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Abstract

University of Southampton
Zepler Institute
Doctor of Philosophy

Applications Of Femtosecond Laser Micro-machining For Fabrication Of
Novel Optical Sensing Devices
by Andrei Donko

Recently, femtosecond micro-machining has been established as a powerful fabrication
tool for optical devices. Relying on the fundamental mechanisms of multiphoton absorp-
tion and avalanche ionisation, transparent bulk materials can be restructured. Subseque-
ntly, femtosecond micro-machining has emerged as an alternative to UV-based inscription
techniques. The ability to introduce stark refractive index modifications, without the
need for a photosensitive material, offers a solution to issues encountered by UV-based
methodologies. As the process is intensity dependent, wavelengths that are transparent
to polymers can be used, meaning the removal of fibre coating is not necessary prior
to inscription. Hence, femtosecond laser writing offers a powerful solution for the
fabrication of optical fibre sensing devices.

Exploiting these aspects, a fibre Bragg grating was fabricated in a high concentration
(>40 mol%) gemrania fibre using the point-by-point technique. Thermal tests revealed
the grating was stable up to 800 °C for 30 minutes. The point-by-point technique offers
the advantages of precision and control compared to interferometric based techniques.
The precision enabled the inscription of four 3"¢ order gratings into separate cores of a
7 core multicore optical fibre.

Fibre Bragg gratings are fundamental sensing elements. In particular, recent public-
ations have focussed upon fabricating continuous gratings and grating arrays to improve
the signal to noise ratio in distributed acoustic sensing systems (DAS). Traditionally,
DAS systems have utilised the Rayleigh backscatter of single mode fibres but their low
signal-to-noise ratio (SNR) limits their capabilities. Fabricating low loss, consistent
gratings are an engineering challenge.

Femtosecond micro-machining offers a solution to the SNR issue faced by DAS
systems. By utilising the smooth refractive index regime, reflectors could be inscribed
into the fibre causing a Fresnel reflection of the forward propagating mode. Using this
mechanism meant the reflectors were wavelength independent. These intricate low-
loss structures were inscribed into a single mode fibre, improving the SNR by up to
23 dB with respect to the Rayleigh backscatter. The fibre was measured to have an
attenuation of 1.5x107° dB/reflector. The fibre was functionally characterised, and
compared with standard sensing fibre in two vibration measurements: a phase-based
optical time domain reflectometry (¢-OTDR) measurement; and an optical frequency
domain reflectometry measurement. When the fibre was used in conjunction with the
dual-pulse p-OTDR methodology, an immunity to signal fading was demonstrated. This
is the first known report of an ultra low-loss, wavelength independent, temperature
immune, femtosecond inscribed, enhanced reflectivity fibre.
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»-OTDR
AOM
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BOTDR
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Brillouin optical time domain reflectometry
computer-aided design

complimentary metal-oxide semiconductor
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distributed acoustic sensing

diffraction slit
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enhanced reflectivity fibre
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fibre optic rotary joint
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integrating sphere

isolator

light emitting diode

laser source

mirror

Mach Zehnder interferometer

numerical aperture

objective

optical frequency domain reflectometry
optical spectrum analyser

oscilloscope

optical side scattering radiometry
optical time domain reflectometry

point by point



PBS
PC
PD
PG
PSO
PZT
SC
SHG
SMF
TLS
WDM
WP

polarisation beam splitter
polarisation controller
photodetector

pulse generator

position synchronised output controller
Piezoelectric transducer
supecontinuum

second harmonic generation
single mode fibre

tunable laser source
wavelength division multiplexer
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Chapter 1

Introduction

1.1 Femtosecond Micro-machining

In 1996, Hirao’s group demonstrated how ultrashort laser pulses could be utilised to
fabricate waveguides within bulk silica. Since then, femtosecond micro-machining has
evolved rapidly, having been developed by a multitude of research groups across the globe
for a range of applications. Previously, sub-picosecond lasers were elaborate pieces of
hardware, that could only be found in a research environment and their use was restricted
to extensively trained individuals. Technological advancements in laser engineering
made high quality, stable, ultrafast light sources readily available. Demonstrations of
the Kerr effect and semi-conductor saturable absorbers offered new methods for mode
locking a laser. These alternative techniques generated stable sub-picosecond pulse
trains of high peak intensities on the order of 10 TWem™2. At such intensities, light
pulses can ionize bulk transparent glass, creating a plasma of free electrons that alters
the arrangement and structure of the material. After it cools, a change in the refractive
index remains. Unlike longer pulses (> 10 ps), the effects of irradiation are confined
strictly to the focal volume. Heating of the material lattice happens after the pulse
has finished, limiting energy deposition to the targeted region. Hence, laser pulses on
the femtosecond regime are able to machine precise structures into bulk transparent
material on a micro-scale.

Femtosecond micromaching, also used interchangeably with femtosecond writing or
femtosecond inscription throughout this piece, holds many advantages over alternative
fabrication techniques. Primarily, the scale of the modifications is ideal for applications
within photonics. Structures on the order of microns are useful for fabrication of
waveguides, manufacture of in-fibre devices and production of optical components such
as lenses. The process is direct and as opposed to lithography, it does not require
a mask or costly cleanroom facilities. Furthermore, the process is solely dependent
on intensity and as such, the wavelength of the machining beam is not of critical
importance. Therefore, infrared wavelengths can be selected that are transparent to
polymers allowing inscription through the coating of fibres. There is low dependence on
the bandgap of the material, meaning the majority of glasses can be modified without a
radical changes to the irradiation parameters. The range of media eligible for inscription
also extends to crystalline materials and polymers, providing more variety than other
techniques. Finally, femtosecond writing is truly three dimensional. It grants more
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freedom to fabricate more geometrically complex components by simply moving the
sample with respect to the focus. Therefore, fabrication of innovative architecture
designs that could not be achieved with other technologies became a reality.

The ability to inscribe stark refractive index contrasts in silica-based glass, without
the removal of polymer coatings, makes femtosecond micro-machining an extremely
powerful tool in the fabrication of in-fibre devices. The exploitation of femtosecond
lasers for grating fabrication has been reported for the last 15 years. However, there
in-lies opportunity to demonstrate its full capability by fabricating grating devices in
areas where traditional UV-based techniques have struggled. As such, the first part of
this piece accentuates two significant benefits of femtosecond micro-machining over its
UV counterpart: the ability to machine non-photosensitive materials; and its precision.
These were demonstrated with the fabrication of Bragg gratings in a high concentration
germania fibre and a multicore fibre.

1.2 Distributed Fibre Sensing

Sensors are an integral part of modern society, allowing accurate monitoring and detection
of parameters with minimal human input. Optical fibres have established themselves as
a class of sensors due to their ruggedness, accuracy and sensitivity. Under the umbrella
of optical fibre sensors sits the subcategory of distributed fibre sensors, which measures
parameters over large distances at spatially resolved intervals. Distributed fibre sensors
have been demonstrated to determine a host of parameters such as magnetic field
strength, temperature and strain. They offer the further benefit of being smaller in
size and simpler to implement over large distances than electrical based sensors, which
require large power cables in order to function.

Recently, sensors based on the inelastic processes of Raman and Brillouin scattering
have been the focus for distributed fibre sensing studies. Both sensor types are relatively
simple and highly sensitive, establishing them as the predominant methodologies in
several applications such as determining temperature in power cables and strain in
large constructions. However, the magnitude of the Raman and Brillouin signals are
very low meaning large amounts of averaging are required to make measurements.
Consequently, recording a reading with Brillouin or Raman sensors is a relatively long
process. Therefore, these systems are only suitable for environments where the parameters
are constant or change very slowly with respect to time.

Strain sensors based upon Rayleigh scattering have emerged to fulfil the application
shortfalls of Brillouin sensors. Rayleigh sensors have a couple of advantages over its
counterparts. First, the stronger magnitude of signal strength can reduce or in some
cases, remove entirely the need for averaging. Secondly, the coherent nature of the
light is of use for dynamic strain measurements in $-OTDR measurements. Currently,
commercial coherent Rayleigh sensors are limited to a range of approximately 100 km.
This restriction is due to the attenuation of the weak backscattered signal, caused by
the stochastic impurities frozen in the fibre during the fabrication process.

Femtosecond micro-machining has the potential to provide a solution to the issues
faced by Rayleigh-based strain sensing systems. An array of Bragg grating solutions
have been demonstrated in literature, but provide a wavelength limitation for distributed
strain measurements which causes issues in high temperature environments. The wave-
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length dependence also puts a limit on the strain that can be detected; wavelength
shifts beyond the linewidth of the detectors cannot be detected. Prior to this work,
there have been no reports of femtosecond laser writing being utilised to provide a low-
loss, wavelength independent, enhanced signal solution for distributed strain sensing
measurements. Thus, an opportunity was identified to create such a novel sensing fibre
for dynamic strain sensing.

1.3 Research Objectives

The first objective was to fabricate Bragg gratings in fibres that have proven problematic
for traditional UV-based fabrication techniques. Using the point-by-point technique,
individual grating planes can be inscribed in high concentration germania fibre and a
multicore fibre. High concentration germania fibre has proven extremely difficult to
fabricate gratings in due to is highly-photosensitive nature. Femtosecond inscription
overcomes this issue due to the fundamental mechanisms underpinning it. The point-
by-point technique is extremely powerful for multicore writing as individual cores can be
targetted. Furthermore, the technique also allowed simple control of the Bragg grating
wavelength. Perusing this work had secondary personal objectives of gaining experience
and understanding of fibre-based femtosecond machining.

The second objective was to utilise the smooth refractive index regime of femtosecond
writing to fabricate low-loss, wavelength independent reflectors for distributed acoustic
sensing applications. Distributed sensing systems suffer from a low signal to noise
ratio due to its exploitation of the naturally occurring Rayleigh backscatter. This
limits its capabilities and hence, restricts its use to certain applications. Femtosecond
laser writing possess the ability to introduce a stark refractive index contrast. The
fundamental idea was to replicate the density fluctuations that are frozen in the fibre at
its conception by inscribing artificial defects. The magnitude of refractive index change
that can be achieved with a femtosecond laser means theoretically, it could be possible to
produce a signal enhancement 30 dB greater than the Rayleigh backscatter. This would
be extremely beneficial for the oil and gas sector, one of the biggest applications of
distributed acoustic sensing systems. The poor signal to noise ratio in this application
is further worsened by rugged cabling, employed to protect the fibre from the harsh
environment.

1.4 Thesis Structure

The following piece comprises of 7 further chapters detailing critical analysis of literature
and the experimental work that was completed.. Below is a short summary of each
chapter.

Chapter 2: The theory of femtosecond micro-machining is outlined. A brief history
and overview of ultrafast lasers is presented. The fundamental physics of the femtosecond
laser-material interaction is described. The formation of free electron plasma, deposition
of energy and resultant modification are all outlined.

Chapter 3: The basic principles of fibre Bragg gratings are summarised. A literature
review of femtosecond inscribed Bragg gratings is provided. The experimental details of
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the point-by-point femtosecond inscribed Bragg gratings fabricated within a multicore
fibre and high concentration germania fibre are described.

Chapter 4: The fundamental principles behind distributed fibre sensors are summar-
ised. A literature review of distributed dynamic strain sensors utilising Rayleigh and
Brillouin scattering is also provided. After, a detailed review of enhanced signal fibres is
presented. Solutions based upon grating technology and scattering regions are critically
assessed.

Chapter 5: The concept of an ultra-low loss, femtosecond micro-machined, enhanced
reflectivity fibre is experimentally demonstrated. The results of the optical time domain
reflectometry and optical side scattering experiments are displayed.

Chapter 6: An automated fabrication system was assembled to produce long lengths
of enhanced reflectivity fibre. The chapter covers an explanation of the mechanical
components and the logic behind its design. After, the software logic is detailed,
including a review of the computer vision and learning control algorithms that were
implemented.

Chapter 7: The concept of the enhanced reflectivity fibre presented in Chapter 5 is
realised. A 1.35 km sample is interrogated with an optical time domain reflectometry
measurement. The attenuation of the enhanced reflectivity fibre is assessed with a cut-
back measurement. After, the results of two dynamic strain experiments are presented.
Vibrations were measured with a phase optical time domain reflectometry system and
an optical frequency domain reflectometry system. A comparison with standard single
mode sensing fibre is detailed.

Chapter 8: A summary of the results and conclusions from the experimental work
conducted. An outlook of the future for enhanced reflectivity fibres and potential future
work is discussed.
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Ultrafast Laser
Micro-machining

2.1 Ultrafast Lasers

Femtosecond micromachnining would not be possible without the developments in laser
engineering over the last 40 years. The seminal demonstration of a Ti:sapphire Kerr-
lens mode-locked (KLM) laser, achieving a < 60 fs pulse, led to its widespread use in
early femtosecond writing experiments. More recently, the Ti:sapphire laser has fallen
out of favour to various crystalline gain media lasers, which are based upon rare-earth-
ion doping (Nd**; Yb3*; Er®t; Tm3*; Ho3") [1]. The Ti:Sapphire laser has a short
upper state lifetime requiring a high intensity pump. Hence, these lasers require more
complex pumping architecture, such as a frequency doubled neodymium-doped yttrium
aluminium garnet (Nd:YAG), to meet the necessary threshold intensity. The rare-earth-
ion systems are pumped by much simpler laser diodes increasing the system efficiency
whilst decreasing their size. Despite these systems providing a smaller gain bandwidth,
their improved stability makes them suitable for precise and controlled laser micro-
machining. A ytterbium-doped potassium gadolinium tungstate (Yb:KGW) crystal can
deliver pulse energies of millijoules at variable repetition rates (1 kHz - 2 MHz), with a
temporal pulse duration of hundreds of femtoseconds. These parameters are more than
sufficient for material processing.

Fibre lasers are emerging as the other alternative to solid state lasers. The large area
of the gain medium (fibre core) grants them attractive thermal management properties;
simple air cooling is required for stable operation. They also possess very good beam
quality due to their formation within a fibre. Pulses of the order tens of femtoseconds
have been achieved with microjoule pulse energies[2]. Typically, fibre lasers operate at >
1 MHz meaning the time between pulses is shorter than the heat diffusion time, causing
undesirable heat accumulation effects for waveguide writing [3, 4]. The introduction of
a Pockels cell into these systems permits lower repetition rates to be achieved. Recently,
advantages have been identified for operating at GHz frequencies for ablation and drilling
applications [5].
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2.2 Laser-material interaction

In 1996 Davis et al. focussed sub-picosecond pulses beneath the surface of a transparent
glass substrate and observed a refractive index change in the focal region [6]. As the
laser - material interaction is highly non-linear in nature, the effects are confined strictly
to the focal volume. High intensity is required on the order of TWem™2. After the pulse
is absorbed, excited electrons lose their energy to the material lattice causing a change
in refractive index. The process can be subdivided into 3 processes: free electron plasma
formation, energy deposition and material modification.

2.2.1 Free electron plasma formation

Nonlinear photoionization

Photoionization is the excitation of electrons via a laser electric field. Electrons within
the material are promoted from the valence band to the conduction band via two
processes: non-linear photoionization and avalanche ionisation. Laser pulses of visible
or near-IR wavelengths do not have enough energy to directly promote electrons. The
bandgap of fused silica is ~ 9 eV whereas a 1 um photon has an energy £ = hv ~ 1.2 eV,
where h is Planck’s constant and v the photon frequency. Depending on the intensity
and repetition rate of the laser, non-linear photoionization in the form of multiphoton
absorption and quantum tunnelling can occur [7]. In multiphoton absorption, multiple
photons simultaneously excite an electron from the valence band into the conduction
band (Fig. 2.1). To surpass the bandgap of the material E,, the electron must absorb m
photons such that mhy > E,;. Multiphoton absorption dominates at high laser intensity
and low frequency. At low laser intensity and high frequency, quantum tunnelling
dominates. The large electric field warps the band structure and thus, reduces the
potential barrier. This increases the probability of electrons tunnelling from the valence
band to the conduction band. The balance of these two non-linear photoionization
processes can be described by the Keldysh parameter [8]:

w [mecneg By
_* ‘ 2.1
Y=o\ T (2.1)

where w is the laser frequency, I is the laser intensity at the focus, m. is the mass
of an electron, c is the speed of light in a vacuum, e is the fundamental charge of an
electron, n is the refractive index and ¢ is the relative permittivity of free space. If
v < 1.5, tunnelling dominates. If v > 1.5, multiphoton ionization dominates. If v ~ 1.5,
photoionization consists of a balance between both processes. For waveguide fabrication,
v ~ 1 and is therefore a combination of tunnelling and multiphoton ionisation [9]. The
Keldysh parameter was calculated for the system used in this work. For the Fibre Bragg
gratings fabricated in Chapter 3, v ~ 0.3, indicating tunnelling was predominantly
responsible. For the fabrication of the devices in Chapter 7, the Keldysh parameter was
~1, indicating both processes were responsible for the resultant index change. In the
multiphoton regime, the rate of photoionization Ppy(I), is highly dependent on intensity
I such that:

Pp[([) :O'ka (22)

where o}, is the multiphoton absorption coefficient for k& photon absorption. Equation
2.2 informs us that the process is more efficient for shorter pulses. If the pulse duration
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becomes too long (> ns), the excitation process becomes dependent on impurities whose
energy levels lie in close proximity to the conduction band. As the impurity location
is random, the process becomes less exact and thus, the properties of the resultant
modification cannot be accurately predicted [10].

b)
Valence
Band /—\

Figure 2.1: Non-linear photoionization processes: a) Multiphoton ionization; b) Avalanche
ionization comprised of free carrier absorption, superseded by impact ionization.

Avalanche ionisation

a)

Conduction
Band

For avalanche photoionization to take place, sufficient conduction band seed electrons
are required. Seed electrons can be generated via multiphoton absorption. When a
material is irradiated with an electromagnetic field, the seed electrons oscillate, increasing
their energy within the conduction band. If this additional energy is greater than
the band gap energy, the excited electron can ionise an additional electron from the
valence band. The excited electron transfers the required energy to a bound electron
via collisions. Energy transfer and ionisation through collisions is known as impact
ionisation. The process results in two electrons with the minimum conduction band
energy (Fig.2.1). If the laser pulse is still irradiating the focal volume, the process can
repeat itself causing further ionisation. The density of electrons 7,(t), can be calculated
as a function of time ¢, using:

Ma(t) = no(t)2" (2.3)

where, 79 is the seed electron concentration and w; is the probability of impact ionisation.
As equation 2.3 shows, avalanche ionisation is dependent on the number of seed electrons
present, which is intrinsically determined by the material properties. If impurities are
present, electrons could be excited via thermal excitation or linear absorption from low
lying energy levels [9]. It has been reported that for short pulses (< 100fs) multiphoton
absorption is the dominant ionization process, whereas for longer pulses, avalanche
ionisation is the predominant process. For very short pulses (< 10 fs), it has been
reported that in fused silica, photoionization can dominate over avalanche ionisation
and generate a plasma density that can damage the material [11].

2.2.2 Energy deposition

Once the electrons have been excited into the conduction by one of the aforementioned
processes, energy is evenly distributed via carrier-carrier scattering (10-100 fs) and
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carrier-phonon scattering (> 10 ps) [10]. The former process ensures an even distribution
of energy amongst the electrons whilst the latter equates the electron and lattice tempera-
tures. Once energy has been transferred to the lattice, a modification ensues. The traits
of the resultant modification depends on the irradiation parameters, such as pulse energy,
pulse duration, polarization and repetition rate, as well as the intrinsic properties of the
material.

If the created electron plasma density has a sufficient amount of energy, the transfer
via defect formation and the electron-phonon interaction can cause damage. If the
machining pulse irradiates a region for a time on the order of 10 ps, the resultant
phonon can transfer energy to the surrounding material through thermal diffusion. If
the temperature of the material is raised above the melting point a strong tension
gradient forms. The tension leads to a poor quality modification due to the creation of
fractures. The threshold fluence for damage has been reported to scale with the square
root of the pulse duration, dictated by the rate of energy deposition and subsequent
thermal diffusion [12]. However, the law capitulates for pulses shorter than 10 ps.

For sub-picosecond pulse durations, localized energy deposition takes place. As the
lattice heating time is on the order of 10 ps, any pulse shorter than this duration has
finished irradiating the focal volume when heat begins to be transferred to the lattice [9].
Hence, the electrons in the focal volume can reach extremely high temperatures whilst
the surrounding material remains unaffected. Once the machining pulse has finished,
the energy transfer remains strictly within the focal volume, reducing the heat affected
zone in comparison to longer pulses (> 10 ps). Attempts have been made to express
the damage threshold in terms of plasma density, although permanent damage has been
reported at sub-critical plasma concentrations [13, 14].

2.2.3 Modification

The size of the modifications induced are on the scale of micrometers due to the
high intensities required. Hence, the parameters of the focussing optics are a major
contributing factor to the resultant machined structure. These can be classified into
three categories based upon the numerical aperture (NA) of the lens used.

In the low NA regime (NA< 0.1), the focussing power is not strong enough to produce
a permanent modification with a single pulse [15?7 ]. Within a bulk, the femtosecond
beam turns into a filament. The low focussing power has led to the adoption of low NA
lenses for the surface modification as self focussing is not a factor of major influence.

For NAs from 0.1 to 0.5, a permanent modification within the bulk of fused silica
can be machined. Spherical aberration plays a significant role in the beam propagation.
At the air-silica interface, due to the difference in refractive index (nsica = 1.45, at
1030 nm ), the light is refracted. The degree of refraction is greater at the edge of
the beam compared to the central part. Consequently, the adjacent element of the
beam is focussed further into the substrate in comparison to the centre. In turn,
reduction of the the angular spectrum of the beam occurs, increasing the beam size. The
magnitude of the spherical aberration effect increases with NA. To mitigate against this,
specialist spherical aberration correction optics, immersion optics, or adaptive optics can
be introduced [16, 17].

Finally, oil immersion lenses with large NAs (NA > 0.9) can be used to achieve tight
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focussing, as well as to compensate for refractive index differences. The tight focussing
generates a small, intense focal volume allowing material modifications at nanojoule
energies [18, 19].

In fused silica, for pulse durations < 200 fs, it is possible to create three types of
modification: a smooth refractive index change [6], nanogratings [20] and void formation
[21].

Homogeneous refractive index change

Davis et al. reported the first observation of homogeneous refractive index change [22].
The group demonstrated the ability to write waveguides exhibiting a low loss of < 0.15
dB/cm. The tracks were written by a Ti:sapphire laser and induced a positive index
change between 0.01-0.035. The positive change in refractive index can be explained by
two models: defect formation and material densification.

Defect formation and refractive index change Explanations have been proposed
for refractive index change via a Kramers-Kronig mechanism related to absorption
[23]. The model suggests that increased absorption due to the generation of defects,
subsequently causes an increase in refractive index. The process of femtosecond laser
defect formation is complex in nature and is not clearly understood. Attempts have
been made to explain the phenomenon through the relaxation of self-trapped excitons
[24].

After an electron has been promoted to the conduction band, an exciton can form
comprising of an electron and hole bound together via the Coulomb force. The recombin-
ation represents a neutrally charged electronic excitation [25]. Excitons can be generated
in two ways: inelastic scattering of electrons or by resonant absorption of multiple
photons [26]. Excitons are formed from electron-hole pairs on a very fast time-scale,
often shorter than 1 ps in wide bandgap materials [27].

conduction

\ band

excibon exciton
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Figure 2.2: Schematic illustration of exciton level and two basic routes for exciton gemeration:
a) Inelastic scattering of the multiphoton-ezcited electrons; b) Direct resonant absorption of
multiple photons [28].
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Excitons can relax in either a localized or delocalized manner. The relaxation process
begins on the order of tens of picoseconds after excitation from the laser pulse. Exciton
self trapping describes the energy conversion process from electronic excitation into
changes in the atomic structure [29]. During self-trapping a carrier becomes restricted to
a lattice site. Small atomic displacements can take place in the trapped region caused by
short-range covalent molecular bonding or long-range electrostatic polarization deriving
from displacement of ions. These small fluctuations in atomic positioning can deepen
the Coulomb potential well that the carrier is trapped within. Thermal fluctuations
are sufficient for triggering instantaneous deformation of the lattice for the exciton self
trapping process to start.

In silica, local self trapping occurs in conjunction with strong distortion of the silica
lattice. SiO2 comprises of SiO,4 tetrahedra with silicon at the centre and a single oxygen
atom at each of the four corners [13].The Si-O-Si bonds are weakened and an oxygen
atom becomes displaced from its equilibrium point within the tetrahedral. In turn,
silicon and oxygen dangling bonds are formed [28]. The hole and electron of the self
trapped exciton, remains on the oxygen and silicon dangling bonds, respectively.

vy

E’ defect centre

2t
perfect lattice NBOHC

ODC(N) defect centre

Figure 2.3: Structural models of perfect SiO2 lattice and most-abundant laser-induced defects.
Purple spheres, silicon; red, oxygen. Ozygen deficiency centres: E’, asymmetrically relaxed
ozygen vacancy with an unpaired electron localized in a sp>-like orbital of a single silicon atom;
ODC(11), divalent Si atom. Oxzygen excess centre: NBOHC, oxygen dangling bond [10].

Femtosecond laser inscription has been reported to cause a number of different defects
(summarised in Fig.2.3) to the silica tetrahedra (=Si-O-Si=). Two forms of oxygen
deficient centres can form [24]. The first, ODC(I) is composed of four valent silicon -
silicon bonds (=Si-Si=). The second, ODC(II) is comprised of divalent silicon atoms
(=Si%) [24]. The E’ defect is a similar oxygen related vacancy but differs from the
ODC(II) as the unpaired electron is confined to an sp? orbital [30]. The last type
of defect involves an excess of oxygen [31] known as non-bridging oxygen hole centre
(NBOHC, =Si-0°), which consists of an oxygen dangling bond [32].

