fibre

To begin, the excitation power of the j*» mode along the z axis of the fibre is represented

as [54]

Pj(z) = Pj(0)e™% = |aj|*Nje ™%, (A1)

where a; is the modal amplitude, v; is defined below, and /V; is the mode normalisation

which is defined as

1
Ny=s UA (e x b - 2)dA| | (A.2)
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where e; and h; are the §% electric and magnetic bound modes for the waveguide, re-
spectively. The integration is over an infinite cross-section, A, and implicit throughout
this derivation is an (x,y) (transverse) dependance. That is, the longitudinal component
has been separated due to cylindrical symmetry. Substituting Eq. A.2 into Eq. A.1 thus

gives the following expression for power propagation along the fibre

1
P;(2) = ~laj|? (ej x h¥-2)dA| e W%, (A.3)
2 A

In the above equations v; is the attenuation coefficient which contains attenuation due

to fibre loss and Beer’s law absorption. This is defined as [54]

- <{50>é /(><> n(way)n;\(;é»y)’edeA‘ (A.4)

J

The integral in Eq. A.4 can be split into fluorophore containing hole (MOF' air-hole)
regions (F), non-fluorophore containing hole regions (H), and glass regions (G), as shown
in Eq. A.5. From now the superscript refers to the region in which the parameter is for,
that is, fluorophore, hole, or glass region. Also, in this derivation the real part of the
refractive index is shown as n, while the imaginary part is shown as n;. Note that Egs.

A.1 to A.4 are equivalent to Egs. 1 and 2 in [P1].

1
k 2
fyj:<5°> <nGn?/ \ej|2dA+an{f/ |ej]2dA+nan/ |ej]2dA> (A.5)
Nj \ ko G H F

By making the following definition

= (2) (35) (fea). (a5)

for any regions R = (G, H, F) and noting that the imaginary part of the refractive index

is replaced with the exponential definition of loss via

a = 2kn;, (A.7)
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then Eq. A.5 becomes

v = ayng + ot +afn +apny, (A.8)

where ap is the absorption due to the Beer-Lambert law at the excitation wavelength and
has been separated from the absorption due to fibre loss at locations of the fluorophore,
af’. a% and o' refer to fibre loss at regions of the fibre containing glass and air holes,

respectively.

In summary, the above equations give an expression for the power propagation of the
excitation light that travels along the fibre and decays due to fibre losses and fluorophore

absorption.

A.2 An Expression for the Captured Fluorescence

The next step is to calculate the efficiency of coupling emitted fluorescence into the
electric and magnetic fields of the fibre. To begin, the total fluorescence electric field,
E, is written as a linear combination of the allowed modes of the fibre (Eq. A.9). A
different mode index, v, is used in order to avoid confusion with the excitation mode
indices, which may be different. For example, a single mode could be excited at the
excitation wavelength but, after absorption, is coupled into all the modes of the the
fibre at the fluorescence wavelength. Throughout this derivation the convention has
been used that expressions subscripted by j refer to the excitation wavelength and any
fields subscripted by v refer to the fluorescence wavelength. This method of wavelength
distinction has also been used for terms that are not modal dependant, such as refractive

index, n, and wavelength, .

E(r) = Y ave,e™ + 3 ave ;e + Bpua(r). (A.9)
14 v

Note that the summation of modes here must take into account any degenerate modes
that are present (that is, for a structure that has greater than 2-fold rotational symmetry

[203]). Note that it is assumed that the fibre and the fluorescent material is weakly
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absorbing and so (8 is assumed to be real in Eq. A.9 and power propagation along the

fibre is thus approximately considered by using Eq. A.3.

To determine the modal amplitudes in Eq. A.9 it is assumed that the fluorescent sources
can be described as current sources of distribution J(r) within a volume V" and hence,

from Eq. 31-35 in Ref. [54]

1 .
- _ * —ifBuz
a, IN, /V e, -J(r)e av. (A.10)

To determine the power emitted into fibre modes the square of Eq. A.10 is taken to give

16, 17]

2\ __ 1 / / 3 o 2 /
<\a,,| >— 682 /.. VS(r)5 (r—1’)|e,|*dVdV’, (A.11)

where S(r) is a source strength term. Implicit in this step is that the fluorescence is
emitted with random direction and polarisation. The value of S(r) is then determined

by inputting a plane wave solution into Eq. A.11 which has a known solution [16, 17].

This gives
oy = 2 ()7L | Powlesfav (A.12)
a = e —_— r)e .
v arnF \po) ang J, o " v

where P(r) is the fluorescent power per unit volume emitted from the source located at
the position r. In order to calculate how the power is transferred from the excitation
wavelength modes into the fluorescence wavelength modes along the length of the fibre,
the fibre is split up into infinitesimal segments which will later be integrated. The
amount of fluorescence power emitted from a thin volume disc from z = (2/, 2" + dz2’),
coupled into the v forward propagating guided modes, and propagates to the end of a

fibre of length L is given by

2/ +dz
Z/

AP, (') = [ {lay[2) ] NyewE=2), (A.13)

The total amount of guided fluorescence power that reaches the end of the fibre is given

by the summation of all the guided modes at the fluorescence wavelength
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2 +dz’ ,
dP(z') =" [ {lay[2) ] N,e (L=, (A.14)
12 2
That is, dP represents the total amount of fluorescence power that is emitted from the
region z = (2/, 2’ + d2’) and propagates to the end of the fibre. Substituting Eq. A.12
into Eq. A.14 gives

1
eo\2e —v;(L— z") z -l—dz ,
Zzao 47TnF (;m) / / |eu| dz"dA. (A.15)

This expression is the multimode equivalent of Eq. 3 in [P1], due to the summation over

all fluorescence wavelength modes.

A.3 Calculating the Power Density Function

The next step is to calculate the fluorescence power density function, Pp(r), which is the
density of the fluorescence emission at the source location. There are several assumptions
which are made so that Pp(r) can be determined from the excitation field profile and

absorption characteristics of the fibre, these are:

1. The fluorescence power density function is directly proportional to the power of

the excitation mode, at locations where fluorophores are present.

2. The power per unit length of the fluorescence power is equal to the power per unit
length of the excitation light lost due to the Beer-Lambert law multiplied by the
fluorescent dye’s efficiency. Implied here is that the source emission is not affected

by proximity to a dielectric boundary.