These defects give rise to the refractive index change. Furthermore, they stimulate

10
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further refractive index change on the multi-pulse regime by supplying absorption centres,
encouraging further ionization. However, at 400 °C, defects can be annealed [33].
However, the refractive index change can still be observed up to 900 °C. Therefore,
the refractive index change is only partially explained by defect formation.

Restructuring of glass matrix

In silica, the refractive index modulation caused by femtosecond laser radiation can also
be partially attributed to the rearrangement of the silica network. This occurs due
to the rapid temperature change that takes place when the focal volume is irradiated.
Raman spectroscopy has been used to analyse the refractive index changes and has
revealed increases in the three and four member rings in the silica structure, indicating
densification of the glass [34]. Furthermore, the femtosecond interaction causes an
increase in fictive temperature in the focal volume. For amorphous glass, the fictive
temperature is representative of the matrix order and reflects the thermal history of the
material [35]. The relationship is inversely correlated: higher fictive temperatures are
representative of lower order. Typically, for the majority of glasses, a slower cooling rate
causes a matrix order of higher density. Silica is an anomalous glass and exhibits the
highest density at a fictive temperature of 1500 °C [36]. Furthermore, glass restructuring
is also caused by shock waves [37]. Expanding material in the focal volume can cause
strain in the vicinity and subsequently, cause a refractive index increase.

Birefringent refractive index change

With higher fluences, a birefringent refractive index change can be induced. It has been
reported that the birefringence is caused by interference between the electromagnetic
field of the laser and the electron plasma wave [20]. The interference causes structures
known as nanogratings to form. These are orientated orthogonal to the polarization
direction of the writing beam. The period of the nano-scale structures was ~ ﬁ
irrespective of writing speed, implying that nanogratings are formed by a self replicating

process [38].

Void formation

At very high fluences giving peak intensities > ~10' Wem™2, pressures larger than the
Young’s modulus are created within the focal volume. Subsequently, after the energy
has been deposited in the lattice, a shockwave can be created. Depending on the writing
beam intensity and the material, this results in either a less dense area or a hollow core,
otherwise known as a void. By conservation of mass, the lower refractive index region
is surrounded by an area of higher density [39].

2.3 Conclusion

In summary, the chapter detailed the fundamental physical phenomenon of the interaction
between a femtosecond laser pulse and bulk transparent glass. The high intensity of
the laser pulse generates a free electron plasma through the processes of multiphoton
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absorption and avalanche ionisation. Explained through the formation of self-trapping
excitons, energy is transferred to the lattice. After exposure to the electromagnetic
radiation has finished, a refractive index change remains. The change in refractive
index can be explained by a change in the defect population and restructuring of the
glass matrix, described as an increase in the fictive temperature of the glass. The
characteristics of the resultant modification are dependent on the irradiation parameters.
At lower fluences either a smooth or birefringent refractive index change is induced. At
high fluences, void formation occurs.
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Chapter 3

Point-by-point Fibre Bragg
Gratings

3.1 Introduction

The discovery of fibre Bragg gratings (FBGs) in 1978 has had a profound effect on
photonics [1]. Developments over the following decades aided the establishment of
FBGs as fundamental optical components. Their significance is best illustrated by
their utilisation as reflectors or band rejection filters in a vast array of applications
such as telecommunications, sensing and fibre laser engineering [2]. For decades, UV
based inscription techniques have been developed and exploited on a commercial scale
to produce a variety of grating types. The discovery of ultrafast laser micro-machining
has opened a new alternative to these methodologies.

The following chapter covers the experimental work fabricating Bragg gratings in
two novel fibres: a multicore fibre; and high concentration germanium fibre. Working
with these two fibres pose issues for classical UV based techniques due to the fundamental
principles they rely on. Using ultrafast micro-machining, these issues are not encountered.
The first section cover the fundamental theory behind uniform Bragg gratings. After,
a literature review of fabrication techniques is presented. The final sections detail the
experimental methodology, results and conclusions of the fabrication of Bragg gratings
in these two unique fibres.

3.2 Fibre Bragg Gratings: Fundamental Principles

Fibre Bragg gratings comprise of periodic perturbations in refractive index along a
waveguide longitudinal axis (Fig.3.1). By coupling counter-propagating core modes
resonant with the structure, light of Bragg wavelength Ap is reflected. Since the
reflected light travels within the core, Bragg gratings can be utilised as reflectors or
band rejection filters. Light that is confined by the waveguide will encounter each grating
plane as it travels through the core. If the grating pitch does not equal a half integer
of the wavelength of light in the medium, wave fronts reflected from each plane will
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Figure 3.1: Schematic showing the structure of a uniform Bragg Grating in a waveguide of
effective modal index neg. The black regions indicate areas of larger refractive index separated

by period A. The periodicity causes the reflection of light corresponding to the Bragg wavelength
2n.g A
Ag = eff

~U—, where m 1is the order number.

become increasingly out of phase and eventually will negate one another via destructive
interference. Thus, for reflection to occur, the Bragg condition must be met:

_ 2neﬁA

AB (3.1)

m
where Ap is the Bragg wavelength, n.g is the effective modal index, A is the grating
period and m is the mode number. The strongest reflection occurs for the first order
mode, m = 1. When radiation of wavelength A\ is incident on the structure, reflections
from each plane are in phase with one another and thus, combine constructively to form
a back-reflected mode.

Given the variety of possible Bragg structures, a number of modelling approaches
have been developed to numerically describe the optical characteristics of a FBG [3, 4, 5].
Most commonly, coupled-mode theory forms the basis for several techniques due to its
relative simplicity and accuracy when predicting the optical characteristics of a grating
[6].
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Figure 8.2: Reflection spectra of an ideal uniform grating with kL = 8 (solid) and kL = 2
(dotted). Wavelengths have been normalised t0 Amaq, the wavelength of mazimum reflection.

Fundamentally, the theory is based upon the superposition of counter-propagating
modes through an optical waveguide. In an ideal waveguide these counter-propagating
modes do not exchange energy as they are orthogonal. However, when a dielectric
perturbation is introduced, these modes couple together. It is assumed that FBGs
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formed by ultraviolet (UV) radiation comprise of a perturbation in the effective refractive
index, neg. This dielectric fluctuation is experienced by the guided mode along the
length of fibre, z. The effective index profile of the perturbation can be described
mathematically by:

ey = Onieg (2) (1 + v cos B”z + d)(z)]) (3.2)

where %eﬁ is the “dc¢” index change averaged over a grating period, v is the fringe
visibility of the index change, A is the grating period and ¢(z) describes the grating chirp,
(= 0 for a uniform grating). Thus, considering light of wavelength A\p interacting with a
uniform grating, further analysis leads to a single Ricatti differential equation describing
the local reflectivity. This can be be solved using numerical integration techniques to
give the power reflection coefficient:

inh? (VrZ — 621
po ST (VR0 )&2 (3.3)
cosh? (\/,‘{2 — &2L) -
K

where k is the “AC” coupling coefficient, & is the “dc¢” coupling coefficient and L is the
length of the fibre grating. For a uniform, single mode grating x and & are found to be:

K= zuﬁeﬁ (3.4)
)\ d
I

5’ = ;57%]5‘ (35)

For more complex structures the “dc” coupling coefficient can describe grating chirping
and any any detuning effects [6]. By simplifying equation 3.3 the maximum reflectivity
of the grating can be calculated using:

Fmae = tanh? (kL) (3.6)

Equation 3.6 implies the reflectivity of a FBG depends on two parameters: grating
length and size of refractive index modulation. Using this equation, the ideal reflection
spectrum can be plotted (Fig.3.2). The spectra take the form of a sinc function,
originating from the finite extent when a harmonic signal is Fourier transformed. If
the grating was infinitely long, the reflection spectrum would take the form of a delta
function. Thus, as the length of a grating increases, the bandwidth of the reflection
peak decreases.

As well as reflecting into a backward propagating mode, FBGs also possess the ability
to couple light into the cladding. This can be useful for applications or where light needs
to be pushed out of the core such as sensing [7]. In FBGs, the spectral appearance of the
cladding modes depends on the refractive index relationship between the fibre cladding
and the surrounding environment (Fig. 3.3). The figure shows the transmission profile
of the LP¢; mode through a 5 mm Gaussian fibre grating of an index change dn.g = 2
x1073.

In Fig. 3.3a, the fibre section containing the FBG was immersed in an index matching
oil such that the refractive index of the cladding, n, was equal to the refractive index
of the surrounding environment, n,. Thus, this has the impact of simulating an infinite
cladding. The result is a smooth transmission profile for wavelength < 1540 nm. This
is due to a loss of light coupled from the fundamental mode to radiation modes. In Fig.
3.3b, the bare fibre has been immersed in glycerine, such that n, < ns. In a case where
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Figure 3.3: The measured transmission spectra of a Gaussian Bragg grating, 5 mm long of a
*de” index change dney = 2 %1073, where the uncoated fibre is a) immersed in index matching
oil simulating an infinite cladding; b) immersed in glycerine; and c) surrounded by air, thus
supporting the propagation of cladding modes. The inset of each figure shows the relation of the
surrounding environmental index ns to the cladding index nq, as well as a ray diagram of the
radiation and cladding modes induced [6].

the surrounding environment index is greater than the cladding index, the transmission
spectrum exhibits fringes similar to Fabry Perot interference. This is caused by the
partial reflection of the radiation modes from the cladding-glycerine boundary. In the
final plot, Fig. 3.3c, the bare fibre is surrounded by air only. For wavelengths < 1540
nm, the LPy; mode is coupled into backward propagating cladding modes. The spectra
shows a clearly defined resonance peak for each individual mode. Cladding modes are
bound by the condition 1 < n.p < ny assuming the fibre is surrounded by air. It can be
shown that the grating period required for counter-propagating coupling between a core
mode of index n} and a cladding mode of index njy is A = A\/(n¢% + nt%) [6]. Further
analysis has been completed around cladding and radiation mode coupling, but their
analysis is beyond the scope of this work [8, 9, 10].
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3.3 Bragg Grating Fabrication Techniques

The first observation of gratings in photosensitive media dictated three decades of
UV based fabrication techniques [11]. Today, most commonly interferometric and
phase mask techniques are used to inscribe gratings. However, as UV writing relies on
exploiting the photosensitive properties of a fibre, there is a limitation on the possible
materials eligible for inscription.

Femtosecond writing offers an alternative to UV based techniques for FBG fabrication.
Via multiphoton absorption and avalanche ionisation, femtosecond writing can alter
the properties of bulk transparent glass. As such, femtosecond writing has bypassed
the restrictions of UV-based techniques and expanded FBG fabrication to materials
considered non-photosensitive to nanosecond lasers. Furthermore, the dependency of
the process on laser intensity allows infra-red (IR) wavelengths to be employed. This
offers an additional advantage due to the transparency to the fibre coating [12] at these
wavelengths. Typically, most commonly used fibre coatings are not transparent to UV
radiation and their removal is necessary prior to FBG fabrication.

3.3.1 Point-by-point femtosecond gratings

Apart from phase mask and interferometric techniques, the other main fabrication
method for FBGs is the PbP methodology. Malo et al. first demonstrated the point-by-
point technique in 1993 using an excimer laser to inscribe Bragg gratings in D-shaped
fibres [13]. Its name derives from the systematic methodology Malo used: each refractive
index modification was inscribed individually, “point-by-point” (PbP). The experimental
set up was relatively simple - the excimer laser beam was focussed through a 0.25 NA
objective lens to produce a small enough focal volume, the fibre was secured by two
clamps and then translated beneath the objective using computer controlled stages. In
comparison to the phase mask and interferometric methodologies, the PbP technique
had the added benefit of controlling the period of the gratings by altering the translation
position of the fibre. Thus, complex grating structures could be produced with relative
ease [14].

The first demonstration of the PbP technique using a femtosecond laser was by
Martinez et al. in 2004 [15]. Using a Ti:sapphire laser, first, second and third order
gratings were inscribed in commercial single mode telecommunication fibres. Higher
order gratings are characterised by the period spacing of index perturbations (Eq. 3.1);
second and third orders translate to a period spacing twice and three times that of a first
order grating. The work showed the power of using a femtosecond laser over of a UV
laser as a non-photosensitised fibres were used. Furthermore, the PbP technique did not
require the fabrication of an intricate phase mask, nor the precise alignment required for
interferometric techniques. Combined with the ability to inscribe through the coating of
the fibre, the FBG fabrication process had been gravely simplified compared to UV-based
interferometric techniques; only a femtosecond laser focussed through a microscope
objective were used.

However, their work also highlighted the limitation of the technique when producing
lower order gratings due to poor phase coherence between the grating planes. The
sharply defined nature of induced modifications are a stark contrast to the smooth
sinusoidal refractive index profiles produced by UV-photosensitive techniques [16]. Fur-
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thermore, the larger spot size in the fibre core of the femtosecond laser during inscription,
compared to a UV beam, leads to overlapping of grating planes at lower orders. At 1550
nm, a first order grating should have a period of ~500 nm. For a 1 pm femtosecond
laser, this occurs under below the diffraction limit of the beam. Although, sub-diffraction
limit structures have been demonstrated using femtosecond micro-machining, working
in this regime is extremely difficult to control as the writing parameters are at the
threshold of the highly non-linear fundamental processes at work. Thus, higher order
gratings are preferred when using the PbP technique as less precision is required and
their extinction at the Bragg wavelength is more prominent. The work of Martinez et
al. demonstrated that high spectral quality FBGs could be produced; all had a low
insertion loss of < 2 dB, 0.1 - 0.2 nm bandwidth and a strong extinction of ~25 dB
at the resonant Bragg wavelength. PbP gratings do have limitations in its spectral
quality outside of the resonant Bragg wavelength. The highly localized nature of the
index perturbation, causes strong coupling to cladding modes [17]. The transverse planar
nature of relatively high index change, leads to different coupling behaviour compared to
homogenous gratings formed with interferometric fabrication techniques. Homogenous
gratings lead to coupling to and from azimuthally independent fibre modes [9]. On the
other hand, PbP gratings allow efficient access to higher order fibre modes [18]. The
effects of cladding mode coupling increase with grating length. Therefore, this effect can
be minimised by writing as short a grating as possible.

3.3.2 Multicore fibre Bragg gratings

Multicore fibre Bragg gratings (MC-FBGs) are of great interest due to their potential
application in space division multiplexing (SDM) systems [19]. SDM looks to improve
the data capacity of a fibre by increasing the number of fibre cores, propagation modes or
a combination of both. Each additional core and / or mode is utilised as an independent
information channel. MC-FBGs are a key conceptual component in SDM systems for
dispersion compensation or filtering purposes.

Recently, successful fabrication of MC-FBGs has been reported [20, 21]. In both
cases, successful inscription was achieved using a UV source to simultaneously illuminate
all cores using a single phase mask. The technique successfully fabricated reasonable
spectral quality gratings. However, the non-uniform absorption of UV radiation leads
to effective Bragg grating period discrepancies. The effect can be mitigated against
using various scanning techniques, but is difficult to eliminate entirely. Furthermore,
the simultaneous inscription of all cores with a single phase mask means all gratings
have the same pitch. In SDM, as all cores are independent of one another, fabricating
FBGs of varying pitch would be a more pragmatic solution.

Femtosecond laser assisted inscription is a viable option for producing core-specific
MC-FBGs. To permit isolated FBG fabrication the point-by-point (PbP) technique
was employed. This fabrication methodology is based upon focussing the writing beam
through a high numerical aperture lens, allowing the targeting of each core individually.
The technique also provides extra flexibility in producing complex grating structures
such as chirp or amplitude modulation without significantly modifying the inscription
set-up [14]. In the experiment conducted, the PbP technique was used with a femtosecond
laser, to fabricate four FBGs into a 7-core MCF. Computational simulations were
completed to generate lines of best fit to determine the characteristics of the inscribed
FBGs.
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3.3.3 High concentration germanium fibre Bragg gratings

High concentration (> 40%) germania-doped fibres have two attractive traits: low
attenuation in the mid - IR and their highly non-linear behaviour originating from
their large Raman scattering cross section. In comparison to other glass forming oxides,
germania has one of the highest peak value of Raman scattering cross section - at a glass
frequency shift of 420 cm™! its cross section is 9.2 times that of silica [22]. The large
cross section means germania-doped optical fibres have the potential to be extremely
efficient Raman fibre lasers and amplifiers, tunable across a wide spectral region. As well
as its large Raman scattering cross section, the non-linear refractive index coefficient nq
of germania is 3-fold that of silica, which has been reported to be beneficial for four
wave mixing [23]. Davey et. al observed that at a glass frequency shift of 440 cm™1,
the Raman gain coefficient increased linearly with the concentration of germania within
the fibre core [24]. The Raman gain coefficient doubled when the normalised refractive
index difference of the core and cladding An, was increased from 0.005 to 0.04 .

In spite of these properties, the full potential of germania-doped waveguides has not
been reached. Their application has been stifled by the difficulty in inscribing FBGs
using UV-based techniques. This is caused by the complex dynamics underpinning the
UV-fabrication process [25]. At low dosage levels of UV (< GWem™?2), the phenomenon
of photosensitivity can be explained by a change in the defect population and material
densification [26, 27]. The linear absorption of UV radiation is directly proportional to
the concentration of germania in the fibre core. As radiation is absorbed the material’s
absorption spectrum changes; some absorption bands increase whilst others are bleached.
The changes in the absorption spectrum and the balance of the underlying physical
processes differ depending on the chemical composition of the material and the irradiation
characteristics. Furthermore, the 242 nm absorption coefficient of a germania-doped
silica fibre aw40, scales with the concentration of germania by 36 dB/mm per mole %
[28]. Therefore, cggo= 1.44 dB pm~! for a 40%mol [12]. The high absorption makes
FBG fabrication in these fibres difficult. Asymmetric grating planes with poor phase
coherence are likely to form leading to cladding mode generation. Thus, a low spectral
quality reflector is produced.

Femtosecond laser assisted machining offers a solution to this problem. The refractive
index change induced relies on different fundamental physical phenomena. Multiphoton
absorption breaks Si-O bonds and avalanche ionisation causes the melting and re-
solidifying of glass [29, 30]. Thus, the photosensitive phenomena does not effect the
inscription process. In the experiments conducted, a FBG was fabricated in a 40%mol
germania-doped optical fibre using a femtosecond laser. The point-by-point technique
was used whereby grating planes are written individually by focussing the writing beam
through a high numerical aperture lens. After fabrication, the FBG was annealed at
500 °C and thermally tested up to 750 °C.
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3.4 Experimental Methodology

3.4.1 Optical Fibre Specification
Multicore Fibre

A T-core MCF was used in the experiments. The MCF was fabricated within the
ORC using the stack-and-draw technique. The seven single mode fibre (SMF) cores
are arranged in a hexagonal array (Fig. 3.4). A continuous air hole was introduced for
orientation purposes. Each core is 10+0.2 pym diameter and the fibre has a 198+£0.2 pm
cladding diameter. The numerical aperture of each SMF core is 0.12 and the average
core pitch is 50 pm. Each core was connected to an SMF telecommunication fibre (SMF
28, Corning) via a fan-in-fan-out device.

Figure 3.4: Annotated microscope image of the 7 core MCF cross section used for the fabrication
of FBGs.

High Concentration Germania-doped Fibre

The fibre was produced in-house at the ORC. The preform was fabricated using the
modified chemical vapour deposition (MCVD). DSM-314 cured by photo-polymerisation
was used to coat the fibre. The DSM-314 coating was favourable over other alternatives
due to its high refractive index which inhibits cladding mode propagation. The refractive
index profile of the fibre was recorded using a multi-wavelength optical fibre analyser
(IFA-100, ASM Technologies.) The refractive index profile was plotted to further
understand its structure (Fig. 3.5.) The core and cladding diameters were recorded
to be 3.72+0.2 pm and 10640.2 um, respectively. The measurement had an accuracy
of +£1.0x10—4.
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Figure 3.5: The refractive index profile of the high concentration germania doped optical fibre.
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Figure 3.6: Schematic diagram of the femtosecond writing arrangement. M - mirror, A
- attenuator, DS - diffraction slit, D - dichroic mirror, O - objective lens, F - fibre, SC
- Supercontinuum, OSA - Optical Spectrum Analyser, PSO - position synchronised output
controller.

3.4.2 Bragg Grating Fabrication

A femtosecond laser writing set up was assembled to fabricate the FBGs (Fig.3.6). A
1030 nm solid state Yb:KGW (ytterbium-doped potassium gadolinium tungstate) laser
system (Pharos, Light Conversion Ltd) was used for inscription. At this wavelength the
polymer coating is transparent meaning its removal is not necessary prior to inscription:
Using an autocorrelator (Geco, Light Conversion), the temporal pulse duration was
measured to be 206+5 fs, assuming a Gaussian pulse shape. The laser frequency was
set to 1 kHz for the fabrication of both FBGs. The pulse energy was measured to be
2.140.2 pJ and 1.140.2 pJ for the MCF and the germanium-doped fibre, respectively.
Immediately after the pulse was emitted from the laser cavity, the beam was guided by
mirrors through an attenuator to control the pulse energy. After, the beam propagated
through a diffraction slit orientated parallel to the fibre propagation axis. The diffraction
slit was inserted to control the symmetry of the modification cross section induced within
the fibre.
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Figure 3.7: a) beam evolution near focus not using slit; b) energy distribution in YZ plane not
using slit; ¢) beam evolution near focus using slit; d) energy distribution in YZ plane using slit
where x corresponds with the direction of the beam translation and the waveguide azis [31]

During fabrication, the inscription beam is orthogonal to the fibre propagation
axis and thus, the depth of the modification is dictated by the confocal parameter
of the writing beam. In the absence of any beam adapting optics, a Gaussian profile
pulse causes an asymmetric modification cross section (Fig.3.7, [31]). The diffraction
slit is a common alternative to other beam shaping optics in femtosecond writing
arrangements due to its relative simplicity. The slit narrows the beam width in one
direction. Subsequently, the reduced beam waist decreases the Rayleigh range in one axis
and thus causes rapid divergence after focussing from an objective lens. By controlling
the divergence angle in one plane, the symmetry of the induced cross-section can be
modified. Mathematically, it has been reported that to achieve a symmetric cross
section, the ideal ratio of x and y beam waists, W, and W, is:

W, NA [In2
w,~ Vs (37)

where N A is the numerical aperture of the focussing lens and n is the refractive index
of the target material [31]. Equation 3.7 is only valid for W, > 3W,. When writing in
an optical fibre, the slit should be orientated parallel to the fibre propagation axis. For
both experiments the slit was fixed to 300+10 pm.

After the slit, the writing beam was directed by a dichroic mirror through a 0.65
NA objective lens. The fibre was secured onto a 3D-printed fibre platform using two
rotational fibre holders and positioned beneath the objective lens. The holder was
attached to a high precision air bearing translation stage accurate to 100 nm (ANT130,
Aerotech). A CCD camera was positioned directly above the dichroic mirror to enable
visual imaging of the writing process. An LED was positioned beneath the fibre to
provide illumination for the imaging.

When a FBG was being inscribed, a light source and optical spectrum analyser
(OSA, AQ6370D, Yokogawa) were connected to allow live characterisation of the FBGs
transmission spectrum. Measurements of wavelength and power using the OSA were
accurate to £0.01 nm and +0.4 dB. A supercontinuum source (SC400, Fianium) was
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used for the high concentration germanium fibre and an EDFA utilised as an Amplified
Spontaneous Emission (ASE) source was used for the MCF. The supercontinuum source
could not be used to record the transmission spectra of the MCF as the insertion loss
was too large.

The point-by-point technique was employed, whereby each grating plane is inscribed
individually. FBGs were inscribed in the single pulse regime. The translation stages were
controlled using a position synchronised output (PSO) controller (A3200, Aerotech).
The PSO was connected to a pulse picker (pockels cell) within the laser. This allowed the
grating pitch to be controlled by the synchronisation of laser pulses with the positioning
of the fibre. The difference between the laser frequency and the shutter frequency meant
beating occurred, however computer simulations revealed this effect to be negligible on
the grating pitch.

3.4.3 Computational Analysis

To analyse the recorded transmission spectra of each FBG, computational simulations
generated lines of best fit to deduce the induced refractive index. From coupled mode
theory, the reflectivity of an ideal, first order, uniform grating can be described by
equation 3.3. The “AC” coupling coefficient is expressed by:

™

g (3.8)

KR =

where ) is the wavlenegth, v is the fringe visibility and dn.g is the “dc” refractive index
change. The general self coupling coeflicient &, is equal to:

. 1 1 2r — 1d
G = 2MNef <)\ - )\D> + Tl/éneﬁ - §£ (3.9)

where n.g is the effective modal index, Ap is the design wavelength and ¢(z) describes
the grating chirp over a distance z. For a uniform grating, the final term is equal
to zero. Thus, inputting the grating period, resonance wavelength and trial value of
refractive index into equations 3.3, 3.8 and 3.9, a line of best fit was generated. An
iterative algorithm determined the “dc” refractive index change by finding the value
corresponding to the minimum variance. As all FBGs fabricated were of the 3rd order,
the refractive index change An has to be adjusted for accordingly. Assuming a periodic,
step index profile the 3rd order fourier coefficient is:

L
by = %/_L f(z)sin(6mrx)dx (3.10)

And thus the refractive index change An is equal to:

Anbg = QEeﬁ (3 11)
An = 67757716]50 '
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3.5 Multicore Bragg Gratings

3.5.1 Results
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Figure 3.8: Transmission spectra recorded from cores 2, 8, 4 and 6.

Four 3rd order FBGs were inscribed into cores 2, 3, 4 and 6 of the fibre with Bragg
resonances Ap = 1541.01+0.02, 1547.824+0.02, 1532.66+0.02, and 1537.42+0.02 nm,
respectively (Fig.3.8). The gratings were written with a pulse energy of 2.14+0.2 J and
a laser frequency of 1 kHz. A single shot was required to fabricate each grating plane.
At the focal volume, the beam had a depth of 10 pm. Computational analysis was also
completed on the resultant transmission spectra to measure the grating period, -3 dB
bandwidth and extinction ratio (Table 3.1).

Core . Bragg -3 d].3 Extinction Reifri?ig(we
Number Period (pm) Wavelength Bandwidth ratio (dB) modulation
Ap (nm) (nm) An (x1073)

2 1.598+0.001 1541.0140.02 0.28+0.03 13.9740.40 2.56+0.06

3 1.605+0.001 1547.8240.02 0.22+0.03 16.0240.40 2.92+0.06

4 1.5894+0.001  1532.66£0.02 0.16£0.03 10.08+0.40 2.07£0.02

6 1.59440.001 1537.4240.02 0.18£0.03 13.40£0.40 2.38+0.17

Table 3.1: A summary of the computational analysis completed on the FBG transmission spectra

A 7.5% difference in transmission was observed at the Bragg resonance wavelengths
between core 3 and core 4. The lower transmission can be attributed to the difference
between the spot diameter in the focal volume and the core diameter. For the HE;
mode, an offset of 1 pum from the centre of the core can cause a 10% drop in reflectivity.
The offset means there is a poorer overlap of the induced modification with the power
distribution of the fundamental mode. To improve the consistency of the FBG reflectivity,
beam expanding optics could be introduced to increase the spot diameter at the focal
point.
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Figure 3.9: The transmission spectra of the grating inscribed within core 4 of Bragg resonance
Ap = 1532.66+0.02 nm. Computational analysis applied a line of best fit and deduced the
refractive index modulation associated to the grating planes én = (2.0740.02)x1073.

For core 2, a larger than anticipated bandwidth was recorded. It is believed that
systematic errors in the grating period were introduced due to distortion of the induced
modification. During the inscription process, core 2 was situated furthest from the
writing beam. Given its orientation, the propagation path of the writing beam was non-
uniform causing an asymmetric modification to be induced. The asymmetry alters the
grating periodicity and thus, causes a broadening of the bandwidth. Despite this, the
result demonstrates the ability of the PbP technique to access the deepest cores, lying
furthest from the surface. The variation in bandwidth could be mitigated by rotating
the fibre to minimise the beam propagation path and in turn, reduce the effect of any
non-uniformities.

The core 4 FBG exhibited minimal variance and therefore, behaved most like an
ideal grating (Fig.3.9). On the short wavelength side of the Bragg resonance, the
measured spectrum exhibits a side-lobe suppression ratio half as large as that predicted
by simulations. The core 3 FBG also demonstrated a side-lobe suppression ratio approx-
imately 1.5 times lower than expected, on the longer wavelength side of the Bragg
resonance (Fig.3.10). From literature, the lower than expected side-lobe resonances are
caused by random phase errors between the grating planes [5]. For the core 4 FBG, the
secondary side lobes of the inscribed grating lie 0.11 nm from the Bragg wavelength and
are in agreement with the simulated results to 3%. For the core 3 FBG, the secondary
resonance location on the long wavelength side of the Bragg resonance is in agreement
with the simulated result to less than 1%. The presence of these side lobes verify that
a uniform grating was inscribed; apodization would suppress these side lobes and any
chirping would show broadening of the Bragg resonance. Side lobes were present in the
transmission spectra of all four gratings.
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Figure 3.10: The transmission spectra of the grating inscribed within core 3 of Bragg resonance
Ap = 1541.01+0.02 nm. Computational analysis applied a line of best fit and deduced the
refractive index modulation associated to the grating planes én = (2.9240.06)x1073.

3.5.2 Conclusions

Using femtosecond laser writing, four FBGs were inscribed into four separate cores of a
T-core fibre, with a 7.5 % variation in reflectivity. The PbP methodology enabled specific
cores of a multicore fibre to be targeted and isolated for FBG fabrication; no observable
increase in inter-core cross talk was observed. The non-uniformity in reflectivity could be
minimised by increasing the laser spot size at the focal point to a diameter comparable to
that of the core. Further enhancement of the experimental arrangement would facilitate
the ability to inscribe within 6 cores; core 5 is inaccessible due to its proximity to
the air hole, distorting its imaging. The number of cores eligible for FBG inscription
is determined by the imaging capabilities and spot size of the laser. The image of
the core cannot be obscured by other features within the fibre and the spot diameter
must be comparable to the core diameter. The technique also presented the additional
advantage of inscription through the fibre coating as it was transparent to 1030 nm
radiation. If the uniformity grating reflectivity could be improved, the PbP technique
applied in conjunction with a femtosecond laser, could be a viable solution for MC-FBG
fabrication for SDM solutions.

29



Chapter 3

3.6 High concentration Germania-doped fibre

3.6.1 Results
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Figure 3.11: The transmission spectra of the high concentration germania-doped FBG.

A 3rd order grating with a design wavelength of 1550 nm was fabricated. From the
Bragg condition, the grating pitch was calculated to be 1.5484+0.001 um. The FBG was
3 mm long and was fabricated in 30 seconds. The laser frequency was set to 1 kHz
and a single pulse to plane regime was utilised. The laser had a pulse energy of 1.1
J and a 10 pm depth at the focal point. In the recorded transmission spectra, three
Bragg resonances are visible at A\p = 1534.40+0.02, 1535.78+0.02 and 1550.28+0.02
nm of extinction ratios 17.1740.40, 6.264+0.40 and 25.0040.40 dB, and bandwidths of
0.8240.02, 0.934+0.02 and 1.104+0.02 nm respectively. The bandwidths were measured
at first minima. Computational analysis deduced an average refractive index change of
(1.240.4)x1072.

FBGs in multimode fibres exhibit multiple resonances due to self coupling between
the forward and backward propagating modes, and cross coupling between the differing
counter-propagating modes. For a weakly-guiding, step index fibre, if all supported
modes are launched into the fibre, the number of Bragg resonances scales with the
number of scalar modes n, by 3(n*+ n).

Upon initial inspection, assuming a step index profile from Fig.3.5 appears to be
acceptable. At 1550 nm the normalised frequency of the fibre was ~ 3.06 and supports
two scalar modes (LPg; and LP11). Therefore, 3 resonances would be expected. However,
in the experiment conducted, only the fundamental mode was launched. Therefore, no
self-coupling between the higher order modes occurs. For an ideal uniform grating,
the overlap integral between the LPy; and LP;; mode equates to zero. However, the
inscribed FBG is not perfect and so higher order modes are excited from the presence
of the induced dielectric perturbation. From this, only two resonances were expected:
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the LPg; self coupling and cross coupling between the forward propagating LPy; and
LPy;. The Ap = 1550.2840.02 nm resonance corresponds to the self-coupling of the
fundamental mode, as expected. However, the additional resonances were not expected.

Computational simulations (COMSOL Multiphysics) were generated using the fibre
refractive index profile (Fig.3.12, [32]). The simulations revealed the TEy and TMy;
modes were degenerate with an effective modal index of n.y =1.4583. In a standard
step index fibre the degeneracy of these two modes is not physically permitted. This
is due to the discontinuity in the refractive indices of the core and the cladding. The
electric field of the the TMy; mode is orthogonal to the boundary, causing the mode
possess a lower effective index. For the TEg; mode, its electric field is orientated parallel
to the boundary; thus, no discontinuity is experienced. Thus, the TEg; experiences a
higher effective modal index.

However, upon review of the germania-doped fibre refractive index profile, the core-
cladding boundary is relatively weakly graded. Therefore, TMy; electric field does not
experience a discontinuity across the core - cladding boundary. Hence, it propagates
with the same effective modal index as TE(;. Unlike a step index fibre, the TMgy; and
TEqy; are not degenerate with the HEo; as they are not radially alike. For the HEo
mode, the electric field lines begin from the cladding-air boundary and revert back to
a point on the cladding-air boundary perpendicularly bisecting the central fibre axis.
Thus, as a higher percentage of power is carried within the cladding of the fibre the
effective modal index of the HE2; mode is lower than that of the TMg; and TEgq;.
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Figure 3.12: Simulated x© component of the electric field for the HE11 , TEoi, TMo1 and
HFE>1 modes. The TEo1r and TEp1 modes were degenerate with an effective modal index
of neg=1.4583.The HE11 and HE31 had effective modal indices of neg=1.4850 and 1.4578,
respectively.

Hence, from the simulations it was determined that the A\ = 1534.40 nm resonance is
caused by the forward propagating HE; coupling to the counter-propagating degenerate
TMjp1 and TEy; modes. The Bragg resonance at Ag = 1535.78 nm is due to the coupling
between the forward propagating HE;; and the counter-propagating HE5; mode.
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Figure 3.13: The transmission spectra of the HE11 self coupling resonance recorded during the
thermal tests for temperatures up to 750 ° C.

3.6.2 Thermal testing

After fabrication, the high concentration germania-doped FBG thermal stability was
investigated. The polymer coating was removed and the FBG was placed within a 400
mm long tubular furnace. An external thermocouple validated the temperature of the
furnace. The fibre was thermally tested from room temperature to 800 °C. Transmission
spectra were recorded at 50 °C increments from 50 °C. Transmission spectra of the
grating were recorded after isochronal periods of 30 minutes using the supercontinuum
source and OSA.

Annealing of FBGs is common to improve their uniformity by removing stress and
minimizing the effect of thermal history [33]. As with UV written gratings, it is likely
that the change in refractive index arises from the multi-photon absorption process that
cause defect formation [34]. If heated below the glass transition temperature, the defects
can be annealed similarly to type I-UV gratings. Thus, the FBG was heated for 10 hours
at 500 °C. After being left to cool naturally, a non-reversible -3.28+0.02 nm shift in the
Bragg resonance wavelength was observed (at 20 °C.) The shift corresponds to a decrease
in the FBG “dc¢” index change of 3.1x107%. Thus, the annealing process was successful
in releasing stress induced from the drawing process during the fabrication of the fibre
[35].

The transmission spectra recorded during the thermal tests revealed a reversible shift
in the Bragg resonance wavelength to longer wavelengths as the furnace temperature
increased. Due to the asymmetric nature of the Bragg resonance trough, the central
wavelength was taken as the value lying halfway between the first minima. Throughout
the thermal tests, the minimum transmission varied between -23 to -29 dB, translating to
fluctuations in linear reflectivity of < 1%. These fluctuations can be attributed to a low
signal to noise ratio caused by inefficient coupling. The bandwidth of the fundamental
mode self-coupling resonance did not vary throughout the thermal tests.
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Figure 3.14: A thermal sensitivity plot of the high concentration germania fibre. A quadratic
regression line (solid) was applied to the data.

A non-linear relationship was observed between temperature and the Bragg resonance

wavelength. A regression line was applied to the data. The first and second order
2 -
coefficients were calculated ddA—TB = 11.1 pm°C~! and dd;,‘QB = 8.37x1073 pm2°C~2,

respectively. From 20 to 100 °C, the fibre had a linear thermal sensitivity ‘2‘—7’? =

12.1040.01 pm°C~'. The thermal sensitivity of the fibre increased from 700 to 800
°C to ‘g‘—TB = 20.204+0.01 pm/°C. Non-linearity has been reported in low concentration
germania-doped fibres [36]. In comparison to a 9 mol% germania-doped silica fibre, the
fibre used in the experiments above is 35% more sensitive from 0 to 100 °C. From 700

to 800 °C it is 82% more sensitive.

Two material properties are responsible for the observed non-linear thermal behaviour:
the thermal expansion coefficient and the thermo-optic coefficient. Germania-silica (40
mol.%) has a thermal expansion coefficient of age_gi0, = 43.7x1077 K~ [37]. Fused
silica has a thermal expansion coefficient ag;0, = 5.6x1077 K1 [38]. Thus, the core
expands at a rate 8 times greater than its cladding causing a significant change in the
stress field within the core. The thermal expansion coefficient is linear in nature and
thus, it is not responsible for the non-linear behaviour observed.

The thermo-optic coefficient derives from the polarizability of a material. As a
material is heated, atomic and lattice vibrations are generated. In addition, electrons can
be thermally excited to higher levels. Both of these effects increase the magnitude of the
dipole moments [33]. It has been reported that in fused silica, the rate of change of the
thermo-optic coefficient fluctuates with increasing temperature [39]. In the experiment
conducted with 40 mol.% germania-doped fibre, similar fluctuations to those reported in

33



Chapter 3

literature were not observed. A minimum has been observed at 400 °C. The differences
between the results above and those reported in literature are unclear, but it is thought
to be due to the addition of germania to the core. Further testing is required to verify
this hypothesis. Thus, the observed non-linear behaviour can be attributed to increases
in the thermo-optic coefficient.

3.6.3 Conclusions

Previously, fabrication attempts of FBGs in high concentration germania have been
reported [25], but their spectra were never published. This work is the first known high
concentration germania FBG to be published using the femtosecond PbP inscription
technique [32]. Femtosecond laser writing has demonstrated its capability in fabricating
FBGs in fibres whose photosensitive profiles have not been suitable for UV-based inscrip-
tion techniques. The high concentration germania fibre proved stable up to 800° for 30
minutes, with < 1 % movement in the FBG reflectivity. Its sensitivity at both low
and high temperatures was greater than the low concentration (9 mol.%) germania fibre
reported [40]. Hypothetically, femtosecond writing could be used to fabricate FBGs in a
100 % germania fibre. Building upon the results presented, two FBGs could be fabricated
to form a cavity within a high concentration germania fibre, creating a germania-doped
Raman laser and amplifier. Improvements of the current fabrication set up would be
required to enable precise control of the FBG reflectivity; this is essential for the creation
of an effective cavity.
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Distributed Acoustic Sensing
and Enhanced Signal Fibres:
Principles and Literature
Review

4.1 Introduction

Fibre optic sensors can be classified according to whether they are extrinsic or intrinsic.
Extrinsic sensors are where the optical fibre is used as a communication path between
the light source and an external sensing head. Intrinsic sensors exploit the optical fibre
itself as the sensing element.

Within the category of intrinsic fibre sensors, there exists further subdivisions: point
sensors, quasi-distributed sensors and distributed sensors (Fig. 4.1). One of the most
common point sensors is a Mach-Zehnder interferometer. One arm is isolated, remaining
as a reference arm and the other is exposed to the environment being monitored.
Parameters are determined via the fluctuations in intensity when the reference and
sensing arms interfere with one another. Mach-Zehnder interferometers are commonly
found in hydrophones for underwater acoustic detection.

The second category, quasi-distributed fibre sensors. This class of sensors is defined
by the use of multiple point sensors along the length of a fibre, which are multiplexed by
a single interrogating unit. Most commonly, fibre Bragg gratings are used. By placing
them at periodic intervals, absolute measurements can be determined via changes in
the Bragg resonance wavelength. Parameters such as strain and temperature effect the
Bragg resonance wavelength.

The final category, distributed fibre sensing, is a well established method for monitor-
ing parameters over long distances. The sensors do not rely on the introduction of
additional elements. Distributed fibre sensors rely on detecting either Rayleigh, Brillouin
or Raman scattered light to determine environmental parameters. As scattering occurs
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in all directions, a proportion will be scattered back along the fibre. By analysing the
backscattered light, environmental parameters can be determined.

Sensing arm

c)

Sensing

Figure 4.1: Three types of intrinsic optical fibre sensors (a)single point sensor (b)quasi-
distributed sensor, and (c) distributed sensor. LS - Laser source; FC - Fibre coupler; PD
- Photodetector; BBLS - Broad-band laser source; C - Circulator; FBG - Fibre Bragg grating;
PLS Pulsed laser source [1].

Today, optical fibre sensors are an integral part of society. These devices have
been attractive for commercial applications given their rugged nature, flexibility and
high sensitivity. Typically, single point optical fibre sensors can be up to two orders
of magnitude more expensive than electronic based elements [2]. Distributed fibre
sensors have emerged in the last decade as a solution due to their exploitation of
telecommunications fibre costing less than 1 pence per meter. Distributed optical fibre
sensors rely on a unique mechanism utilising one set of optical elements to interrogate
and spatially resolve measurable properties. This methodology allows orders of magni-
tudes of point sensors (typically > 10%) to be replaced by a light source, fibre, and
detector [3].

Since discovery, distributed fibre sensing research has focussed on measuring absolute
parameters via analysis of inelastic scattering phenomena occurring in the optical fibre.
Commercially, Brillouin- and Raman-based systems have emerged as the distributed
sensing mechanism of choice for long distance temperature measurements [4]. For
long distance strain measurements, Brillouin- and Rayleigh-based systems have been
employed. This is due to their simplicity and precision. More recently, a new sector of
distributed optical fibre sensor has been established with the ability to detect vibrations
or acoustic waves. These measurements are made by evaluating dynamic strain. The
sector has rapidly developed due to growing demand from oil and gas, geophysical and
structural health applications. Early research focussed upon solely detecting dynamic
perturbations but recent advances have allowed quantification of these vibrations.

The following sections describe the principles underlying these systems and their
operation. After, the concept of enhanced Rayleigh scattering fibres is introduced and
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analysed in reference to these dynamic strain measurement systems.

4.2 Fundamental Theory of Distributed Fibre Sensing

4.2.1 Theory of Light Scattering

Although often simplified, the fundamental phenomena of light scattering involves a
complex interaction between a propagating electromagnetic field and the scattering
media. Within an optical fibre, there are three main scattering processes: Rayleigh;
Brillouin; and Raman scattering. As the scope of this work covers only distributed
vibration sensing, only Rayleigh and Brillouin scattering will be reviewed in the following
section.

Rayleigh scattering

The Rayleigh scattering process is elastic in nature. It is significant only when the radius
of the scattering particle 7, meets the following condition:

1

where A is the wavelength of the incident electromagnetic field. The process originates
from the effect of a propagating electromagnetic wave on the medium’s electron cloud.
As the wave approaches, the electron cloud undergoes a periodic perturbation. Subsequen-
tly, a systematic polarization of atoms in the vicinity occurs, leading to the formation
of an oscillating dipole. Subsequently, the radiation emitted by the oscillating dipole
is known as Rayleigh scattering. As the dipole oscillation frequency is equal to the
frequency of incident radiation, the scattered radiation possesses the same properties as
the initial electromagnetic wave.

For a homogeneous medium, the result of the integral in all directions is zero, except
for in the direction of propagation of the EM wave [5]. Hence, Rayleigh scattering only
occurs in inhomogeneous media. In the context of an optical fibre, Rayleigh scattering
is caused by inhomogeneities frozen in the fibre during its fabrication. Numerically, the
coefficient of Rayleigh scattering can be expressed as:

873

YR = wrL(A)Sp?ﬂTKTF (4.2)
where n(\) is the wavelength-dependent refractive index of the optical fibre, p is the
average photoelastic coefficient, S is the isothermal compressibility at T, K is Boltz-

mann’s constant and T is the fictive temperature.

Brillouin scattering

Brillouin scattering derives from the x(®) non-linearity of a material. The quantized
vibrational and rotational modes of atoms or molecules comprising a solid are known as
phonons. These phonons can be excited thermally and subsequently propagate through
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Incident Scattered
Wave Waves

Acoustic
Phonons

Figure 4.2: A diagram of Brillouin scattering Ap of incident light A\, from interacting with
thermally generated acoustic wave \q [1].

the material as acoustic waves. In an amorphous solid, the phonons propagate in all
directions over a wide range of frequencies. Acoustic phonons are defined by the in-phase
nature of the oscillations of atoms or molecules. Hence, the propagating acoustic waves
can be modelled as a periodic change in refractive index, propagating through a material.
Within an optical fibre, if a travelling photon encounters an acoustic wave, these waves
couple together and scattering of the incident electromagnetic wave can occur; this is
known as Brillouin scattering. The propagating refractive index modulation is analogous
to a dynamic Bragg grating. Therefore, only those acoustic phonons satisfying the Bragg
condition will cause scattering:

Ap = QnAasin(g> (4.3)

where ), is the wavelength of incident light, A, is the wavelength of the acoustic wave
and 6 is the angle between the incident and scattered light (Fig. 4.2). In the fibre, only
light travelling in directions close to the propagation axis can be detected (6 = 90°).
Additionally, given that the acoustic phonons travel with a velocity V, and possess a
frequency v,, Eq. 4.3 can be rewritten as:

Vo = —V, (4.4)

Eq. 4.4 expresses the frequency of the acoustic phonons in terms of the wavelength of
incident light, the velocity of the acoustic wave and the fibre refractive index. As the
incident light encounters a dynamic diffractive structure, the scattered light undergoes
a Doppler shift. The frequency shift in the the incident and scattered electromagnetic
waves is equal to the frequency of the acoustic wave:

vy~ ves| =180 = 27V, (4.5)
P
where v, is the frequency of the incident photon and vpg is the frequency of the Brillouin
scattered photon in the direction parallel to the fibre axis. Whether the frequency shift
dv, is positive or negative depends on whether the acoustic wave is is co-propagating or
counter propagating with the incident electromagnetic wave. The Brillouin scattering
coefficient can be expressed as [6]:

8’ 8 2 2\—1
YBS = @n p KT (pVy;) (4.6)
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where T is the absolute temperature, p is the average photoelastic coefficient, and p
is the average density of the fibre. Thus, Eq. 4.5 demonstrates the dependency of
the scattered light on the refractive index of the fibre and velocity of the acoustic
wave. Both parameters are dictated by the environmental conditions (temperature and
strain) surrounding the fibre. Thus, by measuring the frequency and intensity of the
backscattered light strain and temperature can be measured along a fibre [7, 8].

4.2.2 Comparing Rayleigh and Brillouin Scattering

Distributed fibre sensors utilise Rayleigh or Brillouin scattering to monitor dynamic
strain over a relatively large distance. Brillouin scattering offers an advantage as it can be
optically stimulated to enhance its backscatter signal. Spontaneous Brillouin scattering
is directly proportional to its pump intensity, at low powers. As pump power is increased,
its subsequent Stoke wave response grows due to electrostriction. The combination of
pump light and backscattering Stokes light generates a forward propagating grating [9].
Subsequently, the Brillouin Stokes power is enhanced. By driving the pump light beyond
its threshold level, a major change in refractive index occurs, causing larger transfer of
pump light into the backscattered Brillouin beam. This methodology of enhancement
is known as stimulated Brillouin scattering (SBS).

The Rayleigh backscatter signal is the largest in magnitude, with the intensity of
spontaneous Brillouin scattering ~ —20 weaker relative to the Rayleigh signal. The
low magnitude of these signals mean Brillouin sensing systems have a lower signal
to noise ratio. To achieve a signal to noise ratio adequate for distributed sensing
applications, significant averaging is required (on the order ~ 10?) during the analysis
of the backscattered spectrum. Hence, Brillouin based distributed fibre sensors are
quasi-static in nature.

Brillouin scattering is affected by both temperature and strain variation as shown
the dependency of the frequency shift on refractive index in Eq.4.5. Furthermore, Eq.4.6
demonstrates dependency of its intensity on temperature and strain. By monitoring both
the amplitude of the scattering and the frequency shift, strain and temperature can be
simultaneously measured. The Stokes and anti-Stokes component of Brillouin scattering
mirror one another under strain and temperature variations. If both components can be
recorded, measurements can be made more simply as a secondary reference is available.
Apart from its larger magnitude, Rayleigh scattering further differentiates itself from
its counterpart by its coherent nature. The coherent back-signal is unfavourable for
mapping the loss along a fibre, however, it is useful for determining dynamic disturbances.

4.3 Distributed Acoustic Sensors - Rayleigh Scattering

4.3.1 Optical Time Domain Reflectometry

OTDR is the simplest method for measuring perturbations along an optical fibre. The
methodology operates on the principle of coupling light into a fibre and analysing the
backscattered signal at the launch point. The resultant output is a graph of a measured
property of the signal against time. Time can easily converted into distance along the
fibre using the effective modal index of the fibre. The intensity of a backscattered signal,
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measured at the point light is launched into the fibre, is equal to [10]:
1
I(t) = ivglotpS'ys exp(—2arz) (4.7)

where v, is the group velocity, Iy is the peak intensity, ¢, is the launched pulse temporal
width, ~yg is the relevant scattering coefficient, ap is the total attenuation coefficient z,
is the distance from the front end of the fibre and S is the fraction of capture which, for
a step index fibre, is mathematically expressed as:

NA?

T 4302 (4.8)

where N A is the numerical aperture of the fibre [10].

OTDR. distributed fibre sensors can be subdivided into categories based upon the
scattering mechanism that is measured. For Rayleigh OTDR, there are several ways the
backscattered signal can be analysed. There is polarization OTDR (POTDR), phase
OTDR (¢-OTDR) and coherent OTDR (COTDR). Since the Rayleigh backscatter signal
is coherent, analysis of the polarization and phase in POTDR and ¢-OTDR, respectively,
can be used for detection. COTDR monitors variations in the intensity of the Rayleigh
backscattered signal. For all POTDR, COTDR and ¢-OTDR perturbations have been
detected [11] but only ¢-OTDR has managed to quantify the perturbations.

4.3.2 ¢-Optical Time Domain Reflectometry

Fundamentally, ¢-OTDR measures the phase of Rayleigh backscattered light from the
entire length of sensing fibre. If the fibre is divided into equal sections, the phase
difference between the light back scattered from two ends of a given section is linearly
proportional to the length of the section. Hence, by measuring the phase variation in the
Rayleigh backscattered light from the start and end of each section, the strain imparted
on that region can be quantified.

The first distributed vibration sensor was proposed by Dakin and Lamb using a
dual-pulse methodology (Fig. 4.3a) [12]. Two probes with a relatively small shift in
frequency, f; and f; are launched into a sensing fibre, separated by a time AT. The
separation in the time domain means light backscattered from point x; mixes with light
backscattered from xo. The spatial separation between x; and xo is Az = AT - ¢/2n,
where ¢ is the speed of light in a vacuum and n is the effective refractive index of
the mode travelling in the fibre. Thus, the signal measured at the photodetector is a
superposition of two traces of beat frequency Af = |f; — fa|. The phase of the beat
signal at a section is linearly related to the strain imparted upon the fibre. For Dakin and
Lamb’s set up to effectively measure vibrations, precise control over phase was required.
In 2014, Alekseev et al. demonstrated that vibrations could be measured via control of
the relative phase of a dual pulse probe signal [13]. From this, 230 Hz perturbations
were detected over 2 km with a spatial resolution of 5 m.