3. There is a single excitation bound mode, with mode label j. This simplification

has been used in all calculations in [P1-P5].

To implement step (1) the argument is made that the amount of fluorescence that

is emitted per unit volume is proportional to the Poynting vector of the excitation
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fields. The approximation is made that only the z component of the Poynting vector is

considered, which is approximately true for guided modes. This is represented by

Pp(r) =T¢(x,y) (ej x h-2) e 7%, (A.16)

where I' is the constant of proportionality which will be determined shorty and &(x,y)
describes the fluorophore efficiency across the cross-section of the fibre, it has the prop-

erty that

£(z.) £ in regions containing fluorescent sources (F),
r,y) =

0 elsewhere.
The next step is to relate Eq. A.16 with the amount of excitation power lost per unit
length due to Beer-Lambert law absorption at z = z’. First note that the total amount

of excitation power lost per unit length is given by differentiating Eq. A.1 with respect

to z

d d

—(P(2)) = = (B(0)e77)) = =5 Py(2). (A17)

From Eq. A.8 note that the attenuation term is comprised of several components. For
the purposes of satisfying step (2) only the amount of power lost due to the Beer-Lambert

law is of interest and so this is given by

) — —amf By (2). (A18)
Beer—Lambert

Step (2) is now solved by using Eq. A.16 and Eq. A.18 in

[ potia=¢ | Ln) , (A19)
Ao z Beer— Lambert
/A (P, y) (e x h; -2)e %) dA = —{aanFPj(z). (A.20)

Substituting Eq. A.3 into Eq. A.20 gives
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1
L[ &wy)e; x b)) 2dAe™" = —¢Z|a,Papn] / (ej x hy) - zdAe 7. (A.21)
Ao Ao

Rearranging and making use of the properties of £(x,y) gives

* ~ 1 * ~
F/F(ej x h}) - 2dA = _2|aj|2aB77JF/A (ej x h}) - zdA, (A.22)
which gives the following expression for the constant of proportionality I'

1 [4(ej x h3)-2dA
F:—§\a]|2a377f ? : T
p(ej x hj) - 2dA

(A.23)

Substituting this expression for I' into Eq. A.16 gives us the full expression for Pp(r)

1 S\ =7
Pp(r) = —ff(x,y)aan]a] (e; x hj -z) e V7, (A.24)

IZIA (ej x h}) - 2dA
2 F

(e; x b%) - 2dA

Substituting nf from Eq. A.6 into Eq. A.24 gives

1

1 e 2 e.l2dA
Po(r) = — 3£z, y)asn] (U 0y 2 1]

Ji(e; x %) - 2dA (

ej x hi - z)e 1% (A.25)

which is equivalent to Eq. 4 in [P1].

A.4 Calculating the Fluorescence Capture Fraction

By substituting Eq. A.25 into Eq. A.15 an expression for the amount of fluorescence
that is emitted from the segment z = (2, 2/ + d2’) and propagates to the output end of
the fibre is obtained
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A2nf /e [ lej|?dA
dPF (4 = lim P:(0 EapA, T 0 F 1)
i (2 zy:dzlfglo 5(0) 8t nl \po/) [-(ej xhj)- zdA
fF(ej X h;k) . i|ej|2dA ’ 2 tdz! i
~w(E=2) i, A2
X NN, e /Z e dz (A.26)

!

Integrating over the entire length of the fibre from z = (0, L) gives the total fluorescence

capture fraction, @, to be

L
P; = le(o) /0 APl (), (A.27)

F
B, :ZgaB)\l%nfj (80) fF\ej|2dA

1o

E [r(ej x hj-2)dA
[r(ej x hf-2)|ej|?dA e~ wl (e("’”fw)L _ 1) ' (A.28)
AN, N, Y —

This can be rearranged into a form that contains the modal effective area, A.fr, and a

normalised overlap integral, NOI, as defined below

EX2 NOL, v e ™
b, — v =)L _ 1 A.29
J ; 16mnl? Acsrn v — 5 (6 ) ’ ( )
1
3 sydA e, |2dA
NOI;, = nF <‘€°> Jan, 3v4A [ SJ’e; , (A.30)
1o JpsidA [, sidA

| Ja, svdAP?

Aprp, = "2 —— A.31
1 S |sv[?dA (A.31)

This expression for the fluorescence capture fraction is equivalent to Eq. 7 in [P1].
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A.5 Variations of the Fluorescence Capture Fraction Equa-

tions

The above equations refer to the case where excitation light of a single mode is coupled
into one end of the fibre that excites fluorescence which is outputted at the opposite end
of the fibre. In this case one or more of the holes are uniformly filled with a fluorophore
and all loss characteristics of the fibre are included. Several variations of this theory

have been used in [P2-P5] and these are now discussed.
1. Backwards fluorescence capture fraction

The above theory assumes that the fluorescence is emitted uniformly in all directions.
This implies that the backwards propagating modes of the fibre should be equally excited.
This means that the fluorescence signal can be detected at the same end of the fibre as
the light source, and this is indeed a more practical approach in many circumstances.

The primary difference in the derivation is that Eq. A.14 becomes

2/ +dz’

aP,() = [ (af?) |

z

N,e %%, (A.32)

This slightly modifies the integration in Eq. A.27 such that Eq. A.29 is now

2 NOLiy v [ i,
;= v Wl _ 1) A.33
! ZV: 16752 Acrro v + 75 <e ) ( )

Equations A.29 and A.33 are equivalent to Eq. 4 in [P2].
2. Thin-layer sensing

The above equations have all considered the case of one or more holes in the fibre being
filled uniformly with a fluorophore. In many applications the fluorophore will be coated
onto the walls of the fibre holes and thus the fluorescence emmission will come from a
thin-layer near the surface of the core. In the case of a finite sized layer all that is required
is that the region F' in Eq. A.29 refers to the thin layer. However, when considering an
infinitely small layer, such as in [P5], some of the integrals in Eq. A.29 can be simplified
to line integrals along the region of the fluorophore. In [P5] the simplification was made

that the fluorophore was a constant distance, r = ry > ¢, from the axis of a circularly
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symmetric step-index fibre. In this case the expression for the fluorescence capture is

modified by using

NOI;, <nF> <50>é I si(rg,0)le,(rp,0)|2d0 (A34)
Aeff,l/ N, H0 f027r Sj(?“f, 0)d0 ‘
in Eq. A.29, instead of Egs. A.30 and A.31.