Alternatively to the dual-pulse regime, a methodology based upon an imbalanced
Mach-Zehnder interferometer (MZI) was proposed by Posey et al.(Fig. 4.3b) [14]. The
backscattered light from a single probe pulse is divided in two and launched into an MZI
where the imbalance in the two arms, AL, provides a temporal shift AT = AL -n/c
between the two traces. Following this, the two traces are recombined at a 3x3 coupler
with a phase difference of %71’ between each output. The differential phase information
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Figure 4.8: Schematic diagrams of the experimental arrangements for ¢p-OTDR measurements:
a) Dual-pulse regime (b) Spatial or time derivative methodology (c) Electrical domain
measurement. AOM - Acoustic Optic Modulator [1].

at a section of fibre, identified as a red dot in the train of traces in Fig. 4.4a, can
be evaluated via gating backscattered signals from the region of interest, and separated
using a phase-demodulator. Using this methodology, a 2 kHz perturbation was measured
at the midpoint of a 400 m long fibre.

Masoudi et al. and Farhadiroushan et al. built upon this work to independently
realise distributed acoustic vibration sensing systems[15, 16, 17]. In their technique,
the measured backscattered traces can be differentiated in two ways: as a function of
time - temporal derivative or slow axis derivative as demonstrated by Masoudi et al.;
or as a function of space - spatial derivative or fast axis derivative as demonstrated by
Farhadiroushan (Fig. 4.4b). Masoudi et al. quantify the vibrations using a computer
algorithm to measure the temporal derivative. Using this, a strain range of 2 pe and
frequency range of 4 kHz was measured over a 1 km length of sensing fibre . A spatial
resolution of 1 m was demonstrated.

The other methodology to measure acoustic waves using ¢-OTDR is based upon
evaluation of the electronic domain. Hertog and Kader converted the optical data to
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Figure 4.4: A diagram demonstrating the sensing principle of an interferometric ¢-OTDR
sensor using a) signal gating measurement technique and (b) distributed measurement technique

[18].

an electronic domain, before measuring the phase difference [19]. To do so, an acoustic
optic modulator (AOM) produce a frequency shift, ¢ f relative to the source. A balanced
photodetector is used to mix Rayleigh backscattered light with the pump. A beat
signal is produced containing amplitude and phase information from the fibre under
interrogation. The phase is extracted using a phase detection circuit. Tu et. al measured
vibrations up to 80 Hz along 25 km of fibre [20]. The measurement had a strain range
of 400 ne and a spatial resolution of 10 m.

¢-OTDR has its limitations. Primarily, it is disadvantaged over its Brillouin counter-
part as only relative strains can be assessed. This is due to its exploitation of the
relative phase. The basis of this further limits the linearity of its responses [21]. In
these techniques, strain is measured based upon the phase relation between two ends of
a sensing section. Hence, the intrinsic phase at the two ends of a section are integral to
the linearity of the response. The Rayleigh backscatter signal naturally occurs from the
inhomogeneities frozen within the fibre at the point of fabrication. If the inhomogeneity
distribution of the two ends are immune to strain, the two ends would have a linear
relationship with phase. If the vibration affects the distribution of inhomogeneities at
the two ends, a non-linear response is generated which translates into noise within the
measurement.

The other major limitation for ¢-OTDR is signal fading. The signal generated from
Rayleigh scattering along the sensing fibre is a sum of all the backscattered photons, with
arbitrary phases, from the stochastic distribution of scattering centres contained within
the region of interest. As such, ¢-OTDR systems can experience significant variations
in the power of scattered light. These may approach the noise floor and can result in
the signal becoming undetectable.
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4.3.3 Optical Frequency Domain Reflectometry

In OFDR, a continuous wave tunable laser, with a narrow line width (on the order
of ~ kHz), is coupled into a sensing fibre, whilst its frequency is scanned over a set
range (Fig. 4.5). By scanning through the frequencies, it is possible to determine the
frequency of the backscattered signal along the complete length of the optical fibre [22].
The backscattered light is mixed with the light source and subsequently, a group of
beat frequencies is produced. The magnitude of beat frequencies correspond to fibre
length: smaller frequencies related to the front end of the fibre; larger beat frequencies
provide data from the far-end of the fibre (Fig. 4.5.) The relationship between the beat
frequency €2, and distance along the fibre, z can be mathematically expressed as:

o= 22w (4.9)
v dt

where v, is the group velocity of the fibre and% is the rate at which the optical frequency
of the laser source is swept. Froggatt et al. proposed a more sophisticated technique
to demonstrate the first dynamic strain measurement using OFDR [23]. Their system
exploited the reliance of the Rayleigh backscattered light on wave number as well as the
fluctuations in permittivity along the sensing fibre. Mathematically the backscattered
intensity ¢ can be expressed as:

o(B) = EQLZ? AGT(Z)eXp(iZBz)dz (4.10)
where Ej is the amplitude of the incident electromagnetic wave, 3 is the wave number,
Ae, is the variation of permittivity with distance z and € is the mean permittivity of
the fibre. Eq.4.10 informs us that the complex component of backscattered light at a
specified wave number equates to the spatial Fourier transform of variations in the fibre
permittivity, as a function of distance. Thus, from the intensity of the backscattered
signal, the strain imparted on the sensing fibre can be determined from the cross
correlation of traces.

Tunable

Laser R /I/l

Source

1 Sensing fibre

Data Acq. ——| FFT

Polarization
Controller

Figure 4.5: A schematic of the experimental set up to make a optical frequency domain
reflectometry measurement. FFT - Fast Fourier transfrom [18].

When measuring dynamic strain, OFDR has the advantage over ¢-OTDR systems as
it is has the potential to make quantifiable measurements. Furthermore, OFDR systems
possess high spatial resolution. Zhou et al. demonstrated this, making measurements at
10 cm intervals [24]. However, in their demonstration they were restricted to a sensing
range of 17 m and frequency range of 32 Hz. Furthermore, OFDR has a limited strain
range, typically on the order of ~ pe. The cross correlation process relies heavily on

46



Chapter 4

a uniform distribution of inhomogeneities. Any change in distribution translates into
noise of the OFDR measurement.

In dynamic strain measurements, OFDR systems cannot be described as distributed
fibre sensors as they may only record a measurement from a single location at any given
time [25]. The limited strain range and inability to simultaneously monitor the entire
sensing fibre at once has restricted the adoption of the OFDR, measurement technique
in distributed fibre sensing applications.

4.4 Distributed Acoustic Sensors - Brillouin Based

4.4.1 Brillouin Optical Time Domain Reflectometry

Brillouin OTDR (BOTDR) is similar to the Rayleigh based OTDR in section 4.3.1,
except it relies on monitoring the frequency shift and intensity of the spontaneous
Brillouin backscatter (Fig. 4.6). From this signal, strain and temperature measurements
can be made at points along a fibre. The low magnitude of the spontaneous Brillouin
scattering signal limits the range of a BOTDR sensor. The intensity of Brillouin
backscattered light Ig at the front-end of the fibre is given by:

1
Ip = §Uglotp5’ygexp(—27x) (4.11)

where g is the Brillouin scattering coefficient; v, is the group velocity; Iy is the peak
intensity of the input pulse; ¢, is the pulse width; S is the capture fraction; 7 is the
attenuation coefficient; and x is the distance from the front-end of the fibre. There are

~” @
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Source

% * Microwave ESA

Detector

Figure 4.6: A schematic of an experimental set up to make Brillouin optical time domain
reflectometry measurements. FEOM - Electro optic modulator; ESA - Electronic Spectrum
Analyser [18].

two major limitations for BOTDR. First, as mentioned previously, the Brillouin signal
is extremely weak meaning vast averaging is required. Secondly, measuring the Brillouin
gain spectrum with a microwave detector is time consuming. These limitations restrict
the BOTDR’s dynamic strain range. Wang et al. performed a measurement over 4 km
of fibre, measuring a detectable frequency of 11 Hz [26]. Their results had a spatial
resolution of 10 m and a strain range up to 100 pe.
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Figure 4.7: A schematic of an experimental set up to make Brillowin optical time domain
analysis measurements. EOM - electro optic modulator; SBS - stimulated Brillowin scattering

[18].
4.4.2 Brillouin Optical Time Domain Analysis

To exceed this, a technique known as Brillouin optical time-domain analysis (BOTDA)
was developed. In BOTDA stimulated Brillouin scattering (SBS) is induced which
increases the intensity of the Brillouin backscattered signal [27]. In turn, this improves
the signal to noise ratio. To do so, an optical pulse is launched into one end of a fibre and
a continuous pump signal is launched into the other. The frequency difference between
the two sources is equal to the Brillouin frequency shift. When the two electromagnetic
waves superpose one another, stimulated Brillouin scattering occurs at points which
meet the Bragg condition. Thus, by scanning the frequency of either the continuous
pump signal or the optical pulse signal, the strain and temperature along the fibre can
be interrogated (Fig. 4.7) [28]. Brown et al first demonstrated this technique [29].
Using a sampling rate of 2 kHz a strain resolution of 200 ue was achieved with a spatial
resolution of 10 m over a 120 m sample. Measurements were relatively slow as the
frequency difference Af, between the pump and interrogating signal had to be stepped
to map the entire Brillouin gain spectrum. Thus, it was not suitable for dynamic strain
measurements.

Improvements of frequency range were made using an adapted methodology known
as Slope-Assisted BOTDA (SA-BOTDA). Bernini et al. made dynamic strain measure-
ments over a 30 m long fibre [30]. This was achieved by introducing a preliminary
Brillouin frequency scan of the fibre to understand the frequency shift behaviour along
the entirety of the sensing fibre. After this slow mapping phase, a fast phase was
executed. During tests, the frequency difference between the probe and the continuous-
wave pump are fixed such that the Brillouin gain spectrum has its quadrature point at
the Brillouin frequency shift of the fibre. As such, changes in the Brillouin frequency
shift lead to changes in the optical signal recorded at the photodetector. The variation
in optical power is due to the Brillouin gain spectrum acting as a frequency filter. Via
this approach, dynamic strains could be measured as the short length of fibre allowed a
high interrogation rate. Bernini et al. measured vibrations over a 200 Hz bandwidth,
with a strain range of 95 pe and a spatial resolution of 3 m. One drawback to this
approach is that if a Brillouin frequency shift occurs greater than half the linewidth of
the gain spectrum, it cannot be detected by the system.
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Figure 4.8: A 8D plot of an exemplar Brillouin gain spectrum mapped along a 100 m sensing
fibre as a function of Brillouin frequency shift. The quadrature point at the slope of the local
gain spectra have been labelled. In the top left, the insert shows the values of the quadrature
points over the distance of the firbe [18].

Peled et al. showed after the initial mapping of the Brillouin frequency shift of the
fibre, if a fast interrogation is applied, a larger bandwidth can be achieved with SA-
BOTDA [31]. During this fast phase, rather than sitting with its quadrature point of
Brillouin frequency shift of the fibre, the frequency difference between pump and probe
are locked such that the quadrature point is at the slope of the Brillouin gain spectrum
(Fig. 4.8.) Utilising this methodology, dynamic strains of frequency 400 Hz and a range
of 600 pe were measured over an 85 m long fibre.

More recently a spatial resolution of 1 m and an effective sampling rate of approximate-
ly 2 kHz was achieved, along a 160 m fibre by Urricelqui et al. [32]. In this methodology,
dynamic strain was detected via the changes in phase of the Brillouin backscattered
light and hence, is known as Brillouin Phase Shifted OTDA (BPS-OTDA). The probe
wave is phased modulated such that two side bands are created. The phase-modulation
frequency is maintained in a manner whereby the pump signal only mixes with the
probe signal’s upper side-band. The phase of side band is dependent on the frequency
shift, not the Brillouin gain spectrum. Dynamic strain measurements are evaluated
from the phase of the upper side-band in conjunction with the modulation frequency
and amplitude. From this, using a sampling rate of 1.6 kHz, a 160 m long fibre was
interrogated with a resolution of 1 m.

BOTDA offers great benefit when single event detection along the fibre is adequate.
However, there are several disadvantages of BOTDA sensing systems. First is the
balance between frequency and sensing range. BOTDA is a relatively slow process due
to the scanning of the entire length of sensing fibre at numerous frequency intervals.
Therefore, the sensing frequency is of the order of tens of Hertz. Practically, the
sensing fibre must be accessed from both ends, restricting single-access applications.
Furthermore, only large strains can be sensed. If the magnitude of strain does not
correspond to a frequency shift greater than the Brillouin linewidth of the unstrained
fibre, the Brillouin gain spectrum at a point of interest, is affected by the strain distribu-
tion along the fibre. It has been reported that this is due to transfer of power between
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the counter propagating waves from the front face of the fibre to the measurement
point [33]. Finally, slow but continuous variation in temperature and strain of the
sensing fibre can alter the Brillouin gain spectrum and subsequently, for SA-BOTDA,
the quadrature point on the gain spectrum. Thus continued recalibration of the gain
spectrum is required for SA-BOTDA and BPS-OTDA.

4.4.3 Optical Correlation Domain Analysis

Isolator

Laser
Source

Sensing
fibre

Microwave: v,

Isolator

Chopping

Figure 4.9: A schematic of a typical Brillouin optical correlation domain analysis set up [18].

Brillouin Optical Correlation Domain Analysis (BOCDA) utilises two counter prop-
agating continuous waves whose wavelengths are being modulated. At a single point
along the fibre, Brillouin scattering occurs. The point at which the scattering occurs can
be altered in two ways: via either the frequency difference between the two sources or via
the wavelength modulation frequency (Fig. 4.9.) Hence, by controlling the correlation
between the two continuous sources, the strain and temperature along an optical fibre
can be determined [34].

One of the first BOCDA studies measuring dynamic strain by Hotate et al. used
a high frequency sweep rate to attain high spatial resolution sensor. The system was
capable of recording dynamic strains of 3 pe. However, the sensing range was limited
to ~3 m due to the high frequency sweeping rate. The technique was further enhanced
by Song et al., achieving a sampling rate of 20 Hz and accuracy in strain measurements
of 50ue over a distance of 100 m [35]. However, the technique is disadvantaged as it
is time consuming. In addition, BOCDA distributed vibration sensors are limited by
the trade off between sensing range and spatial resolution; the sensing range is typically
~200 times the resolution. Thus, the system is not ideal for measuring dynamic strain.
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4.5 Enhanced Signal Fibres

Over the past decade, the distributed acoustic sensing (DAS) industry built systems
based upon single mode telecommunication fibres as the sensing element. Mass produc-
tion of germanium-doped silica fibres for data transfer has driven their price down to 11
pence per meter, making them financially attractive to interrogator manufacturers and
end users. These single mode fibres typically have an attenuation of less than 0.2 dB
per km, so that large amounts of data can be sent over vast distances without the need
of introducing repeaters.

The attenuation for telecommunications is the asset for Rayleigh-based sensing sys-
tems. Inhomogeneities frozen in the fibre during its fabrication cause scattering. As
outlined in the previous section, DAS systems exploit this isotropic Rayleigh back scatter
to make dynamic strain measurements. Rayleigh scattering is the favoured mechanism
as it takes place in all waveguides, occurs at all wavelengths, is continuous along the
length of the fibre and the waveguides require no additional processing.

The problem that these systems face is their extremely-poor signal to noise ratio.
Typical scattering causes a ~-70 bB signal from the front end of the optical fibre;
only worsening with distance. The same mechanism allowing DAS systems to make
measurements is also responsible for the signal attenuation. The Rayleigh scattering co-
efficient is derived by performing a solid angle integration over the Rayleigh scattering
Eq.R(\, 0, h):

2T pm
Vs = / / R(\, 0,h)sind d d¢ (4.12)
o Jo

Eq.4.12 shows how Rayleigh scattering is indiscriminate in direction. Hence, in sensing
applications, the inhomogeneities reflecting light back to the detector also cause scatte-
ring in all other directions, equally. Only light scattered below the critical angle of
the fibre is collected by the detector, as described by Eq. 4.8. Thus, for a standard
single mode telecommunication fibre, only ~10~3 of the scattered light is captured to
make a measurement. As such, research efforts to improve the signal to noise ratio can
be classified in two categories: those modifying the infrastructure and data processing
of interrogator units [36, 37, 38, 39]; or by modifying the optical fibre sensor itself
[40, 41, 42, 43, 44]. Given the focal point of this research is upon novel sensing elements,
the second category of solutions is covered.

One solution would be to improve as the numerical aperture of the fibre by increasing
with concentration of dopants. Thus, this would lead to a rise in the capture fraction,
as described in Eq.4.8. However, as Eq.4.12 shows, attenuation is proportional to the
signal to noise ratio. It has been shown that increasing the core NA from 0.13 to 0.21
increased backscattering by 3 dB but increased attenuation from 0.3 to 1 dB per km
[41].

Thus, there has been a pursuit of a sensing element solution that could enhance
the signal to noise ratio whilst preserving both the low attenuation of single mode
telecommunication fibres and their low cost per meter. The following two sections
in this chapter provide a review of solutions to enhance the signal to noise ratio for
distributed Rayleigh based sensing systems.
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4.5.1 Fibre Bragg Grating Solutions

Fibre Bragg gratings have been employed for decades to reflect forward propagating
light for sensing purposes[45, 46, 47]. Thus, when looking to enhance the signal to noise
ratio for distributed Rayleigh based sensing systems, utilising grating technology seems
suitable.
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Figure 4.10: A schematic of a FLOG distributed fibre sensor. The basic elements are a frequency
tunable laser source, pulse shaping modulator and a circulator. The diagram shows how if a
strain or temperature change occurs along the FLOG, a drop in signal will be observed in the
back-reflected trace [48].

In a theoretical paper, Thevanez et al highlighted this possibility of using grating
technology for distributed acoustic and temperature sensing, with the concept of a Faint
Long Grating (FLOG) [48]. The hypothesised concept would combine the advantages
of both Rayleigh and Brillouin systems providing: no energy to generate the spectrally
dependent reflection; a sensitivity to changes in refractive index; no additional attenuation
of the forward propagating pump light; and the ability to make absolute measurements.
Physically, a FLOG is an ultra-weak Bragg grating printed upon the entire length of an
optical fibre. To interrogate a FLOG a tunable laser, modulator and pulse generator
are required (Fig. 4.10.) The arrangement is similar to that of BOTDA and coherent
Rayleigh OTDR systems.

For this to be possible, a consistent phase relation between planes is essential, with
a refractive index contrast of magnitude small enough to maintain a low reflectivity. If
utilised in an OTDR based manner, the effective length of the grating can be considered
as the portion of the fibre covered by the probe pulse. Thus, the spatial resolution
of the OTDR measurement is the effective grating length at any time. Using the
Fourier transform limits of the probe pulse, limitations of reflectivity being greater than
the fluctuations due to inhomogeneities but low enough not to cause significant pulse
depletion, it was hypothesised that a 100 km grating would have a 33 dB enhancement
over the natural Rayleigh backscatter. This is based upon the grating having a linear
reflectivity of 107> [48]. This translates into a grating refractive index contrast smaller
than the random fluctuations in refractive index deriving from the fibre’s fabrication.
This is extremely challenging. In this work, experimental attempts were made to produce
a FLOG, but only a 10 cm long grating could be generated with a reflectivity of 35 %;
far too high to realise the concept of FLOGs.

Fabricating Bragg gratings greater than 10 cm long has posed a tremendous engineer-
ing challenge for many years. Kashyap’s group have been leaders in this field for two
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decades proposing several methods to fabricate gratings over 10 cm long [49, 50, 51].
In 1995, Kashyap et al produced a 1.3 m long chirped by using a phase mask to
fabricate many gratings and subsequently, stitching them together [49]. The grating
had a bandwidth of 10 nm and a reflectivity of 30 dB, but the stitching process was far
from ideal.

Shortly after publication, a number of techniques were reported to remove the
dependency of the phase mask and to allow the fabrication of arbitrary grating profiles
[62, 42, 43, 44]. These UV writing based methodologies focussed upon translating a
phase mask relative to optical fibres such to alter an interferometric pattern, and hence
the Bragg wavelength over the length of the fibre. Bragg gratings with 20 dB reflectivity
were successfully fabricated but the resultant reflection spectra were relatively poor.

Loranger and Kashyap highlighted that the problem with fabricating ultra long fibre
Bragg gratings is due to the varying refractive index along the length of fibre [53].
Even the highest quality telecommunication fibre shows refractive index fluctuations
1 x107° over 3 cm. The Bragg equation is dependent on the effective index of the
mode propagating through fibre. Thus, without accommodating for the variations in
the refractive index over the grating length, phase errors will occur that deteriorate with
length. Their work measured the refractive index variation along 80 centimetres of fibre
to a precision of 3 x1076 refractive index units. This is achieved by writing a weak
probe grating over the 1 m region of interest. Then using a commercial OFDR system,
the weak grating was scanned and, the Bragg wavelength variation along the length of
the region of interest is measured as a function of position.
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Figure 4.11: A schematic of a Talbot interferometer fibre Bragg grating writing set up. The
system is a continuous direct writing methodology, interfering the diffractive orders from a phase
mask to create a fringe pattern within the optical fibre. The fibre moves at velocity v, whilst the
interference pattern is moved using a phase modulator. The modulator is driven by a saw-tooth
function of frequency f. [51].

Using this mapping tool, Loranger and Kashyap showed how near perfect 1 meter
long gratings could be fabricated by phase correcting for these index variations [51].
First, three weak probe gratings, 1 nm apart from one another spectrally and outside
the target Bragg wavelength, are written into the fibre using a Talbot interferometer
writing set up (Fig. 4.11.) Using OFDR, the frequency shift along the fibre is mapped
for each of the 3 gratings. Using an average of the phase derivative profiles, a correction
profile based upon UV writing power and writing speed can be created. This technique of
mapping and phase correcting is extremely effective but subsequently time consuming.
Furthermore, all gratings here were fabricated with reflectivity strengths over 20 dB;
thus, not suitable for creating a FLOG-like solution. The other limitation of this
technique was the restriction of grating length to the mechanical range of the air bearing
stage.
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To overcome the phase error challenge when fabricating a continuous fibre grating,
an intermediate solution has been developed - ultra weak Bragg grating arrays [54, 55,
56, 57]. This solution involves writing relatively weak Bragg gratings at discrete intervals
along the length of the fibre. In most cases UV fabrication methods are used meaning
the coating either has to be stripped and re-coated (Fig. 4.12), or gratings have to be
produced during fibre fabrication on the draw tower, before the coatings are applied
[58, 59, 60, 61, 627 ]. These UV based set ups are extremely complicated and are a
significant engineering feat. During fibre fabrication, a UV laser and phase mask must
be precisely aligned to a fibre being drawn from a furnace. It becomes very difficult to
adjust to any errors occurring in real-time and spectral deviations are common.
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Figure 4.12: A schematic of a UV-based weak FBG array fabrication set up. For post processing,
automated stripping and re-coating of the optical coating is required. The stripping is performed
with a CO2 laser. It is integral this is done with high precision as not to leave any particulates
on the surface of the fibre as this could be detrimental to the quality of grating [60)].

Ultra weak grating arrays have been demonstrated in conjunction with a ¢-OTDR
system to measure dynamic strain after 5 km of standard sensing fibre [56]. Using an
imbalanced Mach-Zehnder interferometer The array was able to measure strains up to
6.2 ne with a 2 meter spatial resolution. Grating arrays are commercially available
but have limitations. When measurements have been made in a lab environment,
vibrations were imparted in-between gratings [56, 63]. This is due to the need for spectral
matching if an interferometric approach is used. If a strain was imparted directly on
the grating, the Bragg wavelength would shift, translating into a measurement error
in phase. Furthermore, ensuring spectral matching during fabrication can also be
tricky given the impact of varying environmental factors on the Bragg wavelength.
Furthermore, controlling the loss of these gratings is extremely difficult as they are
written typically, with a single laser shot. This limits their length for distributed
acoustic sensing applications. These arrays are also subject to two types of cross-talk,
disrupting their signal: spectral shadowing causing distortion of downstream gratings
by upstream ones; and multiple-reflection crosstalk where a false signal undergoing
numerous reflections between upstream gratings arrives at the detector at the same
time as the signal arriving from downstream gratings [60]. This has to be corrected for
using data signal processing techniques.

In 2017, Westbrook et al. demonstrated the first continuous 1 km long grating
[41]. The grating was fabricated using a phase mask and continuous UV-based reel
to reel inscription system (Fig. 4.13.) The phase mask profile created a 15 mm long
chirped grating spanning 10 nm. These were spatially overlapped with a 5 mm spacing
to generate a continuous scatter signal over an arbitrary length. A UV-transparent
coated single mode fibre was used to avoid the need to strip the coating. The fibre
demonstrated an enhancement of 10 dB above the natural occurring Rayleigh scattering
across a 10 nm bandwidth. The loss of the fibre after inscription was 0.4 dB per km,
meaning processing had only induced a 0.1 dB per km loss. These results were the first
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demonstration of the concept of FLOGs. However, the fibre coating had to be treated
prior to inscription to enable UV inscription through the coating.
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Figure 4.13: A schematic of a UV-phase mask, continuous grating inscription set up. A reel-
to-reel methodology is used to print overlapping, chirped gratings to cover a 10 nm bandwidth

[41].