The v terms (Eq. A.8), are also modified such that

F I on
F n, €ory o\ 2
A el el - . A.
el ( 2Nj )(MO) /0 e](rf,ﬁ)de, ( 35)

where ¢ is the surface density of the fluorophore.
3. The no loss case

An important simplification is to consider the special case of an attenuation-free fibre of
infinite length. In this way the theory describes the fundamental limit on the fluorescence
capture possible for the sensor design, and does not depend on which end of the fibre
the fluorescence is measured (forwards or backwards fluorescence propagation). It can
be regarded as the fundamental fluorescence capture efficiency of the fibre and has the

form

€\ NOI,,
o, — v__ ) A.36
’ ZV: 16705 Acsf (450

This is equivalent to Eq. 3 in [P3] and Eq. 1 in [P4].

Equation A.36 shows that the fluorescence capture efficiency (independent of absorption)
is directly proportional to the normalised overlap integral (NOT), which depends on the

power fraction, and inversely proportional to the effective area.
4. Comparison with ray-optics model

In Sec. 2.2 of [P4] the modal theory for fluorescence capture developed in this appendix
is simplified in order to compare with a ray-optics equivalent. It is assumed that the
fluorophore is centered at the fibre axis and there is no fibre loss. In this case Eq. A.36

reduces to the following equation



Appendix A 235

1

5)‘12/ €0\ 2 2

o, = —— | — »(0,0)]%. A.37

1= Tomni W, g ) 1200 (A.37)
v

As was seen in [P4], this expression becomes equivalent to the solid-angle of fluorescence

emitted within the critical angle of the fibre when a fibre of sufficiently high V-number,

and thus number of modes, is considered.
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Coupling Efficiency Derivation

The optical fibres considered in this thesis are suspended-core MOFs with very small
cores, generally 2.0 um or smaller. Consequently, coupling into these fibres becomes
a critical issue, particularly as the core size is close to the diffraction limit of com-
monly used optics. For example, only 19% efficiency was achieved for coupling into
a suspended-core fibre in the experiment in [P1], which was measured via a cut-back
loss measurement using a 532 nm CW laser with M? < 1.3 (JDSU, Solid-State, Com-
pact), and an aspheric lens with a focal length of 2.75 mm and a numerical aperture
of 0.65. This coupling efficiency value is typical for coupling into this class of fibre.
Also, commonly used equations for coupling efficiency are not accurate when consider-
ing small-featured fibres with large refractive index differences as they are based on the
weak guidance approximation. Indeed, while much work has been done on the coupling
efficiency of waveguides (for example, see Refs. [54, 204-216]), an exact solution for an

arbitrary geometry with vectorial solutions has not been found.

In this section is a derivation of coupling efficiency for these types of fibres and a dis-
cussion on why finding an exact solution is more complex than perhaps first thought.
Specifically, derivations for two important and related problems for optical fibre sensing

(and optical fibre use more generally) are shown, these are:

1. Free space coupling from an external light source into an optical fibre.

2. Coupling between two sections of an optical fibre. This could be where two fibres

with different geometries and/or refractive indices are spliced. Alternatively, this

237
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is where an MOF has been filled with a liquid and the light is transferring from

the unfilled to filled regions or vice versa as was discussed in [P3].

B.1 Free Space Coupling

The task at hand is to determine the efficiency of coupling an external light source into
the guided mode(s) of an optical fibre. This will be achieved by matching the transverse
electric and magnetic fields of the input light and the modes of the fibre at the boundary

as shown in Fig. B.1.
X,y

z

Input beam Ein Ewe —>  Waveguide
<«—FE

FI1GURE B.1: Schematic diagram of the free space coupling problem. An input field E;;,
is coupled into a waveguide (fibre in this case) with transmission E r;e and reflection
E,.s. Note that the arrows indicate wave propagation, not polarisation.

The transverse components of the input electric and magnetic fields of the light source
at the boundary are designated as E!,(z,y) and H.,(z,y), respectively, which could
have a Gaussian distribution (for example, a single transverse mode laser) as shown in

Egs. B.1 and B.2, or can be any arbitrary distribution.

E! (z,y) = xEoe‘<%>2 (B.1)

2
an(:c,y) = yH0€_<%) ) (BZ)

where Ey and Hjy are constants that relate to the input field power, r = /22 + 1?2
is the radial variable, and rg is the Gaussian beam radius. On the waveguide side of
Fig. B.1 the transverse electric and magnetic fields (E . and H fibre) are written as

a superposition of all the forward propagating guided and radiation modes of the fibre

[54]
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El}ibre(‘r7 y) = Z ajetj (l’, y) + Efﬂad(x7 y)

J

H?ibre(% y) = Z ajhy;(z,y) + Hiad(% Y),

J

(B.3)

(B.4)

where e;; and hy; are the transverse components of the bound electric and magnetic

fields of the fibre and a; is the §' field coefficient. E!_; and H',, are the transverse

components of the electric and magnetic radiation fields of the fibre at the boundary.

Note that the backwards propagating modes are not included as there cannot be a

leftwards travelling wave inside the optical fibre as it is assumed to extend to infinity.

That is, there are no reflections from, nor coupling into, the right hand side of the fibre.

The task is to now use continuity of the above equations to find an expression for a;,

which will allow the amount of coupled power into the guided modes of the fibre to be

determined through [54]

§ : 2

Pguided: ‘aj‘ Nja
J

where Nj is a normalisation term with the form

1

Nj = 2/ (ej X h; . i)dA

{o o]

Therefore the coupling efficiency (CE) is given by

CE Zj ’aj‘zNj

Alternatively, by using normalised fields then

e = A

J VN,
A . h]
h;, =

1 (B x Hj, -2)dA°

(B.5)

(B.6)

(B.8)
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From this point onwards in the derivation normalised fields will be used so that Eq. B.8

is valid.

To determine a; the transverse components of the electric and magnetic fields are

matched at the boundary

Lt R
E;, + Ef‘ef = Z ajetj + Eiad (Bg)
J

~t ~
H;, + Hf"ef = Z ajhtj + Hf"ad? (BlO)
J
where E,.; and H,.; are yet to be specified reflected fields of the light source off the
optical fibre boundary.