Later in 2018, Handerek et al. demonstrated an improvement upon this with a 16
dB enhancement above the natural Rayleigh backscatter, whilst maintaining a 0.4 dB
per kilometre attenuation [40]. The fibre’s enhancement was demonstrated both 1 km
and 41 km range, after 40 km of G.652 standard fibre. At 41 km a 33.4 dB increase
in sensitivity was recorded. The fabrication of the continuous grating fibre was not
disclosed, but is presumed to be similar to that reported by Westbrook et al. The same
fibre was later demonstrated in a distributed acoustic measurement at 117 km without
the use of inline amplification [64]. 100 km of ultra-low loss fibre (~0.15 dB per km
attenuation) was combined with 16 km of standard single mode fibre and 1 km of the
continuous grating fibre. A loud speaker was driven at 100 Hz and detected with a
spatial resolution of 10 m at an interrogation frequency of 1 kHz. The measurement
detected a loud acoustic event, defined as 6 dB above the average self noise level. For
weaker events, such as footsteps for a deeply buried fibre would require lower self-noise
levels. This was an extremely powerful measurement, demonstrating the advantages
of an enhanced backscatter fibre in pushing the limits of distributed acoustic sensing
measurements.

4.5.2 Inscribed Scattering Centres

Another approach to improving the signal to noise ratio in sensing applications has
focussed upon processing optical fibres with a laser such to enhance its scattering
properties. A UV-based approach has been proposed by Loranger et al [65]. In their
work, an off-the shelf single mode telecommunication fibre with a low germanium doped
core, was irradiated with a UV beam. The irradiation has been shown to create a
high density of defects that cause scattering [66]. In hydrogen loaded fibres, absorption
of UV in high concentration germanium fibres causes the formation of colour centres
[67]. However, the exact cause to the enhanced Rayleigh scattering is not known.
Loranger et al. concluded the colour centres formed were responsible for scattering
due to their associated refractive index increase. When evaluated using a commercial
OFDR machine, a ten-fold signal enhancement was measured. The limitation to this
technique is that scattering is enhanced in all directions. Hence, this methodology is
not suitable for long distance sensing applications.

All fore-mentioned techniques have focussed upon using UV laser writing techniques,
exploiting the photosensitive nature of optical fibres to enhance the signal to noise ratio.
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Figure 4.14: A schematic of the experimental set up to fabricate femtosecond voids in polymer
optical fibres [68].

In 2013, Liehr et al demonstrated how femtosecond laser writing techniques could offer
new solutions to this problem [69, 68, 70]. Liehr et al. first demonstrated the power of
femtosecond writing in restructuring polymer optical fibres for shape and temperature
sensing applications [69, 68]. A similar set up to that used to fabricate fibre Bragg
gratings was used (Fig. 4.14.)

By exceeding the damage threshold, void structures were inscribed in a large core
PMMA optical fibre causing enhancements of up to 3 dB compared to unmodified regions
in the fibre. Fig. 4.15 shows 3 structures, each inscribed with a single 5 uJ pulse in
GK-40 fibre at 100 pum, 200 pm and 300um focal depths. Cavities of dimension greater
than 1 ym were thought to form in the direction along the fibre axis. This means a
combination of Mie scattering and Fresnel reflection between the void and PMMA core,
are thought to be the mechanisms responsible for the enhanced signal.

v

Figure 4.15: Microscope images of femtosecond modifications in GK-40 fibre at focal depths
of 100 um, 200 pm and 300um. FEach structure was inscribed with a single 5 pJ laser pulse
focussed through a 0.6 NA lens [68].

S0pm

Later Liehr et al. used this technique to fabricate enhanced scattering structures in
commercial single mode telecommunication fibres [70]. Incoherent OTDR and incoherent
OFDR measurements were performed on the fibre. One fibre contained 12 scattering
centres, 1 m apart from another.Centres were inscribed by focussing an 800 nm laser
pulse through a 0.6 NA lens. A single pulse of energy 0.4 puJ was used to produce
each void. Using incoherent OFDR, enhancements of 10 dB were observed compared
to unmodified regions (Fig. 4.16. A second sample was produced with 4 scattering
centres, separated by 3 m. These reflectors were created with a higher pulse energy
of 5 uJ and showed an enhancement of 15 dB above the Rayleigh backscatter level.
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The second sample was used to measure dynamic strains at a repetition rate of 20 Hz.
Length changes of 2.5 mm were detected. The strain sensitivity and range was not fully
defined in this work. This work was limited as no performance comparison was offered
in respect to standard single mode fibre to assess the true benefit of this technique.
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Figure 4.16: Incoherent-OFDR trace of the 12 scattering voids inscribed in the single mode
fibre. [68].

Hicke et al. completed a more in-depth analysis whilst using femtosecond inscribed
scattering dots in a simultaneous temperature gradient and vibration sensing measure-
ment [71]. Similar to Liehr et al, scattering voids were inscribed using a single shot with
a spot size less than 1 um. In a coherent-OTDR measurement, scatterers inscribed with
400 nJ pusle energy created enhancements of over 30 dB during an OFDR, measurement.
The paper also described how reflectivity of the scatterers is correlated with pulse energy
and distance from the core. Lower energy pulses pulses rendered lower signals. The
further the void was from the centre of the core, the lower the signal recorded during
the OFDR measurement.
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Figure 4.17: Normalised power spectral density at vibration frequency of 25 Hz at a distance of
80 km for: a) a standard single mode fibre and b) a modified single mode fibre with scattering
voids inscribed [71]. The power spectral density has been normalised with respect to that from
the Rayleigh backscatter.

Hicke et al. performed a extensive distributed vibration measurements on the enhanc-
ed fibre and offered comparisons in performance to standard single mode fibre. Standard
single mode fibre can sense frequencies as low as 5 Hz. With the enhanced scatterers,
frequencies as low as 0.6 Hz were detected. Furthermore, signal fading was mitigated
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against due to the consistent power spectral density of the enhanced scattering points.
This measurement was made detecting 80 Hz vibrations after 55 km of lead in fibre.
Finally, to demonstrate the sensing range of the enhanced fibre, 25 Hz vibrations were
measured at 80 km. Here, the lead in fibre comprised of 50 km of ultra low loss fibre and
30 km of standard single mode fibre. When using standard single mode fibre at these
lengths, the signal was close to the noise level of the system. When using the scattering
voids, the vibration was clearly identifiable (Fig. 4.17.) No quantitative improvement
in performance when measuring the vibrations at 80 km was provided.

The work of Hicke et al. highlighted the power of the femtosecond scattering voids,
however did not provide extensive analysis of its practicalities when scaled over large
distances. Despite no attenuation effect being observed after less than 20 scatters, voids
are susceptible to scattering in all directions. This was highlighted by Liehr et al when
coupling red light into PMMA fibres and observing scattering under the microscope
[68]. The observation questions the suitability of scattering voids for long distance,
signal enhancement. Furthermore, controlling reflectivity of these scatterers can be
difficult, as shown with distances as small as 4 micron causing over 10 dB in variation
during OFDR measurements. Thus, high levels of engineering accuracy and precision
are required for high quality, consistent reflectors to be fabricated.

4.6 Conclusions

In this chapter, the fundamental principles of Rayleigh and Brillouin scattering were
introduced. After, a brief introduction into strain sensing systems based upon these two
mechanisms were reviewed. For dynamic strain measurements, Rayleigh-based systems
are of great commercial interest due to their ability to interrogate kilometres of sensing
fibre in a single laser scan. Their limitations derive from their poor signal to noise ratio
originating from the weak Rayleigh scattering. The second half of the chapter reviewed
the most recent attempts to improve the signal of Rayleigh-based systems using novel
sensing elements. The idea of using femtosecond micro-machined voids to enhance the
signal was reviewed. The issue with this approach is the inability to control of the profile
of the micro void. Hence, an opportunity to use the smooth refractive index regime to
machine precise, low loss enhanced scattering reflectors was identified. The following
chapter details the first experimental investigation into this concept.
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Ultra-Low loss Enhanced
Signal Fibre

5.1 Introduction

Predominantly, commercial coherent Rayleigh based distributed vibration sensing sys-
tems utilise single mode telecommunication fibres as the sensing element. They’re
favoured due to their low cost per meter and relative adequacy to make measurements.
Measurements are made utilising the backscatter caused by the refractive index fluctua-
tions frozen in the fibre during its fabrication. These systems are notorious for their poor
signal to noise ratio. In the previous chapter, an in depth review of Rayleigh scattering
and the problems faced by coherent-Rayleigh distributed vibration sensing systems was
covered. A range of solutions based upon grating technology have been presented but
are limited due to their fabrication complexity and attenuation [1, 2, 3, 4, 5, 6, 7, §].
These novel solutions are critically reviewed in the previous chapter.

The introduction of enhanced scattering regions using UV writing and femtosecond
micro-machining techniques has gained momentum recently. Loranger et al demonstrat-
ed UV written regions but significant attenuation was induced to the fibre, removing
its practicality for long distance sensing [9]. Liehr et al. first proposed the use of
femtosecond scattering voids to enhance the signal to noise ratio in polymer fibres [10,
11]. Later, this was demonstrated in single mode fibres and exploited for a distributed
vibration sensing measurement [12, 13]. The problem with using scattering voids is the
inability to control their shape due to the explosive nature during formation. Further-
more, the void scatters light in all directions as demonstrated when a fault finder is
passed through the fibre.

In this chapter, rather than using void structures, we propose inducing smooth
refractive index changes within standard single mode optical fibre. Using lower fluences
of laser radiation, smooth, controlled structures can be drawn into the core of the fibre
[14]. Using this writing regime, precise planes could be written providing a significant
signal enhancement, whilst minimising the light scattered out of the fibre. The following
section contains the principle behind femtosecond scattering regions and the theory
behind their improved performance in the context of ¢-OTDR measurements. After,
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details of the initial experiments proving this concept are outlined.

5.2 Principle of Femtosecond Scatterers

Previously, femtosecond void scatterers have been demonstrated as a promising solution
to the issues faced by Rayleigh-based sensing systems [12, 13]. Their attractiveness is
due to their simple fabrication and extremely effective results. Utilising femtosecond
scatterers possess all the benefits of the femtosecond PbP FBG technique: it does
not require precise alignment of beams that is necessary for interferometric fabrication
approaches, nor an intricate, electron-beam machined phase mask; inscription can be
performed post fibre fabrication, through the coating; and non-photosensitive fibres can
be machined without the need for prior treatment. Furthermore, scattering regions
provided added benefits over FBGs. FBG arrays can be extremely complex to fabricate
as spectral consistency is required for them to operate effectively in an interferometric-
based sensing system [8, 15]. In contrast to FBGs, femtosecond inscribed scatterers
function as broadband reflectors. This is because the enhanced signal is caused by
a Fresnel reflection from the induced refractive index change. Femtosecond micro-
machining offers a more effective route for achieving this index change due to the
fundamental principles underpinning them; with UV writing, a smooth, graded index is
induced meaning a stark refractive index contrast is not easy to fabricate. The lack of
spectral dependence limits their use for temperature measurements - temperature can be
measured by the spectral shift of the Bragg resonance wavelength. However, this limited
dependence proves an asset for harsh-environment distributed sensing applications,
where temperature fluctuations can affect dynamic strain measurements.

The effectiveness of femtosecond scatterers can be demonstrated theoretically by
adapting the fundamental equations underpinning interferometric coherent-Rayleigh
DAS systems. In OTDR measurements, a coherent probe pulse of is launched into
a fibre and Rayleigh scattering attenuates the signal as it propagates. The Rayleigh
scattering is caused by the inhomogeneities frozen in the fibre during its fabrication.
The back-reflection caused by scatterers covered by the pulse at one time have a defined
phase relation due to the coherent nature of the probe pulse. The interference of many
waves from the distribution of scatterers within the pulse, leads to a speckle-like pattern
forming when measured [16, 17, 18]. The phase differences between scatterers within a
pulse are directly proportional to environmental parameters. This leads to fluctuations
in the intensity in the time and spatial domain, respectively, causing a notorious signal
fading issue [19, 20, 18]. The stochastic scatterer distribution leads to a non-linear
transform function. Hence, the non-linearity means only relative signals can be detected;
absolute measurements are not possible. The recorded intensity distribution is the sum
of many backscatter signals from M stochastically distributed scattering centres located
within half the spatial size of the interrogating pulse [17, 21]. The intensity distribution,
as a function of distance along a single mode fibre, can be described mathematically as
[16, 18, 22, 13]:

M M—-1 M
I(z) x I Z r2 42 Z Z rir; cos(¢; — &;) (5.1)
m=1 i=1 j=i+1

where Ij is the intensity of the input pulse; r; and r; are the reflectivities of scattering
centres ¢ and j, respectively; and (¢; — ¢;) is the phase difference between each pair of
backscatter signals i and j respectively. The first term in eq. 5.1 relates to the incoherent
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backscatter. As such it is not affected by external stimuli and can be ignored. The second
term relates to the coherent backscatter. Its cosine behaviour, as a function of the phases
which is dependent on external parameters, causes high non-linearity. If femtosecond

Interrogating Pulse

Random Scatterers Inscribed Reflectors

Unmodified SMF Enhanced Fibre

Figure 5.1: A schematic diagram of an interrogating pulse propagating through an unmodified
fibre (left) and a fibre with inscribed femtosecond planes (right.) For the enhanced fibre, the
spacing of reflecting planes is set to W/4 <1 < W/2.

inscribed scatterers are introduced into the fibre, the intensity distribution is altered.
Consider if the periodicity of reflectors is set to [, and is [ is chosen to be greater than
W/4 but less than W/2, where W is the length of the interrogating pulse in the spatial
domain (Fig. 5.1) [23, 24, 15]. The two reflectors have phases ¢}, ¢5, and reflectivities
1, 5 > 1; ;. The refractive index change induced by femtosecond micro-machining can
be as large as ~ 102 compared to fluctuations of 10~° from the inhomogeneities frozen in
the fibre at conception. As the reflectivity of each inscribed scatterer is far greater than
the naturally occurring scatterers, it overrides the transfer function. This is because the
interference is dominated by the superposition of the backscatter waves from the two
reflectors. Thus eq. 5.1 can be simplified to [24, 15, 25]:

I(z) IO((r’l)2 + (r’2)2) + 217 vl cos(¢py — ¢2) (5.2)

Hence, it can be seen from Eq. 5.2 that the output at the detector is simplified to
the superposition of two signals from the two reflectors. The optical path between the
reflectors is extremely sensitive to environmental changes. Rather than many scatterers
contributing to the interference pattern, the output has been simplified akin to a two
beam interferometer following cosine behaviour when moving from one phase change to
another. Eq. 5.2 shows far less dependence on thermal noise compared to 5.1. Thermal
noise would alter the distribution of the scatterers in an unknown manner, translating
into noise during dynamic strain measurements. With the reflectors, their distribution
and reflectivities are more definitive, hence showing lower susceptibility to thermal noise.
Furthermore, the definitive distribution of reflectors should allow a larger strain range.
In unmodified single mode fibre, larger strains can alter the distribution of scatters
with respect to the previous measurement. For dynamic strain measurements whereby
constant scattering distributions are required to enable direct comparison of consecutive
OTDR traces, changes in distribution translate into noise during the measurement. With
the femtosecond enhanced fibre, the reflector distribution is fixed and therefore, should
show a larger strain range.
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5.3 Experimental methodology

5.3.1 Fabrication of Reflectors
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Figure 5.2: A schematic of the femtosecond writing set up used to inscribe the reflectors. SHG
- second harmonic generation.

A typical femtosecond laser writing set up to fabricate Bragg gratings was used
(Fig. 5.2.) A 1030 nm solid state Yb:KGW (ytterbium-doped potassium gadolinium
tungstate) laser system (Pharos, Light Conversion Ltd) was used for fabrication. The
beam was frequency doubled to 515 nm. The laser frequency was set to 1 kHz and each
pulse had an energy of 44+0.1 pJ. A 0.4 NA objective lens was used in conjunction with
an iris. At the focal point the beam had a depth of 9+1 um. To compensate for the
spherical nature of the optical fibre, glycerol was used as an oil immersion liquid. A
microscope cover slide was placed on top of the glycerol and optical fibre.

The reflectors were intended to be a rectangular structure of smooth refractive index
that covered the entire core. To create this structure, the focal point of the laser was
translated over a 25 pm depth. The width of each reflector was set to 62.5 ym, half the
diameter of the cladding. The fibre was manually unwound from a bobbin and placed
under the microscope objective. Reflectors were intended to be placed 2 meters apart.

5.3.2 Optical time domain reflectometry

A simple OTDR set up was assembled (Fig.5.3). A 1550 nm distributed feedback laser
diode was directly modulated using a pulse generator. The pulse generator modulated
the laser to emit 1.0+0.1 ns pulses, with a peak power of 1 mW every 10 us. Using an
erbium-doped amplifier (EDFA), the signal was amplified by 30 dB to achieve a peak
pulse power of 1 W. The enhanced reflector fibre was spliced onto the end of a 100
m spool of standard single mode telecommunications fibre (SMF-28e, Corning). The
source and length of fibre was connected to a circulatord. In the third port of the
circulator an InGaAs photodetector (1811-FC, Newport) was connected to measure the
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backscattered signal from the enhanced reflector fibre. An oscilloscope was connected
to the photodetector to record the backscatter signal over time.

100 m
ro-" Q="
Q. O
Source ﬁ :___JI < :.__—JI
Sample
JUL o
splice
PG PD 0sC

Figure 5.3: A schematic of the OTDR set up. PG - pulse generator; PD - photodetector; and
Osc - oscilloscope.

5.3.3 Optical side scattering radiometry
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Figure 5.4: A schematic diagram of the OSSR arrangement [26]. IS - integrating sphere; FUT
- fibre under test and PD - photodetector. The experiment was conducted with the assistance
of Dr. Sandoghchi.

For a standard telecommunication fibre (SMF-28e, Corning) the attenuation is of
the order of 0.2 dBkm~!. As the enhanced reflector fibre has been altered in such a way
to enhance the back scattered signal, the attenuation caused by the fabrication process
must be assessed to determine its suitability. To measure the loss of these structures,
optical side scattering radiometry (OSSR) was used. The technique offers a localised
measurement of attenuation of an optical fibre that is more sensitive and accurate than
its OFDR and OTDR counterparts [26].

A standard OSSR set up was used for the measurement (Fig.5.4.) A 1550 nm fibre
laser (S1FC1550, Thorlabs) emitted a continuous 1 mW wave to interrogate the fibre
under test. A 10 metre sample of the enhanced reflector fibre was wound onto a 1
m circumference fibre spool. The spool was placed onto one side of a fibre rewinding
machine. During the measurement, the sample is wound onto a second spool using the
rewinding machine. The sample traverses a 4-port, ~5 cm diameter integrating sphere
with Spectralon coating (Newport calibrated IS, 819C- IG-2-CAL). The integrating
sphere was secured onto the rewinding machine. The detector could handle powers
of 100 nW - 2.5 W. The device was previously calibrated against other commercial low
noise detectors. After calibration, the detector was sensitive to ~100 pW. The spatial
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resolution of the measurement was ~5 cm, dictated by the diameter of the integrating
sphere. The integrating sphere collects the scattered light from the fibre and measures
it using a low noise detector.

The input and output ports from the detector were covered with 30 cm long black
tubes to minimise the effect of background light on the measurement. A length meter
attached the rewinding machine kept track of the amount of fibre that had been wound
onto the new spool. Light from the fibre laser was coupled into the sample via a standard
fibre connector at a bespoke fibre rotary joint. The joint allows the coupled region to
rotate freely without obstructing the rewinding of the sample. To ensure fluctuations
in the source power do not effect the attenuation measurement, a 90-10 coupler and off
the shelf photodetector was used to monitor the output of the source. The system is
managed by a PC which records the loss measurement against position of the fibre, as
well as the fluctuations in source power.

5.4 Results and Discussion

5.4.1 Optical Time Domain Reflectometry
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Figure 5.5: The captured OTDR power spectrum from the reflector fibre.

The main sample was designed to have four reflectors, but only three reflectors are
visible in the recorded trace ()Fig.5.5.) These caused increases in the back scattered
signal of 73+16, 179+16 and 179+£16 nW at positions of 108.31+0.18, 109.81+£0.17
113.2040.17 m along the fibre. Given a 1 W pulse was coupled into the sample, the 3
signals correspond to a reflectivity of 7.30 x 1076, 1.79 x 107® and 1.79 x 107° %. A
fourth reflection was anticipated between 111 and 112 m but no increase in signal was
measured. Based upon the structures causing a Fresnel back reflection, the change in
refractive index of the second and third points is estimated to be on the order of ~ 107°.
The first point was estimated to have a refractive index change on the order of ~ 1076,
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Furthermore, the back reflected signal magnitude was achieved without the use of
an amplifier on the return of the signal. Typically, a second EDFA is included in the
OTDR set up, as the Rayleigh backscatter from the fibre inhomogeneities is extremely
weak. Due to the accurate inscription of the reflectors, the enhanced reflector fibre does
not require a second EDFA. The distance axis can be converted trivially into time using
the speed of light. In the time domain, the full-width-at-half-maximum (FWHM) of
each peak should correspond to the pulse length. The average FWHM was measured to
be 1.1440.03 ns. The average FWHM result lies within one standard deviation of the
input pulse duration. It can be seen that after the each peak a negative value of power
was recorded. The fluctuation is due to the battery photodetector used. The voltage
of the battery is independent of the voltage of the oscilloscope. A negative reading is
registered when no light illuminates the detector as the current flows in the opposing
direction.

5.4.2 Optical Side Scattering Radiometry
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Figure 5.6: The recorded side scattered loss from the OSSR measurement for the enhanced
reflector fibre.

The enhanced fibre reflector was pulled through the integrating sphere at a speed of 2
mmin~!. Four reflectors were designed for this sample. The OSSR measurement revealed
four increases in the side scattered loss, to levels significantly above the unmodified
regions. The losses were measured to be -59.07, -46.53, -58.45 and -48.92 dBm at
positions of 2.52, 3.56, 5.91 and 7.37 m, respectively. The unmodified regions of the
fibre exhibited loss of -60 dBm, which was in-line with the fibre content data sheet
corresponding to 0.2 dB km™!. The largest side scattered loss originated from the
second reflector located at 3.56 m and corresponds to a loss of 2.22 x 1073 %. If 1 of
these points was placed every metre, the total fibre attenuation would become 0.30 dB
km~!. The source output power was stable to <0.05 dB throughout the measurement.
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Figure 5.7: The recorded power of the femtosecond laser: after second harmonic generation
(blue); and after the microscope objective (orange). Lines of best fit for each data set has been
plotted (black).

5.4.3 Reflectivity Variation

Although the same parameters were used for the fabrication of all reflectors, differences
in the magnitude of the backscattered signal were recorded. The first reflector is
approximately 2.5 times weaker than the following two recorded reflections. Secondary
investigations were conducted to establish the cause of this variation. First, the power
of the femtosecond laser was monitored over two separate 22 hour periods. The purpose
of this experiment was to ensure fluctuations in the laser power were not causing the
variations in the reflectivity of inscribed structures.This was completed at two points
along the beam propagation path: after the second harmonic generation crystal; and
after the microscope objective. A photodiode (Thorlabs, S120 VC) was used to measure
beam power. Power was recorded every second over the period (Fig. 5.7.) Lines of best
fit have been plotted on the power trace in black. The measurement after the second
harmonic generation crystal revealed consistency in power over 22 hours. The line of
best fit showed a negligible change in power of -2.5 yW per hour. The power recorded
after the microscope objective showed a drift of 1.3 yW per hour. The first 14 hours
showed a gradual increase, but after, the power stabilised. It is thought this was due
to the laser reaching thermal equilibrium after first being switched on. This did not
occur with the measurement after the second harmonic generator as the laser had been
operating for a number of days before the measurement was made. The changes in
power observed are not thought to be large enough to cause significant changes in the
refractive index of the inscribed points; nor do the changes happen on the timescales
that the variations in reflectivity of points were observed.

In addition to the femtosecond laser, investigations were conducted into the refractive
index matching oil that was used. Tests were conducted to ensure the femtosecond laser
radiation was not causing any changes to the optical properties of glycerol over time.
To assess this, glycerol (>99.9% purity) was placed on a cover slide, enough to cover it
entirely. Then, the laser was focussed into the bulk of the cover slide, 100 ym below the
surface. This is to replicate the conditions of when the laser is focussed into an optical
fibre. Here, an optical fibre was not used as removing the fibre from the slide disturbs
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Before Irradiation After Irradiation

Figure 5.8: Photographs of glycerol: before irradiation (left) and after irradiation (right). A
white LED was shone through the cover slide to highlight any optical changes.

the glycerol. Thus, if a fibre was used it could not be ensured that its removal would not
affecting the measurement. The laser was fired continuously for 5 minutes. The same
laser settings for reflector inscription were used for this test. Before and after, a white
LED was shone through the glycerol (Fig. 5.8.) It can be seen that before femtosecond
laser radiation, the glycerol is optically transparent with the white light transmitting
without disturbance. After 5 minutes of irradiation, when light is passed through the
glycerol, a ripple effect was observed. These ripples show refractive index changes have
been introduced into the glycerol. The refractive index changes have the potential to
scatter light and subsequently, cause aberration effects when the femtosecond radiation
is being focussed. Thus, these changes are thought to contribute to the reflector variation
observed in the sample. It was also noted that when refractive index oil was placed over
the fibre and the cover slide was placed on top, there was no control of the amount of
glycerol between the slide and the fibre. Along with the absorption properties altering
the glycerol, it was thought that the varying amount of oil may also be contributing to
the variations in reflectivity.

5.5 Conclusions

The OTDR and OSSR results revealed the enhanced reflector fibre increased the signal
to noise ratio 18 fold, whilst the fabrication process only increased the fibre attenuation
by ~2% per kilometre (based upon the assumption a reflector was implemented every
meter). Unlike other OTDR measurements, these results were achieved without the use
of an amplifier on the backscattered signal. Extrapolating the results attained above to
a 35 km sample (one reflector every meter), the signal from the furthest reflector would
be 15 nW - 1.5 times greater than the noise level. Therefore, the 1 metre resolution
can still be maintained without the need for averaging or an additional amplifier for the
incoming signal. The result suggests commercial distributed fibre sensing systems could
be simplified and improved if the enhanced reflector fibre can be fabricated for long
distances (> 1 km). The removal of an EDFA could reduce the cost of a Rayleigh-based
distributed fibre sensing system. Although to be implemented on a commercial scale,
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improvements in the homogeneity of the reflectors must be made. The secondary tests
showed the femtosecond laser was not contributing to these fluctuations.

To improve the consistency of the reflectivity enhancements, improvements to the
experimental set up should be made. The glycerol had been found to contribute to
the reflectivity variations due to changes in its optical properties over time. For future
tests, a new refractive matching oil should be used. To ensure reflector inscription is
not missed, the experimental arrangement should accommodate an OTDR feedback
mechanism. This would allow for the monitoring of reflectivity in real time, allowing
inconsistencies to be compensated for. Furthermore, as the optical fibre is extremely
sensitive to changes in strain, the tension within the fibre should be controlled during
inscription. This is also key for when winding the fibre back on; any inconsistencies in
winding will lead to irregular strains exerted in the fibre, preventing direct comparison
of previously inscribed reflectors.
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Chapter 6

An Automated Reel-to-reel
Fabrication System

6.1 Introduction

The concept of utilising ultrafast laser micro-machining to create points of enhanced
reflection has been demonstrated in the previous chapter. By exploiting the smooth
refractive index regime of femtosecond laser writing, precise scatterers can be written
into the fibre. These rectangular interfaces comprising of a step change in refractive
index cause a Fresnel reflection of the forward propagating interrogator pulse. These
regions maximise the light returned to the detector whilst minimising the light out-
scattered from the fibre. The initial proof of concept is extremely powerful for providing
a viable solution for improving the signal to noise ratio for coherent Rayleigh ¢-OTDR
measurements.

To investigate the fibre’s practical capability for distributed acoustic sensing, a
fabrication system is required to produce arrays of hundreds of reflectors. The process
to fabricate each reflector is the same each time. As found in the previous section,
theory dictates that the fibre reflectivity is extremely sensitive to the force imparted
on it. Hicke et al. showed that positioning of the reflector respective to the centre of
the core is also essential; deviations of just 4 um were found to effect void reflectivity
by up to 10 dB [1]. Thus, a system precisely controlling the forces acting on the fibre
and its positioning during reflector inscription is required. When compared with other
works producing Bragg grating arrays or continuous gratings, two options are available:
a fabrication system on a fibre draw tower; or a reel-to-reel inscription system [2, 3, 4, 5]
The following chapter outlines the details of an automated fabrication system that was
developed and the concepts underpinning its operation.

The fabrication system was assembled with the support of Masters students from
the Eindhoven University of Technology: Sjoerd Tunnissen;, Frank Bouwmans; and Jian
Kok. Sjoerd assisted with the assembly of the mechanical elements of the system. Frank
created the 3D computer designs of the roller holders and the fibre optic rotary joint
holder. Jian implemented the learning control algorithms of the Arduino, designed the
distance measurement part and programmed the receiving bobbin translation stage.
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6.2 Process Overview

The objective of the fabrication system is to produce optical fibre containing micro-
machined enhanced reflection points. The separation between enhanced reflection points
should be periodic in nature and their reflectivity will be equal. To achieve this, the set
up can be divided into three independent fabrication processes: winding; positioning and
inscription (Fig. 6.1.) The automated system was programmed in MATLAB. Before
the fabrication can begin the hardware must be initialised and the software algorithms
must be calibrated with the assistance of a human user.

The first part of the system is similar to commercially available fibre rewinding
machines. Here, the system has been designed to incrementally unwind optical fibre
from commercial-standard bobbins. As fibre is unwound from a feeding bobbin, on the
opposing side fibre is being wound onto a feeding bobbin. After unwinding,the fibre must
be positioned under a microscope objective for inscription. Once positioned to within
1 micron on each axis, the reflector can be fabricated.To ensure the quality of each
individual the reflection points an in-situ optical time domain reflectometry (OTDR)
set up was constructed. In terms of positioning, the optical fibre must be placed to an
accuracy of 1 micron, in all 3 axes. Such accuracy is essential to maintain a consistent
reflectivity of each enhanced scattering region.

a Human Input

1
1
1
1
Winding - o OTDR
1
I Fibre Inscription Monitoring
1
1
1
1
1
1

-]
Autonomous tﬂ;
an

Figure 6.1: A flow diagram of the fabrication process of the enhanced reflector fibre. First,
the hardware is initialised and calibrated with the assistance of a human. After the fabrication
process can begin: first with the unwinding of fibre, followed by placement under a microscope
objective, and finally with inscription. To ensure reflectors were being inscribed in the core, real
time optical time domain reflectometry is completed.

6.3 Fibre winding

A reel-to-reel fibre rewinding machine was assembled. The system comprises of unwinding
of a feeding bobbin containing fibre for processing, and a receiving bobbin which collects
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the process fibre. During the winding, the fibre goes through three parts of the reel-to-
reel rig: a tension compensation system; a length measurement device; and the laser.
The following section details the mechanical design of the elements in these parts of
the system. After, the software architecture controlling these mechanical components is
detailed.

6.3.1 Mechanical Design
Winding Motors

The fibre winding is powered by two stepper motors (RS Pro) possessing a 4.31 Nm
holding torque. One motor is used for each of the two bobbins: the feeding bobbin
which unwinds unprocessed fibre; and the receiving bobbin which winds up the enhanced
reflector fibre after modification. The stepper motors are coupled to an axel with a
flexible shaft coupler. Upon this axel, the bobbins are secured. The motor and axel
are joined by a flexible shaft coupler for both arrangements. Flexible shaft couplers
are used as they accommodate angular misalignment between the axel and the motor
shaft. Support structures are introduced as the mass of the bobbin is to large to be
supported by the stepper motor alone. The axel is run through a spherical plain bearing
which is fixed in-line with the axel. Spherical plain bearings permit angular rotation
about two orthogonal directions. Again, this compensates for any angular misalignment
between the axel and motor shaft. Compensating for misalignments with the flexible
shaft coupler and spherical plain bearing are critical for preserving the lifetime of the
system. If not, these misalignments cause additional resistive stresses and strains on
the motor shaft, increasing its wear and hence, decreasing its lifespan. There are two

Feeding Bobbin Receiving Bobbin

Spherical Plain Flexible Shaft OTDR

Bearing Axel Coupler Connection

v

Flexible Shaft Axel

Coupler
Stepper
Stepper . Motor
Motor Bobbin
H H‘\Sumﬂﬂrt

Figure 6.2: A schematic diagram of the feeding bobbin (left) and the receiving bobbin (right).
The receiving bobbin support occurs after the flexible shaft coupler due to the presence of the
connection joint to the OTDR feedback system. The receiving bobbin arrangement is also placed
on a single axis translation stage to ensure the fibre is wound evenly.

Bobbin

Spherical Plain
Bearing

Translation
Stage

differences between the feeding and receiving bobbin. Firstly, the position of the support
holding the spherical plain bearing is after the flexible shaft coupler on The receiving
bobbin. Ideally, it would mirror the feeding bobbin arrangement as it is optimal to have
a point of support on either side of the bobbin. However, this is not possible on the
receiving bobbin due to the OTDR connection. More details on this can be found in
section 6.6. The second difference is the receiving bobbin is placed upon a single axis
translation stage (Zaber, X-LRT0500BL-C) with a 0.5 m rang of motion. The stage
translates along the axel axis, perpendicularly to the fibre. This is to allow sequential
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winding of the fibre. The translation stage is stepped the distance of one fibre width for
each rotation of the bobbin. Neat winding is essential for the manufacture of consistent
reflectors. This is to ensure consistent forces are imparted on the fibre when wound onto
a bobbin to allow direct comparison in performance of the inscribed reflectors.

Tension Compensation System

When winding the fibre, tension variation can occur due to the asynchronicity of stepper
motors. These variations mean the fibre is susceptible to rapid changes in strain and
subsequent breaking. As well as to prevent breaking, maintaining a constant tension is
of paramount importance for a plethora of other reasons. Firstly, it ensures minimal
slip between the pulleys and fibre. Secondly, constant tension is essential to create a
smooth and consistent wrap on the receiving bobbin. Finally, in-between winding of the
fibre, tension should remain as consistent as possible to ensure reflector performance
variations are minimised. Deviations in the fibre tension impacts the the reflectivity
observed. Maintaining a consistent tension between reflectors allows comparison of
performance. Without it, it is unknown whether variation in reflector performance is
due to differences in strain on the fibre or variations from the inscription.

1. 21
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Figure 6.3: A force diagram of the tension compensation system where: 2l is the distance
between the centre of mass of the two stationary pulleys; rpuiiey is the radius of the pulleys; hi
is the height from the centre of mass of the pulley located on the carriage, to the plane in line
with the stationary pulleys; F, is the normal force acting upon the moveable pulley; F, is the
azial tension in the fibre; ﬁs,z is the x-component of the axial tension in the fibre; and g is the
acceleration due to gravity; m is the mass of the moveable pulley, carriage and reflection plate.

To achieve this, a tension compensation system has been implemented to manage
the forces imparted on the fibre (Fig. 6.3.) The compensation system comprises of a
low friction bearing rail and carriage. Upon the carriage, a 3D printed reflection plate
and pulley was attached (Fig. 6.4.) To maintain a constant tension, the position of
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Figure 6.4: A 3D CAD drawing of the tension compensation pulley. The system comprises
of a low friction bearing rail and carriage, with a 3D printed white reflection plate and pulley
attached. The carriage had a combined mass of 87g.

the carriage must be monitored. Thus, an infrared distance sensor (SHARP) is used to
monitor the position of the carriage. The sensor has a precision of 0.5 mm. The white
reflection plate on the carriage provided the object surface for the sensor to make a
measurement. The sensor was placed 100 mm from the reflection plate at its maximum
position, as this is the sensor’s minimum range.

The maximum mass of the carriage is dictated by the tensile strength of the optical
fibre used. Corning SMF-28e was used predominantly in our experiments, which is proof
tested at 0.69 GPa. From this, the maximum force that the fibre had been tested up to
was 8.46 N. Therefore, it was sought not to exceed this limit. Hence, the limit of the
carriage can be calculated from the angle v, defined as that between the normal force
F_"n, and the axial tension F_"s such that:

—

7= Lo
® 7 2cos)
__mg
- 2cost
myg
cosyY = — 6.1
o7 (6.1)

S
Eq. 6.1 shows that to permit collaboration with industrial partners, the pre-loaded
tension was aligned with other commercially available winding machines. Thus, the
maximum axial tension, F, was capped at 0.59 N. Therefore the maximum angle ¢ can
be calculated from 6.1 shows that the tension varies with angle v. To minimise the

effect, the pulleys either side of the rail were placed as close to one another as possible.
Subsequently, a height limit A} > 33 mm can be defined.

Measuring Fibre Length

When fabricating the enhanced reflector fibre, consistent spacing of enhanced back
reflection is of paramount importance. To determine the distance of fibre that has

80



Chapter 6

Figure 6.5: A 3D CAD drawing of the distance measurement component.

been wound, a rotary encoder (Bourns) was employed. The encoder was positioned
after the tension compensation system. The encoder used 5 V digital communications
and had a resolution of 256 pulses per revolution. The encoders are designed to be
coupled to a grooved wheel.

There are many sources of inaccuracy when determining the length of fibre that has
been wound. There are two sources that lead to an inflation of the distance recorded:
the inertia of the encoder wheel after winding has stopped; and off axis rotation of the
encoder wheel. There are three sources of inaccuracy leading to an under-measurement
of distance: latency of the microcontroller causing missed counts; the resolution of the
encoder; and slipping of the fibre over the rotary encoder. The resolution of the encoder
is inherent and cannot be avoided. As our rotary wheel was 25.8 mm in diameter, this
meant the encoder had a resolution of ~0.3 mm. This resolution was far higher than
what was necessary.

The other causes of inaccurate distance measurement could be minimised with effec-
tive component design. Thus, a bespoke distance measurement component was created
(Fig. 6.5.) The part had two encoders coupled to two wheels. The two wheels were
designed so one guided the fibre through the groove of the other. The distance between
the two wheels was adjustable using a screw and a spring. This meant the friction
acting upon the fibre could be partially adjusted by altering the spacing between the
two wheels. This minimised the slipping that could occur between the fibre and the
wheel.

Minimal slipping was verified by measuring the encoder counts in real time through
the winding of 1 meter of fibre (Fig. 6.6.) The motor was programmed to wind two
revolutions (1600 steps), which was approximately 1 meter (given a 0.5 m circumference
bobbin.) The encoder had a circumference of 81 mm, thus, a total of 3159 encoder
counts was expected to be recorded.

In total 3197 encoder counts were recorded translating to 1.01 m being wound. Motor
step was then converted into time given the speed profile applied to the motor. If slipping
was observed through the trajectory, flat line responses of encoder count in time would
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Figure 6.6: A graph of the encoder counts recorded when 1600 steps is sent to the stepper motor.

be observed - a step would be made of the motor, but no increase in encoder count would
be observed. From 0 to 0.01 seconds slipping of the fibre was observed. The speed profile
began and ended at 0.4 revolutions per second. This was to avoid two natural resonance
frequencies of the motor at lower speeds. Furthermore, this termination of the stepper
motor at 0.4 revolutions per second means a length larger than 1 meter would be wound
as the inertia of the bobbin means further steps whilst the motion decelerates to zero.

Traversing the Laser

V Laser beam ﬂ Misror

MOL ?
[A3200] j
Roller T
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Figure 6.7: A diagram of the mechanical design within the laser safety enclosure to position
fibre beneath the microscope objective.

After leaving the tension compensation system, the fibre is guided into a laser safety
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enclosure, for positioning under the microscope objective (Fig. 6.7.) For inscription, the
fibre had to be guided beneath an objective lens located above an XY-stage (Aerotech).
The input roller and output roller guided the fibre on its entrance into, and out of, the
safety enclosure, respectively. Two roller holders on top of the Z-stages were responsible
for guiding the fibre onto a fibre platform. A collimated LED was situated beneath
the fibre platform to provide illumination. were attached on two z-axis stages (Standa-
8MVT0-13), either side of the fibre platform. The Z-stages were placed on an XY-stage,
along with the fibre platform. The XY-stage was secured to a granite block to provide
stability and dampen the system from surrounding environmental noise.

Ideally, when designing the system, all parts of the system would be aligned in the xz-
plane. However, this was not possible due to laboratory constraints. When comparing
the xz-plane of the fibre leaving the tension compensation system and the XY-stage, a
deviation, Ay can be observed (Fig. 6.8.) In the experiments, Ay = 120mm Thus, to
allow the fibre to alter its y position, the fibre must be fixed at the x and z positions
when entering the laser safety enclosure and also, at the entry to the XY stage. The
input/output roller and roller holders were designed to accommodate the shift in the zz-
plane. A similar shift in zz-planes was also observed from the XY-stage and leaving the
laser safety enclosure. To avoid repetition, only the shift from the xz-plane to XY-stage
is discussed. The principles are similarly applicable to the transition from the XY-stage
to exiting the laser safety enclosure.

.‘_- 22

e,

v 3
) B,

Figure 6.8: A diagram illustrating the xz-plane difference between the first and second part of
the winding system.

The input and output roller were bespoke parts that were 3D-printed. The holders
were designed using 3D-CAD software (Fig. 6.9.)Each holder contains four rotating
cylinders. The rotating cylinders comprised of a central axel, cylindrical shell, two ball
bearings and a spring. The cylinder shells where 100 mm in length and had an outer
diameter of 20 mm. The axel was 117 mm in length. The spring allowed the cylinder
to be compressed in its axial direction to allow for push fit installation. The cylinders
were secured using an end cap that was screwed into the box.
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Figure 6.9: A 3D CAD drawing of the input roller box.

To allow the fibre to change its y position towards the XY-stage, the input/output
rollers was designed to enable the fibre to turn around a rotating cylinder with its axial
axis orientated on the z-axis. Two cylinders were positioned with their axes on the z
direction; the box was orientated such that these two rollers were closes to the XY-stage.
The two rollers were separated in the y axis by 20 mm, equal to the diameter of the
cylindrical shell.

This was specifically designed to ensure the fibre remained in contact with both
rollers at all times; if only one roller was present, any rapid changes in tension could
cause the fibre to jump and subsequently, cause it to lose contact with the cylinders. In-
turn, this would exert unwanted forces onto the fibre itself that could harm the coating
structural integrity.

The tension compensation system and input roller were located at different z-axis
co-ordinates. To prevent the fibre slipping in the z-axis, two rotating cylinders were
also positioned with their axial axis orientated on the y-axis. The cylinders axels were
distanced 20 mm apart in the y axis; as mentioned before, this was to ensure the fibre
remained in contact with both cylinders if sudden forces were imparted on the fibre. If
these cylinders were not present, the fibre would have a gradient in the z-axis leading
to a decoupling between the horizontal and vertical tension components. Subsequently,
slipping of the fibre would occur which could be detrimental to the fibre structural
integrity (Fig.6.10.)

The Z-stages have a range of 13 mm. Their function is to raise the fibre from the
fibre platform before the fibre is wound. As an oil-immersion objective lens is employed,
index matching oil covered the fibre. Thus, the z-stages raised the fibre out of the oil,
preventing unmodified regions from interacting with it. This increases the utilization of
the oil tenfold, before further oil deposition is required. After winding is completed, the
stages are lowered to place the fibre back onto the platform. The stages also allowed
precise, repeatable positioning of the fibre upon the platform. The stages had a 1 um
accuracy. This was key to maintaining a consistent axial tension within the optical fibre
to ensure minimal variation in the reflectivity.

The roller holders were bespoke 3D printed parts designed using 3D-CAD software
(Fig. 6.11.) The component holds 3 bespoke rotating, low-friction cylinders, whose
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Figure 6.10: A schematic force diagram of the fibre passing over the y-axis cylinder: on the left,
without z azis cylinders; and on the right, with z-axis cylinders. Without the zaxis cylinders the
azial tension Fydecouples into an x andy component, Fy » and Fy,, respectively. This decoupling
leads to the fibre slipping down the cylinder, as the cylinder rotates around the y-axis

Figure 6.11: A 8D CAD drawing of the roller holders located on the z-stages. R1, R2 and RS
are three custom made low friction, rotating cylinders.

function were to guide the fibre from and to, the roller bozxes. The cylinders were 50
mm in length and had an outer diameter Cylinder R1 axial axis is orientated in the
y-axis. Its function was to allow the fibre to be guided onto a pulley located at a lower
z position. Cylinders R2 and R3 were orientated with their axial axis parallel to the
z-axis. These cylinders aligned the fibre’s y-position with that of the pulley wheel’s.
The groove of the pulley wheel was 200 pm in width. Each pulley wheel is coupled to a
rotary encoder to allow distance measurements to verified if necessary. These encoders
are not used to control the fibre length.
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6.3.2 Software Design

Microcontroller

The fibre winding mechanism was managed using a microcontroller (Arduino Mega 2560
Rev 3.) The board uses at ATmega2560 chip, which has a 16 MHz clock. Therefore,
a single instruction has a 62.5 ns execution time.The board contains 100 pins ordered
in ports, and is capable of both digital and analogue communication. The benefit of
using Arduino is its widely available off-the shelf libraries allowing rapid prototyping.
As the system went through many stages development, the Arduino’s flexibility allowed
various methodologies to be easily tested. In addition to standard off the shelf libraries,
the Arduino also permits direct command of the ATmega2560 chip. This allowed the
ability for manipulation of fundamental functions. For example, the DigitalWrite()
function which changes the digital signal from a pin, takes 16 ms to execute. By utilising
direct port manipulation, this could be rewritten to execute in two clock cycles ( 125 ns.)
Rewriting fundamental functions of the Arduino to reduce latency was key in achieving
smooth, accurate winding. A copy of the code implemented on the Arduino can be
found in the Appendix. The Arduino was responsible for managing four elements: the
motors coupled to the feeding and receiving bobbin respectively; the distance sensor;
and the rotary encoder.

Stepper Motor Velocity Profile

The microcontroller uses a single core CPU and therefore can only execute one line at a
time - parallel processing is not possible. The microcontroller has to simultaneously drive
the two motors whilst monitoring the encoder counts in interrupt mode. The encoder
count is then fed back in real-time during actuating them. Thus, to reduce latency in
the programming, the two motors are given the same trajectory profiles. The motors
are driven from the same port on the microcontroller to ensure they are synchronised.

When the stepper motor speed is below 0.4 revolutions per second, natural frequencies
of the motor cause undesired resonances, draining energy from the motion. Thus, the
optimum starting velocity to avoid these frequencies was found to be 0.4 revolutions per
second. The motors could be run at 12 revolutions per second however, breaking of the
fibre was observed at 2.8 revolutions. Therefore, the maximum speed of the motors was
capped at 2 revolutions per second. The stepper motors actuate a step upon the high
to low transition of the digital signal driving it. Therefore, the delay between digital
pulses translates to a speed. An approximation of the delay in microseconds to reduce
computing time is derived and can be summarised by [6]:

2c
co = 0.676- f1/ = (6.2)
2-¢i1
61*0171_4.1.4_1 (63)
2-¢i1
IS L S 6.4
¢ =c 1+4.(m_2)+1 (6.4)

where i is the step number, m is the step number where the decelerating period ends,
co is the delay in the microcontroller clock cycles, f is the timer frequency in Hz, « is
the step angle in rads, and w’ is the angular acceleration in rads s~2. As the motor is
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Figure 6.12: The velocity profile of the stepper motors coupled to the feeding and receiving
bobbins. The final constant velocity period is variable in duration, altered by learning control
algorithms.

controlled in a half stepping a@ = 42% radians; f = 16 MHz and w’ = 21 - 27 rads s—2.
Eq. 6.2 is the first delay time inputted into the stepper motor; Eq.6.3 is the subsequent
delay times for the acceleration period; and Eq. 6.4 is the delay for the deceleration
period. The resultant velocity profile of the stepper motors is trapezoidal in nature with
linear acceleration and deceleration (Fig. 6.12.) On the velocity profile, the delays of
the digital pulses have been converted into a speed of revolutions per second, and the
steps have been converted into a time. The length of the constant velocity period at
the end of the profile is altered by a terminal iterative learning control (TILC). The

necessity for this is explained in the following section.

Learning Controls

When a sample of enhanced backscatter fibre is fabricated, a bobbin with fibre is loaded
onto the feeding motor and an empty bobbin is loaded onto the receiving motor. As
the fibre is wound onto the receiving bobbin, its diameter increases and the diameter
of the feeding bobbin reduces. Both motors are given the same angular trajectory,
but due to differences in bobbin diameter, this results into relatively small differences
in the amount of fibre being unwound from the feeding side, and wound up on the
receiving side. Imbalances in the amount of fibre will be reflected in the height of the
carriage of the tension compensation system. If the feeding bobbin unwinds more fibre
than the receiving bobbin winds up, the carriage will finish lower than when it started.
Conversely, if the feeding bobbin unwinds less fibre than the receiving bobbin winds up,
the carriage will finish at a higher position than when it started.

As was shown earlier, in 6.3.1, the position of the carriage during the inscription
will effect the tension loaded into the fibre. Thus, after winding, the carriage position is
returned to the same position by forwarding or reversing the feeding bobbin. To ensure
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Figure 6.13: A schematic of the station stop control problem. A train is travelling at a constant
velocity vo, at position so and needs to stop at a station, located at position sy .

the desired distance is wound onto the receiving bobbin, the stepper motor trajectory
must be adjusted. To do this, learning control algorithms were implemented. Iterative
learning controls (ILC) are especially effective for highly repetitive tasks such as that of
our winding machine. ILC operates on the basis of monitoring a reference signal on a
finite time interval.

The problem posed by the winding system is analogous to the station stop control
problem [7]. In this scenario, a train is travelling at a constant velocity vg, at position sg
and needs to stop at a station, located at position sy (Fig. 6.13.) If braking is triggered
too early, the train will fall short of the desired final distance. If triggered too late, the
train will finish beyond the desired distance. In the problem, there is assumed to be
varying dynamics meaning the distance at which braking is triggered is not the same
each time. In the case of the fibre rewinding system, the changing bobbin diameter
(as well as other minimal fluctuations that are difficult to approximate) causes varying
dynamics, altering this distance. The winding machine can be approached in the same
manner as the station control problem as the stepper motors are triggered to stop at a
speed of 0.4 revs s~!
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Figure 6.14: Graph of the encoder error for 1000 iterations drawing 0.5 m per iteration (top);
and 1 m per iteration (bottom).

To solve this issue, a terminal iterative learning control (TILC) solution was imple-
mented. In this case, the input signal for the next iteration is updated based upon
the reference signal recorded from the previous iteration. The input signal for the next
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iteration is known as the feedfoward signal and can be expressed mathematically as [7]:

Where FF; is the input signal from the previous iteration, £ is the learning gain and
As; is the error in the final result. S is defined as 0 < 8 < 1 for the function to converge
monotonically. As can be seen in Eq. 6.5), the feedforward signal for the next iteration
is a function of the error in final position. The error can be expressed as [7]:

As=s;—s; (6.6)

where s; is the desired final distance and s; is the measured position from the rotary
encoder. In the solution implemented in our winding system, the input signal was the
stepper motor velocity profile and the learning control algorithm altered the length of
constant velocity (Fig. 6.12.)

The learning control algorithms were verified in two tests of 1000 iterations: firstly
drawing 0.5 m per iteration; and secondly, 1 m per iteration. The error of each iteration
can be seen in Fig. 6.14. In both tests, a feeding bobbin with approximately 20 km of
fibre, and an empty receiving bobbin, was used. The receiving bobbin can store 200 m
of fibre before increasing in diameter. Therefore, increases should be seen after every
200 m of fibre wound. The learning control algorithms performed as expected over 1000
iterations showing convergence to, and oscillation around zero encoder error counts.
Oscillations around zero are expected due to noise caused by measurement error and
stochastic environmental fluctuations.