The next step is to use orthonormality of the guided and radiation modes. Taking the
right cross product of Eq. B.9 with the complex conjugate of the j** magnetic guided
field, using orthnormality of the guided and radiation modes, and integrating across the
boundary yields Eq. B.11. Taking the left cross product of Eq. B.10 with the complex
conjugate of the j** electric guided field, using orthnormality of the guided and radiation

modes, and integrating across the boundary yields Eq. B.12.

1 ~ ~ 1 ~
a; = 2/ E;, X h; -zdA + 2/ | DA hj -zdA (B.11)
Ao Ao
1 S 1 s .
a; = = €; x Hy, - 2dA — €: x Hyey - 2dA. (B.12)
2 Ja, 2 Ja. "’

Note that the subscript ¢ has been dropped as the cross-sectional integral implicitly

involves the transverse components only.

Up to this point the derivation has been exact. However, the difficulty in solving these
equations lies in the fact that the unknown reflection terms are present, and these are
extremely complicated to calculate exactly [54]. Hence, several approximations have

been suggested as will now be discussed.

1. Ignore reflections
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The simplest approximation is to ignore the reflection terms altogether in Eqs. B.11 and
B.12, this is known as the Born approximation [207]. This results in the following two

equations that should, in principle, be equivalent

1 - %
1 . 4
a; = 2/ ej» X Hm - zdA. (B14)
Aso

However, it was found by Marcuse [217] that these equations lead to different values and

thus he took the geometric mean

1 L .
a; = 2\/ / E;, x h; - 2dA / & x Hy, - 2dA. (B.15)
Aso Ao

While Eq. B.15 provided reasonable and generally intuitive results, there were cases

where the coupling efficiency exceeded unity, which violates energy conservation [217].
2. Reflection proportional to input beam

The next level of complexity is to assume that the reflected fields have the same spa-
tial distribution, but different power, to the input fields. This is an exact solution if
the waveguide is a uniform dielectric and the input beam is at normal incidence to the
boundary, and the problem becomes a derivation of normal-incidence Fresnel equations.
However, when the waveguide is not a uniform dielectric, such as an optical fibre, the
reflected fields have a more complicated structure [54]. This then becomes an approx-
imation, which assumedly becomes less accurate the less the optical fibre resembles

a uniform dielectric. For example, application of this theory to a small-core air-clad

high-refractive-index fibre is expected to be poor.

By making this approximation Eqgs. B.9 and B.10 become,

~ 1 ~ 1 R
Ein + bEzn = Z ajetj + Ef‘ad (B16)
J
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H;, —bH;, = Y ajhy + HL,,. (B.17)

J
where b is the reflection coupling coefficient that plays a similar role to a; but for the
reflected energy. Note that a m phase change has been written for the reflected magnetic
field, which is necessary for the leftwards travelling wave. That is, a relative m phase
difference between the electric and magnetic fields indicates travelling in the opposite

direction.

Solving the above equations in the same manner used to find Eq. B.11 and B.12 gives

(fa Bin x By - 2d4) ([, & x Hyy - 2dA) -
a; = - — - .
T [y Buxh-adA+ [, & xH, - 2dA
SR £ TR T
in X I - z2dA + e; X H;, -z
Ja_ Bin x b -2dA+ [, & x Hy, - 2dA

If the weak guidance approximation is used then the modes are purely transverse and
the above equations can be reduced to a more commonly seen expression. The electric

and magnetic fields are related by

€0 : .
Hij(r)=n|—) zxEj(r), (B.20)
Ho
and by using the following vector identity
Ax(BxC)=(A-C)B-(A-B)C, (B.21)

the normalisation term becomes

1
N = n () / IE;[2dA] (B.22)
2\ o Aoo

where n is the refractive index. By using Eqgs. B.20, B.21, and B.22, then Eq. B.18

becomes
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— 4”1 n . A%

where np is the refractive index of the fibre and the refractive index external to the

fibre is unity (for example, air). Thus, it is seen that the standard Fresnel transmission
formula comes out of the derivation as expected. Often the term is neglected as it

contributes only approximately 4% for the case of a silica-air boundary, that is

a; = / Ei, - €]dA. (B.24)
Ao

It has also been shown for TE modes that the coupling efficiency can approximately be

given by [212]
dngyy A R
= —e B, - &%dA, B.25
“ ((neff + 1)2> /Aoo © (B.25)

where n,.rs is the effective index of the mode of interest.
3. Write the reflection term as a superposition of Laguerre-Gaussian modes

If the input beam is normal to the boundary and circularly symmetric then the reflection
term can be written as a superposition of Laguerre-Gaussian modes as was suggested in

Ref. [216]. That is, the electric and magnetic reflection fields are written as

9 2
E,of(r ZblLGl (r,70)% = Zblea;p< ) Y ( 7%) % (B.26)

Y,

H,.f(r) = n( ) E LG (r,ro)y (80>é g bexp( T2>LO< 2
Tre T - ) R
f 1o oY no) 2) T\

—_ —

B.27)

which satisfies the following orthogonality condition

e 2
/ rLGY (r,10) LG (r,ro)dr = %5mn. (B.28)
r=0
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The problem exists that there are [ 4+ j unknowns, but 2j equations, that is, from
matching the fields at the boundary. However, the orthogonality condition in Eq. B.28
can be used by taking the cross product of the Laguerre-Gaussian modes with Eqgs. B.9
and B.10. This gives 2(I + j) equations with [ + j7 unknowns. The complication is that
this involves integration over the optical fibre radiation fields, which are complicated

even for a step-index fibre [54].

B.2 Numerical Modelling of Free Space Coupling into Op-

tical Nanowires

To better understand how the above definitions for coupling efficiency behave a step-
index fibre example was modelled. Here a linearly-polarised Gaussian beam was assumed
for the input fields while the fibre was set to be an air-clad step-index fibre. The core
material was set to be the lead-silicate glass SF57, which has a refractive index of
approximately 1.8, so that the refractive index contrast is large and thus the weak
guidance approximation is not valid. The step-index fibre guided modes were solved
analytically using equations found in Ref. [218]. The coupling efficiency integrals from
Egs. B.15, B.18, B.23, B.24, and B.25 were calculated using Matlab [219] for a variety
of core diameters. For each core diameter the input Gaussian beam size was varied until

the maximum coupling efficiency was determined, with the results shown in Fig. B.2.