The error distribution was summarised in a box plot (Fig. 6.15.) The interquartile
range (IQR) is shown by the blue box. In the 0.5 m per iteration test, the IQR is 4
encoder counts, centred with the median at 0. In the 1 m per iteration test, the IQR
is 2 encoder counts, centred with the median at 0. The +2.7¢ range runs from 9 to -7
counts for the 0.5 m per iteration test and 4 to -4 counts for the 1 m per iteration test.
The symmetrical nature of the box plots demonstrate there is no skew in the data and
thus, the learning algorithm is converging the error to zero over the 1000 iterations as
desired.
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Figure 6.15: A boz-plot showing the distribution of errors recorded for the 1000 iteration winding

tests of: 0.5 m per iteration (left) and 1 m per iteration (right.) The whiskers of the plots are
set at £2.70 and outliers are marked with red crosses.
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6.4 Fibre Positioning

After the desired amount of fibre is wound, it must be placed appropriately under the
microscope objective for inscription. When fabricating reflectors in the previous chapter,
the fibre was positioned manually under the inscription objective using a CMOS (IDS,
Sony CMOS Camera). For fabrication of long sample lengths, having an individual
do this repetitively is extremely inefficient. To manually position the fibre under the
camera would take approximately 60 seconds. Therefore, to fabricate 1000 points
manually, would take over 16 hours. The presence of the CMOS enabled computer
vision techniques to be employed. Computer vision refers to any computational models
which attempt to replicate the human vision system and therefore, can be used for
the automation of tasks. The following section discusses the theory and logic behind
the computer vision algorithms that are used for positioning the fibre appropriately for
inscription.

6.4.1 The Fibre

The computer algorithms are designed for a standard single mode telecommunications
fibre (Corning SMF-28e+, Fig. 6.16.) The fibre has two coatings, both made of acrylate.
The outer layer improves the mechanical strength of the fibre. The outer diameter of
the fibre is 242+ 5 pm. The inner layer protects the fibre from chemical degradation.
The area between the coating and core is the cladding of the fibre. This has an outer
diameter of 125 4+ 0.7 um. The central circle depicts the core. This is 8.2 + 0.2 pym in
diameter. The fibre has a step index profile; the core has a refractive index difference of
~ 10 ~3 compared to the cladding. At 1550 nm, the fibre has an attenuation of 0.2 dB
per kilometre and an average mode field diameter of 10.4 pm.

— — Inscription Structure

- y=0,z=0

242 +5pum
125 + 0.7 um
8.2 &0 um

-

X y

Figure 6.16: A diagram of the cross section of the single mode telecommunications fibre used.
The fibre is made up of an outer coating (largest grey circle), an inner coating (inner grey
circle), cladding (outer white circle) and core (central circle.) The intended inscribed structure
is displayed as a black box surrounding the core.

6.4.2 Camera Configuration

The camera was connected to MATLAB using the IDS .NET framework and was
configured through an initialisation script. Optical fibre images were captured and
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analysed (Fig. 6.17.) The figure is annotated with the features of the optical fibre. The
refractive index difference is on the order of 10™3 between core and cladding. Hence,
its contrast is extremely small. As such, its boundary lines have been emphasised with
red lines. The image shows that each boundary between layers of the fibre appear as
black lines. These were key features of the fibre image that could be exploited using
edge detection algorithms. When configuring the parameters of the camera, an attempt
accentuate the fibre features was made through a trial and error approach.

Coating 2

Coating |

Cladding

Core

1.

Figure 6.17: An annotated CMOS image of the single mode telecommunications fibre (Corning
SMF-28e.) The fibre has two coatings: the outer (coating 2) for mechanical reinforcement; and
the inner (coating) to protect against chemical degradation. The core has been emphasised due
to its low contrast.

The camera used had the ability to deliver either an RGB-colour image or a greyscale
image. As colour detail did not add any value and delayed processing, the camera
captured monochromatic images only. The black background surrounding the image is
caused by the edge of the microscope objective aperture; it is smaller than the CMOS
sensor. As the entire sensor was not utilised, image cropping was used to isolate the
region of interest. Furthermore, field curvature effects at the edge of the objective
aperture were apparent, distorting the image. This is a common effect in microscopy
as the objective images a flat plane onto a Petzval surface [8]. As you move further
from the centre, this effect worsens. Thus the image was further cropped to remove
these distorted regions (Fig. 6.18.) The final image was 650x 1850 pixels. The height
was maximised as much as possible to avoid the fibre moving out of view between each
iteration.

The cropping was implemented using the hardware. Thus, the camera only delivered
the CMOS sensor response from the user-defined, region of interest. Another option
would have been cropping the image using MATLAB. This was not chosen as hardware
cropping increased the frame-rate of the camera 3-fold and further, reduced the digital
image processing steps required.

6.4.3 The Positioning Process

For reflector inscription, the centre of the core must be placed under the focal point
of the laser. To achieve this, the simplest logic seemed to centre the fibre so that (y
= 0, 2=0) is in the middle of the camera image and subsequently, move the fibre so
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Coating2 Coating | Cladding

Figure 6.18: The image image of the single mode telecommunications fibre (Corning SMF-28e.)

that (y = 0, 2=0) is then under the focal point of the laser. Attempts were made to
manually align the camera such that the laser focal point was at the centre of the CMOS
image. This was extremely difficult to achieve perfectly and thus, a fixed offset in the y
direction must be applied. Therefore, the fibre positioning can now be broken up into
three processes: positioning the fibre at y = 0 (”Y-positioning”); positioning at z = 0
(”Z-focussing); and then applying the offset.

6.4.4 Y-Positioning: Computer Vision Techniques

The following subsection describes the computer vision techniques used in the Y-position-
ing algorithms. The best way to identify a fibre was using its the boundaries between
the various layers of the fibre. These appeared as lines on the camera image as shown
previously in Fig. 6.17. To identify these boundaries, edge detection algorithms were
employed.

Median Filtering

Before edge detection processing could be applied the image underwent median filtering.
Median filtering is a non-linear signal processing technique, especially effective to remove
granular noise in an image. The filter is applied to each pixel individually and compared
to surrounding pixels. The comparison area is defined by the user as a 2-dimensional
array of z-by-y elements. The pixel is then redefined as the median value of this area.

Fig. 6.19 pictorially demonstrates how a 3-by-3 sized median filter redefines the
value of a pixel in a matrix. The pixel that is being processed is shaded red and the
comparison area is outlined in red. After the filter has been applied, the new value (the
median of the 9 values considered) is used as the new pixel value. When the next pixel
is defined, the old pixel value is used for comparison. For the Y-positioning algorithm,
a 50-by-2 (x,y) matrix was applied.
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Figure 6.19: A diagram illustrating how a 3-by-3 median filter is applied to a matriz. On the
left is the original matriz, before the median filter is applied. The red highlighted cell shows the
pizel that is being processed. The red outlined area shows the 3-by-8 comparison area. On the
right is the result after applying the median filter. The white value is the new pixel value - the
median of the 9 values that were compared.

Sobel Operator

Original Image Sobel Operator & Thresholding Applied

Figure 6.20: A CMOS image of SMF-28e optical fibre (left) and the subsequent binary image
(right) after application of the MATLAB Sobel operator and threshold filtering.

After the median filter, a Sobel operator was applied to the greyscale image. The
Sobel filter is a discrete differentiation operator, computing an approximation of the
gradient of the greyscale image in an effort to accentuate edges. The filter is broken
down into an x and y integer matrices which are convolved with the original image.
The benefit of using such filter is its relative simplicity meaning it is computationally
inexpensive to perform. The operation can be expressed mathematically as:

+1 0 -1
Ge= |42 0 —-2|=xA (6.7)
+1 0 -1
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+1 42 -1
Gy,=|0 0 0]|=A (6.8)
~1 -2 -1

where G and G, are the horizontal and vertical derivative approximation of the Sobel
operator, respectively; A is the greyscale intensity image; and * is the 2D matrix
convolution operation. Typically, the vertical and horizontal derivatives are combined

such that:
G=,/G:+G? (6.9)

to give G, the overall derivative intensity approximation of the image. In our case,
the fibre shows edges solely parallel to the z-axis. Therefore, to reduce computation
time even further, only the vertical gradient Sobel operator from Eq. 6.8 was applied.
The Sobel operator was applied using the Image Processing toolbox. The output of the
edge() function was a binary image. The binary image was calculated by adding an
extra threshold layer to the Sobel operator - if the resultant gradient was above a user
defined threshold, the pixel was set to a value of 1; else a value of 0 was used.

Hough Transform

A
v

Figure 6.21: A diagram defining the parameters of the Hesse normal transform for a line formed
from a series of Cartesian co-ordinates. p is the length of a normal from the origin to this line;
0 is the orientation of p with respect to the x axis. Within MATLAB, the Hough transform
algorithm defines negative theta as the orientation of p to the negative x axis, increasing in
absolute value in a counter-clockwise direction till the y-axis.

A Hough Transform was performed on the resultant binary image from the Sobel
operator. The Hough Transform is a common line detection methodology widely employ-
ed in the field of computer vision [9]. The aim of the Hough Transform is to identify
lines within the binary image. Each high value of the binary image can be located
by its Cartesian co-ordinates (z,y). For a set of Cartesian co-ordinates there exists
numerous straight lines that can be constructed from them. Analytically, these possible
line segments can be expressed in a number of forms. A convenient way for describing
these possible lines is using the Hesse normal form:

p=xcosf + ysinb (6.10)

where p is the length of a normal from the origin to this line; 8 is the orientation of
p with respect to the x axis; and = and y are the Cartesian co-ordinates of the points
(Fig. 6.21.) For any point on the solid line depicted, p and 6 are constant.

In the context of computer vision and identifying edges, the Cartesian co-ordinates of
the points that make an edge are known - these are high values in our binary image - but
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the (p,0) values are unknown. Thus, if possible (p,0) values defined by the Cartesian
co-ordinates of the binary image are plotted, it can be found that the Cartesian co-
ordinates map to sinusoids in what is known as the Hough parameter space Fig. 6.22.
Points which form a line are evident as they intersect a common (p,f) point.

Figure 6.22: The resultant Hough parameter space from the transform performed on the binary
image in Fig. 6.20. The mazimum points of intersection have been marked with squares.

The graph in Fig. 6.22. space is the result of the Hough transform performed on the
binary image in Fig. 6.20. The points of common intersection have been highlighted with
square markers. As expected, 6 common intersections were identified close to £90deg,
which correlates with the 6 boundary layers from the binary image.

Computationally, the transform is executed by quantizing the Hough parameter
space into discrete intervals, also known as accumulator cells. As the transform algortihm
runs, each Cartesian co-ordinate (high value in the binary image,) is transformed into a
discretized (p,f) curve and the accumulator cells which lie along this curve are increment-
ed. Peaks appearing in the accumulator array indicate a high likelihood that a line exists
in that image.

In the resultant accumulator array for our fibre analysis, it was common that more
than one line was identified with the same edge, dependent on its thickness in the binary
image. Therefore, an extra layer of edge classification was added, whereby lines that
were close together were grouped and identified as the same edge. Lines separate more
than 50 pixels apart in the y direction were defined as separate edges (Fig. 6.23.) The
figure summarises all the image processing steps that the Y-positioning algorithm uses to
identify boundary edges of the fibre. The green lines are the individual lines discovered
by the Hough transform and the blue lines are the edges identified. The individual lines
for the outer boundaries are not visible as the edge is imposed over. Numerous lines can
be seen for the cladding-coating 1 boundary by the thick green lines.
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Sobel Filter Applied Detected Edges

CMOS Median Filter

Lines Drawn
Midline
— Edge

Figure 6.23: A summary of all the image processing steps used for the Y-positioning algorithm
(from right to left): the image captured by the CMOS camera; the image after a median filter
is applied; the binary image outputted after the Sobel filter and thresholding is applied; and the
edges (blue) drawn from the lines (green) that were identified by the Hough transform. The red
line is the midline of the image.

6.4.5 Y-Positioning: Search Logic

First, the initial fibre position is assessed. Due to the engineering precision in aligning
the wheels within the roller holders, a proportion of the fibre would always be in view
after the z-stages lowered it into the oil. Thus, when part of the fibre was in view, the
number of edges and their position would be evaluated relative to the midpoint of the
image.

If more than 3 edges are located in the top half of the image, the fibre would need to
move in the -y direction. Conversely, if more than 3 edges were visible in the lower half
of the image, the fibre would be translated in the +y direction. The algorithm would
make relatively large steps to ensure the whole fibre was in view.

Once achieved, the script attempted to place the fibre in the centre of the image. The
fibre demonstrates a symmetry about the z-axis; one side of the fibre is a reflection of
the other. Utilising this symmetry was the basis of the Y-positioning algorithm. Thus,
an iterative approach was developed based upon identifying the two cladding-coating
boundary edges and placing them equidistant from the a line that runs through the
centre of the CMOS image. The two cladding-coating boundaries can be seen equidistant
from the midline (red) in the final image of Fig. 6.23 . Once the boundary had been
identified by the Hough transform, the y co-ordinate of the edges was noted and their
distance from the midline was measured. A symmetry parameter was defined. The
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symmetry parameter .S, can be mathematically expressed as:

S = Yedgel — Yedge2 (611)

where Yeqge1 is the y co-ordinate of the first cladding-coating boundary and yeqge2 is the
y co-ordinate of the second cladding-coating boundary. The Y-positioning algorithm
worked on minimising this parameter as it converges to zero as the fibre approaches the
central point. Once minimised, the fibre was ready to be focussed in the z-direction.
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6.4.6 Z-Focussing

-30 micron -20 micron -10 micron center

+10 micron +20 micron +30 micron

Figure 6.24: CMOS images of the core at heights from -30 micron to +30 micron. When the
camera is imaging beneath the core, the core-cladding interface appears white. When the camera
is imaging above the core, the core cladding interface appears a dark grey. When at the centre
of the core, the core cladding interface is barely visible.

To determine the logic for focussing in the z-axis, understanding of the fibre’s visual
appearance over changes in height was crucial. The core-cladding boundary exhibits
different behaviour depending on the camera imaging plane (Fig. 6.24.) When imaging
below the core, the core-cladding boundary appears white. When imaging above the
core, the core-cladding boundary appears dark grey. The intensity and thickness of the
boundary increases with distance from the centre in both directions, respectively.

Based upon this behaviour, the Z-Focussing algorithm was broken into three parts.
First, the direction to the core centre was determined. To do this, an image of the fibre
was taken and cropped to show only the core. After cropping, an average of pixel values
in the x-direction was taken converting the 2D image into a 1D signal. This process
will be referred to as lateral averaging from here on. After, the signal was Fourier
transformed and a high pass filter was applied, removing any DC component from the
signal.
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Figure 6.25: Average pizel intensity of the optical fibre at -10 micron (top). The normalised
pizel intensity after a high-pass filter was applied (bottom.) The triangular markers show the
result of the peak detection algorithm. As peaks were identified immediately, the algorithm has
determined the imaging plane lies beneath the core.
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The amplitude was then normalized between 0 and 1. This was to allow a peak
detection algorithm to find maxima in the signal. If peaks were detected, it was
known that the imaging plane was currently beneath the centre of the fibre. Thus, the
microscope objective had to move in the positive z-direction. If no peaks were identified,
the signal was reflected about the x-axis and normalized. The peak function was applied
again. If peaks were identified, it was known that the imaging plane was located above
the core centre. Thus, the microscope objective had to move in the negative z-direction.
If no peaks were identified, it was known that the fibre was close to the centre.

Foenmming Paranslar I:.-’u'[-:l

' " " ) L L L
-1 Bl i) —Hi -20 1] 20 A ] L] (L]

Hedght Felative to Centre [ um)

Figure 6.26: A plot of the focus parameter calculated for 201 images from -100 pm beow the
core to 100 pm above the core. A clear convergence to a minima at the position z = 0 is visible
demonstrating the suitability of this parameter for focussing.

An example of the filtering and peak search when the fibre was positioned -10 micron
relative to the centre can be seen in Fig. 6.25. The top graph shows the lateral average
of the -10 micron image in Fig. 6.24. The graph beneath shows the result after the top
signal was high-pass filtered and normalised. The triangular markers show the result of
the peak detection algorithms which have identified the core-cladding boundary. As the
peak detection algorithms immediately identified two features, it was known the imaging
plane was located beneath the centre of the fibre. The bottom graph has fewer data
points than the original signal. This is because the edges of the signal tend to infinity as
a result of the Fourier and inverse-Fourier transform. Cropping the signal was essential
for calculation of the focussing parameter, which is explained next.

After the direction was determined, the algortihm completed an iterative search to
find the central point of the fibre. From Fig. 6.24 it can be seen that the centre is
located when the core-cladding boundary is not visible. Based upon this behaviour, a
core-cladding focusing parameter was defined:

F=Cpas—C (6.12)

where F' is the focussing parameter; C),q, is the maximum contrast measured in the
image; and C is the mean contrast of the image. The focussing parameter was calculated
for 201 training data images at -100 to 4100 micron, relative to the centre of the fibre
(Fig. 6.26.) The results show a defined minima at the centre of the fibre. Between
-60 and +70, a single focussing parameter value relates to two positions, only. Outside
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these region, it is possible certain values of the focussing parameter relate to multiple
positions.

Thus, the algorithm iteratively stepped every 6 pum in the direction towards the
centre until the focussing parameter fell beneath a threshold value of 0.2. At this point,
the algorithm searched at 1 pm intervals from -4 pm to +4 pm, relative to the position.
The focussing parameter at these 9 positions were calculated and the lowest value was
determined to be the centre. The fibre was then moved a set off-set to position it under
the laser focal point for inscription.

6.5 Inscription

Beam

Expander —

Translation
Stage

Figure 6.27: A schematic diagram of the femtosecond writing set up used for reflector
fabrication. M - mirror, A - attenuator, SHG - second harmonic generation, D - dichroic
mirror, PBS - polarisation beam splitter, BS - beam stop, O - objective lens, F - fibre, WP -
waveplate, PSO - position synchronised output controller, LED - light emitting diode, OTDR -
optical time domain reflectometer, CMOS - complimentary metal-oxide semiconductor camera.

Once the fibre is positioned appropriately, the program to inscribe a reflector is
triggered. A femtosecond writing set up similar to that used to fabricate waveguides
is used (Fig. 6.27.) A 1030 nm solid state Yb:KGW (ytterbium-doped potassium
gadolinium tungstate) laser system (Pharos, Light Conversion Ltd) is used for inscription.
The laser is frequency doubled to 515 nm. After the second harmonic generation box
the laser is guided through a beam expander comprising comprising of a 250 and -25
mm cylindrical lens. The lenses were placed 225 mm from one another. The telescope
increased the beam size by a factor of 10. Beam explansion is used to improve the
uniformity of the power density across the beam. After the telescope, the following
optics controlled the power and polarisation of the beam. A rotatable half-waveplate
and polarisation dependent beam splitter is used in conjunction with one another to
form an attenuator. After, the laser propagates through a half-waveplate in preparation
for a quarter-waveplate, so circularly polarised light can be generated.

Using circularly polarised light has been found to inscribed the smooth, low loss
waveguides in bulk silica and lithium-niobate samples samples [10]. In the nanograting
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regime with linearly polarised light, small, periodic grating structures have been found
to form [11]. With circularly polarised light, the formation of disordered structures
have been found to form [12]. Ams et al. found the periodic structures causes larger
scattering losses in waveguides compared to the disordered structures [13]. A CMOS
camera (IDS, Sony) was placed above a dichoric mirror and microscope objective to
optically monitor the writing process. Until now, dry objective lenses had been used to
fabricate gratings in sections 3.4.2 and 5.3.1. In the context of the automated set up, this
posed a practical issue of removing and replacing a cover slide between each iteration.
Given the sub-millimetre thickness of the coverslides, this posed great difficulty. To
circumvent this mechanical engineering problem, a low NA oil-immersion lens was used
(Olympus). The lens had an iris within it, allowing the NA to be varied from 0.5 -
0.9. For the fabrication of reflectors, the objective was fixed to 0.5 NA to remain in the
smooth refractive index regime [14]. Moving to an oil immersion lens also mitigated the
potential issue caused by variable thicknesses of oil layers between the fibre and cover
slide that may be encountered with a dry objective lens.

6.6 OTDR Monitoring

B I

Channel 1 Pulse Channel 2
1550 nm Generator
Source ] 980 nm
' Source 12m
EDF

EOM DWDM _@_ WDM AOM
ISO
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Figure 6.28: A schematic diagram of the OTDR set up used for monitoring the fabrication of the
enhanced reflector fibre sample. EOM - electro-optic modulator, DWDM - dense wave division
multiplexer, EDF erbium-doped fibre, WDM - wave division multiplexer, AOM - acousto-optic
modulator, ISO - isolator, PD - photodiode, AMP - amplifier, OSC - oscilloscope

An optical time domain reflectometry set up was created (Fig. 6.28.) The set up
consisted of a 980 nm (QPhotonics) and 1550 nm source (QPhotonics), both operating
in a continuous wave regime. The 980 and 1550 nm source had average powers of
300 and 20 mW, respectively. An electro-optic modulator (Lucent Technologies) driven
by a pulse generator is used to create pulses on the order of nanoseconds. The two
sources are combined with a dense wave division multiplexer and amplified to a peak
power of 1 W. A wave division multiplexer is used to separate out the 980 and 1550
nm light. Due to the ~10 nm wide bandwidth of the 1550 nm channel, an acousto-
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optic modulator (AAOptoelectronics) is used to filter out the amplified spontaneous
emission noise created by the erbium-doped fibre amplifier. The acousto-optic modulator
is run off a separate channel to the electro-optic modulator and windowed for ~70
ns. An isolator was placed after the two modulators to prevent any back-reflected
light from damaging the crystals. A 95/5 coupler is used to tap 5% of the pulse for
two reasons: first, to measure the parameters of the probe pulse using a photodiode
(Thorlabs, DET01CFC/M); and secondly, to trigger a 400 MHz bandwidth oscilloscope
(LeCroy) used to measure the back reflected pulse. After the coupler, the pulse is sent
into the fabricated sample via a splice to fibre optic rotary joint (Princetel). The back
reflected pulse was then redirected via the circulator to an amplified photodiode (Menlo,
FPD610 FC-NIR) and a 20 dB, low-noise voltage amplifier (Femto, HVA- 500M-20-B).

Maintaining an optical time domain reflectometry connection to the sample being
fabricated was not a trivial task. As the sample is gathered onto the rotating receiving
bobbin, an ordinary splice would have led to twisting occurring as the OTDR equipment
remains static. Thus, a fibre optic rotary joint is used to permit rotation of the sample
whilst the OTDR system remained stationary. A bespoke part was designed using 3D-
CAD software and printed using a 3D-printer. The part was designed to hold the rotary
joint and screw onto the clamp holding the receiving bobbin in place (Fig. 6.29.) The
rotary joint fibre is run through the support arches of the bobbin and spliced to the
sample on the opposing side.

Bobbin
clamp and
e joint
Receiving holder
bobbin
Fibre optic
|| rofary joint
Metal
protective ’
jacket

Figure 6.29: An image of the OTDR connection to the sample. The connection is maintained
via a fibre optic rotary joint which was secured in place using a bespoke 3D-printed part.

6.7 Conclusions

In summary, an automated fabrication system was designed and assembled. When
designing the system, emphasis was placed on ensuring the tension and positioning of
the fibre are as consistent as possible. This was to address the reflectivity fluctuations
observed in Chapter 5. The fabrication process was divided into 3 parts: winding,
positioning and inscription. The winding process was driven by two stepper motors
coupled to two fibre bobbins and controlled by an Arduino. The winding process posed
an issue analogous to the station stop control problem. As such, terminal iterative
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learning control algorithms were implemented on the output of the rotary encoder. This
was to ensure the correct length of fibre was wound. A pulley on a low friction rail
was monitored by a distance sensor to maintain a constant tension within the fibre.
3D-printed parts and custom wheels were used. Two 1000 iteration tests of the winding
system were performed. The error from the rotary encoder converged and subsequently,
fluctuated about 0 demonstrating the learning controls were fulfilling their role. The
fibre positioning was achieved using basic computer vision techniques. The positioning
process was broken into two steps: positioning in the y-axis followed by positioning
in the z-axis. The fibre centre could be found to a precision of +£1 pym. An iterative
approach was used. This could be further improved in the future by utilising a template
matching model. This would involve storing model images of a fibre. Then, when
the first image is captured, a cross correlation over the whole model can be applied to
determine its location. Therefore, the movement to central position can be achieved in a
single process. The final part of the system was inscription. The optical arrangement for
the fabrication of reflectors was detailed. To assess the quality of reflectors, an OTDR
arrangement was used. A connection was maintained using a fibre optic rotary joint.
The backscatter trace was monitored by a human overseeing the system. Improvements
could be made by feeding the output of the OTDR measurement into the MATLAB
programme managing the fabrication system. Then analysis could be performed and
digital control algorithms could be implemented to maintain the quality of the inscribed
reflectors.
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Chapter 7

Distributed Acoustic Sensing:
Characterization of Enhanced
Reflectivity Fibre

7.1 Introduction

Distributed acoustic sensing is a rapidly growing area of research driven by its vast range
of applications. Today, DAS is employed for perimeter intrusion detection, subsea cable
monitoring, oil and gas downhole analysis, pipeline monitoring and structural health
analysis [1, 2, 3, 4, 5, 6]. As covered in Section 4.3, sensing methodologies exploiting the
Rayleigh backscatter could benefit from an improved signal to noise ratio. A number of
solutions have been proposed including weak Bragg grating arrays, continuous grating
fibres and enhanced scattering regions [7, 8, 9, 10]. These solutions have been reviewed
in depth in Section 4.5.