In Fig. B.2 it is seen that each definition has a different result for the coupling efficiency,
indicating the approximations made are not particularly accurate. Note that Eq. B.18,
which arguably has the least approximations, exceeds unity for a small range of core
diameters, which is unphysical. Despite these peculiarities, there are several features

displayed in Fig. B.2 that are consistent with expectation:

1. For large core diameters the curves tend to the same values depending on whether
reflections were included or ignored. The difference between these is equal to that

expected by Fresnel reflection (approximately 9% for the case here where n ~ 1.8).

2. All curves (except Eq. B.23) approach the same value for very small core diameters.
This is because the mode for these core diameters lies mostly outside of the glass

core and in the air cladding and thus there is no reflection. Only Eq. B.23 does
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F1GURE B.2: Numeric results showing how the various coupling efficiency definitions

differ for a specific example. The input field had a Gaussian distribution with optimised

radius. The optical fibre was set to be an air-clad SF57 step-index fibre with variable
core diameter.

not approach this value as the reflection term is set to the glass Fresnel reflection

value.

Figure B.2 shows that none of the simple coupling efficiency definitions derived in this
appendix are likely to give a completely accurate value of the coupling efficiency. How-
ever, due to their relative ease of use they can be useful for giving an approximate range
of possible coupling efficiencies. For example, Fig. B.2 shows that the maximum cou-
pling efficiency into an optical nanowire using a Gaussian beam is at least 80 %, which

is much larger than that commonly found experimentally (for example, 19 % in [P1]).

In order to improve the coupling efficiency equations, such as to prevent unphysical
results such as greater than 100% coupling, the derivations above suggest that a full
treatment of the optical fibre radiation modes as well as reflections off the fibre end-face
is required. As mentioned previously, neither of these factors are simple to calculate
analytically. Alternatively, methods such as finite difference time domain (FDTD) tech-

niques could be used, at the expense of numerical complexity.
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B.3 Coupling Between Two Waveguides

The second coupling efficiency problem considered in this appendix concerns the coupling
from one waveguide into another adjacent waveguide. This can be useful for a variety
of applications, such as splicing or butt-coupling of two optical fibres. Of particular in-
terest here is where a single MOF is either filled with a liquid (enclosed suspended-core
fibre) or immersed into a liquid (exposed-core fibre, Fig. 7 in [P3]). Consequently, the
propagating mode(s) must travel between liquid and non-liquid regions, and there are
associated mode mismatch losses when this occurs. To determine the efficiency with
which a particular mode can travel across these boundaries the coupling efficiency can
be calculated by using a method analogous to that used for the free-space coupling. The
primary difference being that instead of a Gaussian input beam with an unknown reflec-
tion, the input is some distribution of the guided modes of the fibre and the reflection
is a superposition of all the guided and radiation modes of the fibre. That is, Eq. B.9

becomes

ZajetJ + Zb &+ Emd chet,, Ef«id? (B.29)

which can be simplified to [54]

S aje+ > biey +EL), = Z cven + EY), (B.30)
J J

where a; are the modal coefficients for the forward propagating electric field modes,
e;, of the first fibre, while b; are the modal coefficients for the reflected electric field
modes, e_j, of the first fibre. ¢, are the modal coefficients for the electric field modes,
e,, of the second fibre. ESI)d is the reflected radiation field of the first fibre and Ev(«i)d
is the radiation field of the second fibre. Note that only the transverse components

of the electric fields are included as only these components have continuity across the

boundary.

Similarly for the magnetic field
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Z ajfltj — Z bjfltj + Hii)d = Z Cyflty + ng)d (B31)
J J v

For this problem the coefficients a; are known as they are set by the initial launch
conditions of the first fibre. This could be approximated as the fundamental mode only,
as was done in [P3], or could be a more complicated superposition of all modes in the
fibre. For now all modes will be retained but it is to be understood that all a; terms are

already known by some means.

The aim now is to determine the unknown coefficients, which are the reflection b; and
transmission a, coefficients. These are determined using orthonormality of the modes
as was done previously for the free space coupling problem. Taking the right cross
product of Eq. B.30 with the complex conjugate of the v** magnetic guided field, using
orthnormality of the guided and radiation modes, and integrating across the boundary

yields Eq. B.32.

=3 Zaj/ ejxhl,-sz+ij/A & x h, -zdA
J ° J -

+ / E) x ﬁi'sz) (B.32)
Ao

Similarly, taking the left cross product of Eq. B.31 with the complex conjugate of the
41 electric guided field, using orthnormality of the guided and radiation modes, and

integrating across the boundary yields Eq. B.33.

1 X I ~ ~ % . ~
=3 Zaj/ & xhj.sz—ij/A &’ x hj - zdA
J i J i
+ / &% x H,oy - sz) . (B.33)
Ao
Similarly, orthonormality of the modes in the first fibre can be used to obtain another

set of equations. However, note at this point that Eqs. B.32 and B.33 contain integrals

over the radiation modes of the first fibre. As stated previously, these are complicated to
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calculate and thus the approximation is made that coupling into the reflected radiation

modes is zero. After this approximation Eqs. B.32 and B.33 become
1 ~ ~ sk
=y zaj/ éjxhy-sz+ij/ é; x h, - 2dA (B.34)
J J

1 R ~
Z Aco - Aco
J J

Egs. B.34 and B.35 are most easily solved by putting them into matrix form. To do

this the following vectors are defined

== [CL],CLQ, cee Ay ]
b = [al,ag, bj ] (B.36)
c = [bl, bz, . Cy ... ],

and the following matrices are defined

M, = L[, & xh;-2dA
’ 2 o & - (B.37)
Nj, = 5[, & xh,-2dA
Using these definitions Egs. B.34 and B.35 become
c = aN+bN
(B.38)
c = aM —DbM.
Solving Eq. B.38 gives the coupling coefficients as
c=2a(Nt4 m1Ht (B.39)

B.4 Coupling Equations used in [P3]

In [P3] the coupling efficiency across a liquid boundary in both a fluid filled wagon wheel

fibre and a liquid immersed exposed-core fibre was calculated. As was done to obtain Eq.
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B.39, the reflected radiation fields were neglected. In addition, only the fundamental
modes were used in Eq. B.39. That is, for the symmetric wagon wheel fibre the two
degenerate fundamental modes were used, while for the exposed-core fibre the two non-
degenerate fundamental modes were used. Additionally, it was assumed that the input
fields comprised of only one of the fundamental modes and its corresponding coefficient
was set to unity so that \cj|2 directly gives the coupling efficiency into the j** mode. As

shown in [P3], this simplifies Eqs. B.30 and B.31 to

811 + b1&y1 + bolyp = 18 + 28}y + BP (B.40)

rad

fltl — blflﬂ — bgfltg = leli‘l + CQ}AIQQ + H(2)

rad’

(B.41)

where &, and h; are the transverse components of the electric and magnetic fields of
the first fibre, and &, and fl; are the transverse components of the electric and magnetic

fields of the second fibre. The subscripts 1 and 2 refer to the two fundamental modes.

Equations B.40 and B.41 correspond to Eq. B.39 but where

j o= 1,2
v o= 1,2 (B.42)
a = [1,0]or[0,1].



Appendix C

W-fibre Confinement Loss

The propagating modes of a suspended-core fibre, or any single material MOF, are
not true guided modes due to the presence of the outer cladding which has the same
refractive index as the core. Instead, these fibres propagate leaky modes, which can
behave similar to guided modes except that the propagation constant is complex, leading
to an intrinsic decay term (confinement loss). This can be determined numerically, such
as by using finite element modelling as was done to determine the modes of suspended-
core fibres in [P1-P3]. This involves optimising perfectly matched layers (PMLs) at the
solution boundary [220]. A computationally faster and more precise (but less accurate)
alternative is to approximate the suspended-core fibre as a jacketed air-suspended rod,

or W-fibre (Fig. C.1), which can be solved for exactly.

A

Nglass | = = =

Outer
cladding

Refractive index

Ncladdingfr = = = = = = = = = = = =

Inner
cladding

Core

Inner
cladding

Outer
cladding

Cross-sectional distance

FiGure C.1: Refractive index profile for a W-fibre for the special case where the core
and outer cladding refractive indices are equal, which approximates a suspended-core
fibre. Throughout this derivation the refractive indices will be defined as n; for the

\

core index, no for the inner cladding index, and ng for the outer cladding index.

251
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In this appendix is a derivation of the W-fibre confinement loss equations, which were
used to calculate the confinement loss of the fundamental mode in [P6] and for all modes
in [P4]. In both [P4] and [P6] it was assumed that the core and outer cladding indices
were equal, as is the case for a suspended-core fibre, and thus all propagating modes
found will be leaky modes. The theory outlined in this appendix does not necessarily
make this assumption, and as such the refractive indices will be defined as n; for the
core index, ng for the inner cladding index, and ng for the outer cladding index. Note
that if ny > ny > ng the propagating modes will not have any confinement loss and if
ny > nz > ng there may exist both leaky modes (with confinement loss) and guided

modes (with no confinement loss).

Calculation of confinement loss for W-fibres has previously been derived for weakly
guiding fibres [221-223], and this has been applied to microstructured optical fibres
[224]. However, here the derivation is shown for vectorial solutions to the wave equation

and thus is applicable to both weakly and strongly guiding fibres.

To start, cylindrical coordinates (7,0, z) are chosen where z is along the fibre axis, r is
in the radial direction with origin at the fibre centre, and 6 is the azimuthal variable.
It can then be shown from Maxwell’s equations that the two sets of wave equations for

optical fibres are [218]

0’E, N 10E, N 1 9°E;
or? r Or r2 062

+ [K*n(r,0)* — B%|E, =0 (C.1)

0*’H, 10H, 1 0%H,

: L 2 > o2y _
o2 v or TR oe + [k (r, 0)" = F1H. = 0, (C.2)

where F, and H, are the z-component of the electric and magnetic fields, respectively,
and n(r, 6) is the refractive index profile. 3 is the propagation constant, which is related
to the effective (phase) index n.yy, where nerr = B/k, k = 2m/X is the wavenumber,

and A is the free-space wavelength.

As the W-fibre is axially symmetric the refractive index profile is independent of 6 and
can be expressed as n(r). The transverse electric and magnetic fields can then be written

as [218]
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5= ~ger— g (v oo ) )
5= e (P ) (4
o =~ (3 e ) €
e =g (- st W) (G4)

where F, and H, are the radial components of the electric and magnetic fields, respec-
tively, and Fy and Hy are the azimuthal components of the electric and magnetic fields,
respectively. g is the free-space magnetic permeability and w is the angular frequency,

which is related to the wavenumber by w = k¢, where c is the speed of light in a vacuum.

The next step is to solve the wave equation and apply boundary conditions to the
tangential components of the electric and magnetic fields. This will provide a disper-
sion relation for which the propagation constant, 5, can be determined. How this is
determined depends upon whether the modes are transverse-electric (TE), transverse

magnetic (TM), or hybrid (HE).

C.1 TE Modes

By definition, TE modes have F, = 0, which is a solution to Eq. C.1. By noting that
the azimuthal dependency of the electric and magnetic fields in axially symmetric fibres
is expressed by cos(nf + 1) or sin(nf + 1) (¢ is a phase constant and n is an integer),

the wave equation in Eq. C.2 becomes [218]

0*H, 10H, 9 9 o n?
o2 i or T Kon(r)” =87 =

The radial and azimuthal electric and magnetic field components from Egs. C.3 to C.6

become
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_ JWHo 0H,
5 = o 9
_ Jwhto 10H,
Er =~ lzn(? — 57+ o0 (C-9)
s 1om,
B0 = ~lntr =32+ o8 (C.10)
Jp OH,
r=- : 11
. [k2n(r)? — 8% 00 (C.11)
The magnetic field in the core and cladding regions is written as [218]
f(r)cos(nf +4) (0<r<a)
H.=4q g(r)cos(nf +1) (a<r<b) (C.12)

h(r)cos(nf +1) (r >b),

where f(r), g(r), and h(r) are arbitrary functions and 1 is an arbitrary phase constant.

In the next step, the tangential field components, H, and Hy, are matched at the r = a

boundary so that a simplification can be obtained. Matching these fields at » = a gives

fla) =g(a) (C.13)

Jp nh(a)sin(n& + ). (C.14)

(k202 — 52| a
The only possible solution for these equations is n = 0, and as a result there is no
azimuthal dependency for TE modes. Applying this to Eqs. C.7 to C.11 gives the

following expressions for the electric and magnetic fields

d*H, 1dH,

2 2 2 _
dr2 r dr + [k TL(T) - B ]Hz =0 (015)
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_ jw,uﬂ de
0= n(r? — 2 ar (€19
= Wty =] ar (€47
E, = Hy=0. (C.18)

For simplification, the following definitions are made

up = /k2n?— 32

uy = +/B%—k2n3 (C.19)

uz = +/k?n3— B2

Implicit in this step is that nok < 8 < ni1k and 8 < ngk, as is the case if n; = ngs.
This will be assumed to be the case for the remainder of this derivation. However, if
the refractive index profile is such that this is not the case then the derivation follows
closely but with a more appropriate definition for uy, w2, and/or ug. Also, the wave
equations and resulting dispersion equation may become slightly altered depending on

the refractive index profile.

Using these definitions the wave equation in each region of the fibre is

d*H, 1dH,

2 _
R +uiH, =0 (0<r<a) (C.20)
d’H, 1dH,
S = <r< )
dr? r dr upHz; =0 (a<r=<?) (C.21)
d’H, 1dH,
- +ulH, =0 (r >b). (C.22)

dr? r dr

Egs. C.20 to C.22 are Bessel equations, with Bessel function solutions [225]. The solution

to Eq. C.20 is a linear combination of Jy(uir) and Yp(u17) Bessel functions. However,
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Yo(uyr) diverges at r = 0 and thus the associated coefficient is set to zero so that a phys-
ical solution is found. The solution to Eq. C.21 is a linear combination of Ky(usar) and
Iy(ugr) modified Bessel functions. Both of these solutions are kept as neither diverges
in the region a < r < b. The solution to Eq. C.22 is a linear combination of H(()l)(u;z,r)
and Hé2)(u;;7") Bessel functions (Hankel functions). Physically, H(gl)(u;gr) refers to an
outward propagating wave while HéQ)(u;;r) refers to an inwards propagating wave. As
physically there cannot be an inward propagating wave the coefficient associated with

HSQ)(U;),T) is set to zero.

Using the above arguments

AJo(ulr) (0 <r< a)
H, = BK()(UQ’I“) + CI()(UQT‘) (a <r< b) y (C23)
DH (ugr) (r > b)
where A, B, C, and D are constants.
Continuity of the above equations at r = a and r = b gives
AJo(ula) = BKQ(UQCL) + CIQ(UQCL) (024)
BKo(usb) + Clo(usb) = DH (ush). (C.25)

Continuity of Ey (found by substitution of Eq. C.23 into Eq. C.16) at r =a and r = b

gives

/ / !
AW __ploluea)  Ly(uza) (C.26)
1 U uz
, y OF
B BKo(uzb) B CIO(U2b)A _ DM. (C.27)
U9 uz us

The Bessel function derivatives in Eqs. C.26 and C.27 can be simplified by using the

following identities
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Jo(z) = —J(2)
Ky(z) = —Ki(z) (C.28)
In(z) = §L(z)

B"'(z) = —H{(2)

Eqgs. C.24 to C.27 can then be put into the following homogeneous matrix equation

Mx =0, (C.29)
where x = (A, B,C, D) and
—Jo(ula) K()(UQCL) Io(u2a) 0
0 Ko(ugb) To(usb) —HS (usb
M o(u2b)  To(uzb) o (usb) (C.30)
Ji(uia) Ki(uza) _Il(uga) 0
u1 uo ug
0 Ki(usb)  Ii(usb) HY (ugh)
U2 uo us

Equation C.29 is a homogeneous matrix equation and as such can only have a nontrivial
solution if and only if the determinant of M is zero (Cramer’s Rule [225]). Thus, the

following equation can be used to determine the complex propagation constant [

det(M) = 0, (C.31)

and from this the loss, agp (in dB/m), can be determined using

aqp = Im()20logio(e). (C.32)

C.2 TM Modes

The propagation constant, and hence confinement loss, for the TM modes is determined
in an analogous method to the TE modes except that H, = 0 instead of F, = 0.
Consequently, the wave equation for £, and the electric and magnetic fields are expressed

as
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d’E, 1dE,
dr? r dr

+ [K*n(r)* = B*E. =0 (C.33)

_ Jb dE,
B = ey =5 & (€30

—jwegn(r)? dE,

B = tonm2 = 69 ar

(C.35)

Ep=H, = 0. (C.36)

As discussed in regards to the TE modes, the solution to Eq. C.33 is a physically-
appropriate superposition of Bessel functions. By applying continuity of the tangential
components of the electric and magnetic fields (E, and Hyp) at the two boundaries (r = a

and r = b) a matrix equation similar to Eq. C.29 is found, but where

—Jo(ula) Ko(UQa) Io(UQ(Z) 0
0 Ko(usb To(usb —HWY (uzb
M= | K 0(u2b) ng( 2b) o (usb) (37
u—iJl(ula) ?;Kl(UQCL) —ill(UQa) 0
n2 TLZ n2
0 %Ky (uzb) 21y (upb) 2 H{Y (usb)

Again, the confinement loss is determined by solving Eqs. C.31 and C.32.

C.3 Hybrid (HE) Modes

The third, more general, solution to the wave equations in Eqs. C.1 and C.2 is that
neither F, or H, are zero. The solutions are then a product of nth order Bessel functions
and either cos(nf 4 1) or sin(n# + 1) [218]. The propagation constant(s) are found in
a manner analogous to the TE and TM modes, but where eight coefficients are present
(instead of four) due to construction of both the E, or H, fields. That is, the fields are

expressed as
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Ay (uir)cos(nb + 1) (0<r<a)

[BK,,(uar) + Cl,(ugr)] cos(nd + 1) (a <r <b) (C.38)
DH,(ll)(ugr)cos(nH + ) (r>0b)

FJp(uir)sin(nd + ) (0<r<a)

[GK,(uar) + LI, (ugr)] sin(nf +¢) (a<r<b) , (C.39)
MHT(ll)(u;;r)sin(n@ + 1) (r >b)

where A, B, C, D, F, G, L, and M are constants.

Continuity of E, and H, from the Eqgs. C.38 and C.39 at the boundaries r = a and

r = b yields four out of the eight required simultaneous equations. Continuity of Fy

and Hy at the boundaries r = ¢ and r = b yield the other four simultaneous equations.

These fields are determined by substituting Eqs. C.38 and C.39 into Eqs. C.3 and C.5,

respectively.

By using the following Bessel function derivative identities

Jh(z) = 3[Jn-1(2) = Jng1(2)]

Hz(z) = %[In—l(z)"i_ln-i-l(z)] (C.40)
Kl(2) = —3[Kn-1(2) + Kni1(2)]
BV '(2) = SHD, (2) - HY, (=),

the eight continuity equations can be placed into a matrix equation (C.29) where M is

given by



wito
2u

—Jn(ura) K (uza)
0 Kn(uzb)
w;l?% [Jn-1(ura) = Jns1(ura)] —Wiil;& [Kn-1(u2a) + Kni1(uza)]
0 — O K (u2b) + K1 (uah)]
0 0
0 0
%Jn(ula) %Kn(u?a)
0 %Kn(UZb)
0 0
0 0
u%i n(wra) % n(uza)
0 %Kn (u2b)
) K(u20)
K (usb)

0
[Jn—1(u1a) = Jpy1(ura)]
0

— Yho [Kn,1 (uza) + Kn+1 (UZG)}

2uy

I (uza) 0
I, (u2b) 7H7(ll)(u3b)
‘”;123 [In-1(uga) + Iy1(uga)) 0
SO (L1 (ugh) + L1 (uzh)] “%;‘%[Hffl(uzab) -
0 0
0 0
%In(uza) 0
251 (uzb) Y (ush)
0 0
0 0
%In(uza) 0
8 1 (us) 20 HyY (ush)
In(uza) 0
I (usb) —Hy (ugh)
0

e In—1(u2a) + Iy (uza)]

— SB[ K1 (ugb) + Kyt (ugb)) ;5; (n—1(ugb) + Iny1(u2b)]

2uy

w0 171V (ub) — HY, (ush)]

2u3

(u3b)]

(C.41)
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Again, the propagation constant [, and thus the confinement loss, is determined by

solving Eqs. C.31 and then C.32.

Note that the upper-left 4 x 4 elements in Eq. C.41 correspond to the TM mode matrix
in Eq. C.37 when n = 0, while the lower-right 4 x 4 elements correspond to the TE
mode matrix in Eq. C.30 when n = 0. In fact, the matrix in Eq. C.41 can be used
to solve all modes of the W-fibre by appropriately setting the value of n. That is, TE
modes (n = 0), TM modes (n = 0), and HE modes (n > 1).

Note also that the matrix in Eq. C.41 can be reduced to a smaller 4 x 4 matrix, or even
a single equation. However, the 8 x 8 format is useful for error checking as each row

corresponds to a continuity equation and no algebraic manipulation is required.

C.4 Implementation of Confinement Loss Theory

The confinement loss theory detailed in this appendix was used to calculate the con-
finement loss of water-clad optical nanowires in [P4] in order to determine how this
influences the fluorescence-sensing efficiency for such devices. In [P4] the confinement
loss was determined for all modes of the fibre to complement the fluorescence capture
fraction, which was also calculated for all modes. Below is an outline of the practical
implementation of this confinement loss theory, which was calculated in Matlab [219].
Also, in [P6], the confinement loss of the fundamental mode was calculated using a

method similar to that outlined below.

1. The propagation constant of the fibre was first determined for the simpler case
where the outer cladding was ignored, that is, a step-index fibre. This was found
using the dispersion equation in Ref. [218] and a modified bisection method for
root finding (rather than bisection multiple points were used to take into account

multiple roots).

2. Mode labelling was applied to each solution using the convention specified in Ref.

[54].

3. Each solution found for the step-index dispersion equation was used as a start
value for finding the zeros of the determinant of the matrix in Eq. C.41. Roots

were found using fsolve from Matlab’s optimisation toolbox.
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This method works well because the outer cladding can generally be considered as a
small perturbation to the equivalent step-index solution. This breaks down when the
imaginary part of the propagation constant for the W-fibre becomes large (if say, a ~ b
and/or a < A), in which case the confinement loss is extremely large and generally not

of interest.
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Aluminium Ion Sensing

Publication

This appendix contains a paper that has been compiled from the surface functionalisation
work that was presented in Chapter 5. It will be submitted to the Journal of the
American Chemical Society shortly after submission of this thesis. It shows how an
aluminium ion dip sensor can be created by surface functionalising a microstructured

optical fibre using a derivative of lumogallion and a polyelectrolyte base layer.

S. C. Warren-Smith, S. Heng, H. Ebendorff-Heidepriem, A. D. Abell, T. M. Monro,
“Fluorescence-based aluminum ion sensing using a surface functionalized microstruc-

tured optical fiber,” to be submitted to Journal of the American Chemical Society.

D.1 Statement of Contribution

Conceptualisation

The concept of attaching a derivative of lumogallion to glass surfaces was originally con-
ceptualised by Markus Pietsch and Heike Ebendorff-Heidepriem. A potential chemical
synthesis that would allow for this was proposed by Markus Pietsch and Andrew Abell,
which was later simplified, improved, and realised by Sabrina Heng. Alexandre Francois
suggested using polyelectrolytes as the base layer upon which to attach the lumogallion

derivative.

263
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Realisation

Chemical synthesis of the lumogallion derivative in this paper was done by Sabrina
Heng. Cuvette measurements, glass slide experiments, and microstructured optical fibre
experiments were done by Stephen Warren-Smith. The inflated wagon wheel fibres were

fabricated by Heike Ebendorff-Heidepriem and Roger Moore.

Documentation

This paper was primarily written by Stephen Warren-Smith and Sabrina Heng, with
editing by all authors.

Declaration and Permission

I declare that the above statement of contribution is accurate and I give permission for

this publication to be included in this thesis.

Stephen C. Warren-Smith Sabrina Heng Heike Ebendorff-Heidepriem

Andrew D. Abell Tanya M. Monro
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