In Chapter 5, a novel ultra-low loss enhanced reflectivity fibre (ERF) was demonstrat-
ed. By utilising the smooth refractive index regime of ultrafast laser micro-machining,
reflectors could be inscribed into the optical fibre. The structures are thought to cause
a direct Fresnel reflection back along the fibre whilst minimising the light scattered in
all other directions. Following this proof of concept, an automated fabrication system
was created to fabricate long samples of ERF in 6.

Previous work had investigated the use of femtosecond inscribed scattering voids
in distributed sensing measurements [11, 12, 13]. As shown by Yan et al., losses of
0.41 dB/cm were recorded, illustrating the limitation of using scattering voids over
large distances. Within this chapter, the ERF is functionally tested and characterised.
Samples were produced with the automated fabrication system and characterised with an
OTDR measurement to assess their enhancement. After, the samples were functionally
assessed within a ¢-OTDR and OFDR acoustic sensing measurement. The ¢-OTDR
measurement was conducted by Dr Brandon Redding from the Naval Research Labs.
The OFDR measurement was conducted by Dr Stephen Kreger from Luna Innovations
Inc. Measurements with an unmodified single mode fibre were completed to offer a
direct comparison in performance. To further quantify the low-loss nature of the novel
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fibre, a sample of 300 reflectors was created for a cutback measurement.

7.2 Experimental Methodology

7.2.1 Reflector Fabrication

All samples were produced with the automated fabrication system detailed in Chapter
6. The methodology was altered from the initial proof of concept in Section 5.3.1. For
inscription, a 0.5 NA oil immersion lens was used and the laser frequency was set to
200 kHz. A oil immersion liquid specifically designed for laser interactions was used
(Cargille). The oil had a refractive index of 1.545 for 515 nm light at a temperature of
25 °C. Pulse energies did not exceed 30 nJ. This was to ensure writing remained within
the smooth refractive index regime [15]. The beam was circularly polarised.

The reflector was intended to be as large as possible to maximise its interaction
with the forward propagating mode. The rectangular structure was 35 ym in depth and
83.3 pm wide, centred around the core. A larger structure was not possible as beyond
these limits as the fibre coating was susceptible to being damaged. The structure was
inscribed at a speed of 0.5 mm/s. A single reflector was inscribed in 60 seconds.

7.2.2 Distributed Acoustic Sensing Measurement: ¢-OTDR

A ¢-OTDR system was constructed to test the ERF. A 200 m sample with 10 reflectors,
spaced 20 m apart, was created for the experiment. A dual-pulse interrogation set up
was employed given its non-local signal rejection and lower sensitivity to laser phase
noise. A laser (OE Waves) with a linewidth of <10 Hz was used. An electro-optic
modulator was used to generate 20 ns pulses. The electro-optic modulator provided
~20 dB extinction. An acousto-optic modulator pulsed at 150 ns was used to provide
a further extinction of ~50 dB. Subsequently, a 20 ns pulse with a 150 ns pedestal was
generated.

150 ns pulses 5 MHz 40 m delay
20 ns pulses l 10425 KHz

55 MHz Uz ) I 50: PZT

600m 200 m with
point reflectors

Figure 7.1: A schematic diagram of the dual-pulse ¢p-OTDR arrangement. Two 20 ns pulses,
offset by 25 kHz, were combined and launched into the ERF. The back-reflected trace was sent
into a polarization diversity receiver. The interference of the two pulses was recorded with a
high speed digitizer.
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After pulse generation, the pulses were split in half using a 50/50 coupler and injected
into an imbalanced Mach Zehnder interferometer. Both arms of the interferometer
contained an acousto-optic modulator driven at 55 MHz and 55.025 MHz. Subsequently,
the two arms had a frequency offset of 25 KHz. The 55 MHz arm had a 40 m delay
fibre inserted. The sample of ERF used in this test had a separation of 20 m. The delay
length was set to match the round trip distance between the reflector sites. Hence,
sensors could be formed from the light reflected from adjacent reflectors. The relative
phase between the two pulses was deduced from the intermediate frequency difference
between the two pulses. Then using an erbium-doped fibre amplifier, the recombined
pulse was amplified. The pulse had a peak power of 500 mW. Amplified spontaneous
emission was filtered out using a 100 GHz wave division multiplexing filter. The lasers
were set to a repetition rate of 100 kHz. Using a circulator, the pulse was then sent into
the sample. The sample of ERF was spliced after 600 m of standard single mode fibre.

For the distributed acoustic sensing measurement 1 m of fibre, in between two
reflectors, was wrapped onto a Piezoelectric transducer (PZT.) The PZT allowed a
vibration to be exerted onto the fibre. The backscattered trace was amplified by
a second erbium-doped fibre amplifier and filtered using a similar specification wave
division multiplexer as before. The backscattered light was then passed through a
polarisation diversity receiver. The polarisation diversity receiver minimised the effect
of polarisation fading. The interference pattern was recorded on two photodetectors
(Thorlabs, PDA10CF). The detectors had a bandwidth of 150 MHz and the data was
digitised at a rate of 5 GHz.

a) b)
2 m sensing regions  reflector planes 2 m sensing regions reflector
planes
;7—’ - PZT PZT ;7—/
20 m aperture covering 20 m aperture using
two adjacent reflectors unmodified regions

Figure 7.2: A schematic of the sensing regions used to measure the PZT oscillation for a)
enhanced reflectors and b) the Rayleigh backscatter from unmodified areas. The sensing regions
were 2 m in length and separated by a 20 m sensing aperture.

The arrangement employed enabled measurement of the relative phase between the
two frequency offset pulses as a function of position. Therefore, the phase between
light back-reflected from a pair of 2 m regions separated by 20 meters could be used
for a measurement. The 2 m region was designated by the 20 ns pulse width. The
20 m aperture was dictated by the 40 m delay fibre in the imbalanced Mach Zehnder
interferometer. As such, unmodified regions of the ERF can be used to measure vibrations
as well as two regions containing reflectors. Therefore, using the same sample, a direct
comparison of reflectors and unmodified regions can be made (Fig. 7.2.) By wrapping
1 m of fibre in between to reflectors, sensors made up of reflectors and sensors made up
from unmodified regions could be assessed.
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7.2.3 Distributed Acoustic Sensing Measurement: OFDR

In this experiment a commercial OFDR system (Luna, OBR 4600) was used to interrogate
a sample of 48 reflectors spaced ~20 cm apart. The OFDR system consists of two
interferometers, a trigger and a measurement interferometer, as well as a polarization
sensitive receiver (Fig. 7.3.) The receiver is made up of a polarization beam splitter, 3
wide-band photodetectors, an analogue to digital convertor and a computer. The system
uses a tunable laser source swept over a range of optical frequencies. A 90:10 coupler is
used, with 10% of the light being sent into a trigger interferometer and 90% being sent
into a measurement interferometer. The fibre under test is inserted into one arm of the
measurement interferometer and the other arm is used as a reference. The reference arm
has a polarisation controller. The polarisation beam splitter has the effect of dividing
the incoming light into two orthogonal polarisation states. This technique is used in
OFDR to mitigate signal fading due to any misalignment of the two interfering fields
[17]. When the laser frequency is tuned, interference fringes related to the reflected
signal from the fibre under test are observed at the photodetectors. These detectors
are triggered by interference fringes detected at the third photodetector, monitoring the
output from the trigger interferometer. Utilising a trigger interferometer in this manner
is a well known acquisition technique that helps to mitigate laser tuning errors that
could adversely effect the measurement [18].

Measurement
interferometer

FUT
> PBS
IR §
()] Eﬁ PD | &)
2
90:10 -
TLS PD | 7|
Trigger '
_ " PD [
Trigger
1 50:50 coupler interferometer

Figure 7.3: A schematic of the Luna OBR 4600 measurement mechanism. The system is
made up of a trigger interferometer, a measurement interferometer and a polarisation diversity
receiver. TLS - tunable laser source, PD - photodiode, FUT - fibre under test, PBS -
polarisation beam splitter, ADC' - analogue to digital convertor PC - polarisation controller.

The optical power of the interference pattern for an unmodified fibre can be described

by:
P(v,t) < |Ag| + |As(7)| + 24/ | Ar||As(T) cos(2mv(t)T(t)) (7.1)

where Ag is the amplitude of the reference arm light; Ag is the amplitude of the back
reflected light from the fibre under test, 7 is the time-of-flight delay difference between
the reference and sensing arm; and v is the frequency of light as a function of time, ¢.
The frequency of the laser is swept linearly such that:

v(t) =vo+ at (7.2)

where « is the laser tuning rate. The delay is proportional to the difference in lengths
between the two arms of the Michelson interferometer. If the delay is constant along
the sensor fibre over time (no vibration is imparted), a Fourier transform of Eq. 7.1
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will translate interference fringes which are a function of the frequency of light, into
reflection amplitude coefficients as a function of delay. If Ag describes the reflection
spectrum from the ERF formed of n reflectors, with each reflector at a different delay
from 7y to 7,, the interference pattern would be a sum of interference fringes with
periods as a function of frequency inversely proportional to the delays. Hence, a Fourier
transform of the interference pattern would produce an array of delta functions in the
delay domain.

If the delay of the signal from a reflector is oscillated in time with a frequency f, the
delay from the nt" reflector can be expressed as:

Tn = Tr(L + bsin(27 f1))

=7r(1 + bsin(2n(v — o) f)/a) (7.3)

By substituting the time dependent delay Eq. 7.3 into Eq. 7.1, and performing a
Fourier transform, the oscillating delay broadens the delta function with a delay spacing
of f/a. Thus, this relationship translates the reflector spacing to the maximum vibration
frequency that can be discerned. After, if the delay domain data is broken down into each
reflector peak, the optical phase can be obtained from in inverse Fourier transform. The
transform converts the data to the optical frequency domain, detailing the fluctuations
in optical phase along the path of the fibre up to that reflector.

The strain along the fibre can be deduced via an additional spatial derivative. The
strain, € is directly proportional to the observed phase difference between two regions,
Az. This can be expressed mathematically as:

— Pn-1)C
= (0= 0n1) (7.4)
(4pmnAzv,.)
where [ is a scale factor, v, is the central frequency of the laser scan; and n is the group
delay refractive index of the fibre.

7.3 Results and Discussion

7.3.1 1 km Sample of ERF: OTDR

A sample of 270 reflectors was fabricated using the automated inscription system.
The system was programmed to space reflectors 5 m apart. For inscription, the laser
frequency was set to 200 kHz. The 515 nm beam had a pulse energy of 16 nJ recorded
after the oil immersion microscope objective. Each reflector inscription (including 5 m
winding) took approximately 90 seconds. The 1.35 km sample was fabricated in 7 hours.
The sample was then rewound using an industrial winding machine with a 40 g tension.
This was to minimise the effect of winding errors, caused by the fabrication system, on
the OTDR measurement.

The sample was interrogated with an OTDR measurement. A 1 W pulse was
launched into the fibre and the resultant backscatter trace was recorded (Fig. 7.4.)
The sample had a region of 10 m that was left unmodified to allow comparison of
the reflectors to the Rayleigh backscatter. The final peak at ~1.775 km is a Fresnel
reflection from the end facet of the fibre. The signal from 1.7 km onwards is the noise
level of the oscilloscope. The average noise level was recorded to be ~-90 dB. A biased
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Figure 7.4: a)The OTDR trace recorded from the 1.35 km sample. The sample shows 268
signal enhancements with an average reflection of 22.03 db above the Rayleigh backscatter. b)
The OTDR trace from 0.5 to 0.75 km showing an error in the fabrication system. No reflector
was inscribed at 0.590 km. ¢) The OTDR trace from 1.48 to 1.68 km. The trace shows the
reflector at 1.45 km was ~12 dB lower than anticipated. A reflector was expected at 1.57 km,
but due to an error in the fabrication system, no structure was inscribed.

photodetector was used to record the backscattered spectrum. After peaks in signal
occurred, the detector caused secondary oscillations, causing the signal to drop below
the noise level of the scope. These oscillations cause the signal to fall below - 110 dB.

The recorded spectrum shows increases of signal from 0.42 km to 1.76 km caused by
the inscribed reflectors. Post analysis of the recorded back-reflected spectra revealed an
average reflector separation of 5 + 0.1 m. From an initial inspection, reflectors 33 and 229
were not visible on the trace (Fig. 7.4b and c¢.) Enhancements in signal were expected
at 0.590 and 1.570 km. The automated inscription system has been programmed to
store the camera images before, during and after the positioning algorithms, as well as
after inscription. This allows retrospective analysis of the fabrication process. Upon
review of the images, no reflectors were inscribed at either of these positions. During
inscription of the reflector 32 at 0.59 km, the coating was damaged after inscription
(Fig. 7.5) Prior images show that the positioning algorithms were successful and thus,
were not responsible for this error. Furthermore, the black distortion of the coating was
not present in the images prior to inscription. Therefore, the damage of the coating
occurred during inscription. This indicates the laser was being focussed at a shorter
focal depth rather than within the core of the fibre. The reasons for this are not clear,
but one possibility is a lack of immersion oil.

Upon review of the CMOS images, no reflector was inscribed at 1.570 km due to a
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programming error in the fabrication system. When reviewing the files related to this
point, no images were stored indicating that the system had encountered an error and
the inscription program was not triggered. When the system was restarted, the system
was wound to the next position before subsequent inscribing. Hence, no reflector was
fabricated at this position. Only one other significant deviation in reflector magnitude
was observed at 1.45 km. Reflector 205 was measured to be only 10.73 dB above the
Rayleigh, ~ 12 dB lower than the other reflectors. When reviewing the camera images of
the reflector, it was found that the structure was inscribed 10 microns off axis due to an
error in the positioning algorithms. Why the positioning algorithms were not successful
is not fully understood at this point and requires further analysis. The deviation from
centre causing lower reflectivity has been reported by Hicke et al. when inscribing void
scatterers in single mode fibre [13].

oonles
P -

VI 50 pm

Figure 7.5: A CMOS image of the optical fibre after inscription of a reflector at 0.42 km. No
structure was inscribed and damaging of the coating was observed.

A smooth refractive index change can be seen in CMOS images of the inscribed
structure. The depth of the structure could not be easily determined from the CMOS
images. The structure showed a stronger refractive index change in the central region;
evident by the greater contrast in comparison to the ends of the structure. This can
be attributed to two factors. Firstly, the spherical nature of the fibre causes coma
aberration effects resulting in poorer focussing. The magnitude of this effect increases
with distance from the core as the angle of incidence of the beam with respect to
the normal increases. The second effect causing this stronger refractive index in the
core is the material composition. The core of the fibre is germanium-doped whereas
the cladding is pure silica. The refractive index change in pure silica is caused by
defect formation and restructuring of the silica matrix [19, 20]. In silica, absorption
of femtosecond radiation causes the formation of oxygen deficient and non-bridging
oxygen hole centres [21, 22, 23]. In Ge-doped silica, similar oxygen deficient and non-
bridging oxygen defects also form [24]. Low concentrations of germanium (~ 1.5 %)
allow for absorption at lower energy [24]. Although their thresholds for a smooth
refractive index change are similar, the rate of change of index with pulse energy is
greater for germanium-doped silica compared to pure silica due to its lower band gap
energy. Therefore, we expect, along with the aberration effects, a stronger refractive
index change in the core compared to the cladding. Further analysis of the sample
would be required to quantify this.
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Figure 7.6: A histogram of the reflectivities of the inscribed structures with respect to the
Rayleigh backscatter signal. A normal distribution was applied to the data and revealed a mean
reflectivity of 22.03 dB and a standard deviation of 0.92 dB.

To assess the consistency of the inscribed reflectors, a histogram of their magnitude
was plotted (Fig. 7.6).) A normal distribution fit was applied to the histogram and
plotted in red. The reflectivity was recalculated to be expressed as an enhancement
with respect to the Rayleigh backscatter signal. The normal distribution revealed
a mean reflectivity of 22.03 dB with a standard deviation of 0.92 dB. If a Fresnel
reflection is assumed to be the mechanism causing this signal enhancement, a refractive
index modification on the order of 1072 was induced. This is consistent with index
changes observed when fabricating waveguides [25]. The consistency improvements
were attributable to a number of reasons. Firstly, the automated fabrication system
allowed precise control of the positioning; the centre of the fibre was found to within
+1 pm for all but one reflector (reflector 205.) Furthermore, the system also allowed
precise control of the tension of the fibre during inscription due to the addition of the
tension control system. The final improvement, compared to the results in Chapter
5, was due to the change in index matching oil. The oil chosen for these experiments
exhibited no degradation in optical properties over time. Overall, the combination of
these improvements led to a consistency in reflector performance.

7.3.2 Reflector Attenuation: Cut-back Measurement

To evaluate the attenuation caused by the fabrication of point reflectors, a sample of
300 reflectors was produced for a cut-back measurement. The sample was fabricated
using the autonomous fabrication system. A pulse energy of 15 nJ was used to inscribe
reflectors in a single mode telecommunication fibre (Corning, SMF-28¢.) The sample
had 3 sections of 100 reflectors, separated by 2 m. The spacing between reflectors was
randomised to ensure no coherence was induced. For the cut-back measurement, two
APC pigtails were spliced to each end of the fibre. One end of the fibre was connected
to a 1550 nm source (Qphotonics, QDFBLD-1550-50N) and the other to a photodiode
(Thorlabs, S122C). The power was measured and after, one section of 100 reflectors
was removed. After the removal of a section, the fibre pigtail was spliced back onto the
sample and the transmitted power was recorded. Once all sections were removed, the
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Figure 7.7: A graph of the transmitted power as sections of 100 reflectors are removed during
a cutback measurement. An exponential line of best fit was applied to the data and revealed an
attenuation coefficient, aprr = 3.2 x 1075 per reflector.

power recorded was plotted against the number of reflectors and an exponential line of
best fit was applied (Fig. 7.7.) The line of best fit revealed an attenuation coefficient,
agpr = 3.2 x 107° per reflector. This corresponds to an attenuation of 1.5x10~%
dB per reflector. It may be noted that the transmitted power recorded after 200 and
300 reflectors was equal. This was because the loss from splicing was of comparable
magnitude to that from the 100 reflectors.

7.3.3 Distributed Acoustic Sensing Measurement: ¢-OTDR
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Figure 7.8: An OTDR trace of the ERF used for the ¢p-OTDR measurements. The sample
had 10 refiectors spaced 20 m apart. The sample was spliced onto 600 m of telecommunication
single mode fibre.

A sample containing 10 reflectors was fabricated using the autonomous fabrication
system. The reflectors were placed 20 m apart in a standard telecommunications
single mode fibre (Corning, SMF-28¢). An OTDR measurement was made to assess
the magnitude of enhancement that the reflectors provided (Fig. 7.8.) The fibre was
spliced on the end of 600 m of unmodified fibre. The point reflectors had an average
reflectivity of -53 dB. Thus, an increase of 17 dB in the signal, with respect to the
Rayleigh backscatter, was achieved by the point reflectors. If a Fresnel reflection from
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the inscribed structure is the sole mechanism, a change in refractive index on the order of
~ 1073 was induced. Unlike the Rayleigh backscatter signal, the reflectance was found
to be independent of pulse duration. The Rayleigh backscatter signal was approximately
-70 dB per m.

Using the arrangement in Fig. 7.1, a series of dynamic strain measurements were
completed using the PZT. The PZT was located at 790 m along the fibre and driven
at 2 kHz. After the back-reflected signal was captured, the raw data was manipulated
to provide the interference signal at each measured position along the fibre at a refresh
rate of 100 kHz. This meant strain could be evaluated every 10 us. Using the 25 kHz
frequency offset between the two pulses, the data was demodulated to provide the phase
over each 20 m sensing aperture in the fibre (Fig. 7.9a.) The phase was measured over
a 10 ms period. The calculated phase is representative of the accumulated phase over
the 20 m aperture, centred over that location as demonstrated in Fig. 7.2.
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Figure 7.9: a) The measured phase at each position along the fibre. PZT was located between
reflector 8 and 9 at ~790 m. b) The phase noise power spectral density at each position along
the fibre. A 2 kHz signal is visible at ~790 m.

The power spectral density of the sensor phase at each position along the fibre was
calculated (Fig. 7.9b.) The phase noise is a measure of the performance of the sensing
system. Noise in the phase angle of a sinusoid is evident on the power spectral density
of the carrier wave, as a spread of the pure carrier frequency. Noise in the frequency
domain translates to variations in the time domain. The reflectors had a visibly lower
phase noise compared to unmodified regions as shown by the parallel blue regions located
between 640 and 820 m. The effect of the PZT is evident in both figures over a ~20m
region. For the vibration measurement, the PZT was wrapped between reflector 8 and
9.

Cross sectional plots of the power spectral density at two regions along the fibre were

created (Fig. 7.11.) The dynamic strain imparted on the fibre was recorded as a 2 kHz
signal by both the Rayleigh scatter sensor and the point reflectors. The point reflectors
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demonstrated linear behaviour as a tone was recorded at 2 kHz with a signal to noise
ratio of ~60 dB, without any harmonic distortion occurring.

No evident signals were recorded at lower of higher harmonic frequencies for the ERF.
Reflector 9 and 10 were also assessed during the vibration measurement and for the 2
kHz signal, a >50 dB signal suppression was observed. This demonstrated the enhanced
reflectors achieve an excellent non-local signal rejection when used in conjunction with
the double probe ¢-OTDR technique.
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Figure 7.10: The induced phase by the PZT as a function of the drive voltage using reflector 8
and 9.

An additional experiment was conducted whereby the amplitude of the PZT was
increased by raising the voltage across it. The measured phase as a function of voltage
was plotted (Fig. 7.10). As a sinusoidal voltage and vibration is recorded, the root
mean square value (RMS) is expressed. The RMS voltage was raised from 3 mV to 3 V
and subsequently, a phase increase from 1.2 mRad to 1.1 Rad was recorded.

The purpose of introducing the reflectors was to achieve a lower noise level. This
is evident from Fig. 7.11b. For frequencies above 1 kHz, the point reflectors show an
average phase noise ~20 dB lower than the sensors formed from the Rayleigh backscatter.
For frequencies of 0-100 Hz, there is very little difference between the point reflectors
and those from Rayleigh backscatter. For frequencies between 0.1 and 1 kHz, the point
reflectors phase noise decreases from -65 to -90 dB. The Rayleigh scatter sensor fluctuates
around a constant level of -65 dB.

To evaluate this more thoroughly, the average phase noise for 3 to 13 kHz was
calculated. This was intended to be above the drive frequency of the PZT to avoid
the imparted vibration to impact the measurement. The phase noise shows a series of
minima at the positions of reflectors as shown by the waterfall plot in Fig. 7.9a. The
average phase noise from 3 to 12 kHz was -90.9 dB (re rad?/Hz) compared to an average
of -68.7 dB for the rest of the fibre.

From this, the minimum detectable strain €, can be calculated from the measured

phase noise as [26]:
f A

where Sy is the phase noise spectral density , A is the wavelength, n is the effective
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Figure 7.11: a) The phase noise power spectral density at 3 positions along the fibre: a sensor
formed from reflectors 8 and 9; a sensor from the Rayleigh backscatter also covering the region
wrapped on the PZT; and a sensor formed from reflectors 9 and 10. The sensor using reflector
9 and 10 show a non-local signal suppression of >50 dB. b) The phase noise power spectral
density at 2 positions along the fibre: a sensor formed using reflector 2 and 3; and a sensor
using the Rayleigh backscatter 2 m after reflectors 2 and 3.

modal index of the fibre, £ is the elasto-optic coefficient, and L is the sensor aperture.
Eq. 7.5 assumes that a uniform strain is exerted over the entire sensing region. From
this equation, it was calculated that the minimum detectable strain for a 20 m sensing
aperture and a phase noise of -90.9 dB (re rad2/Hz) is 0.15 peHz2. Furthermore, the
standard deviation of phase noise of point reflectors was 4.1 dB lower than that of the
Rayleigh backscatter. The Rayleigh backscatter phase noise had a standard deviation of
5.5 dB, whilst the reflector phase noise standard deviation was 1.4 dB. The significant
phase noise using Rayleigh backscatter light is a defining characteristic of it’s intensity
distribution. The ERF phase noise is lower due to the defined intensity distribution
from the increased reflection points.

The reflectors provided an enhanced signal and minimised noise. Subsequently, the
fibre demonstrated immunity to signal fading. In an unmodified single mode fibre, signal
fading occurs when light destructively interferes with itself. In ¢-OTDR techniques,
interference fading can significantly affect the phase noise at points along the sensing
fibre. In the measurement conducted here, variations of up to 25 dB from the average
phase noise occur for the Rayleigh backscatter. In addition, as temperature and strain
shift over time, all positions in the fibre will eventually be susceptible to signal fading.
Thus, discontinuities in phase and hence, in the measurement of strain occurs as the
amplitude of light falls below the noise level of the system.
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Figure 7.12: The phase and amplitude of a)Rayleigh backscatter sensor b)ERF during an
experiment where a PZT was driven at 2 KHz and the seed laser was frequency modulated
at 100 Hz with a deviation of 10 MHz.

The immunity to interference fading was demonstrated via frequency modulation of
the probe laser. Shifting laser frequency has the same effect that temperature or strain
has on the Rayleigh backscatter signal [27]. Hence, modulations of input laser frequency
allowed controlled simulation of changing environmental parameters on the ERF.

The amplitude and phase of a Rayleigh backscatter sensor and the ERF were compar-
ed (Fig. 7.12). The sensor arrangement as illustrated in Fig. 7.2 was used such that
both sensors encompassed the 1 m of fibre wrapped onto the PZT. The PZT was driven
at 2 kHz. The laser was frequency modulated at 100 Hz with a shift of 10 MHz.
The Rayleigh backscatter sensor is visibly affected by the frequency modulation; the
amplitude approaches zero as the frequency is modulated periodically. At these minima
in the amplitude, discontinuities in the measured phase occur. In contrast, the ERF
shows an immunity to the frequency modulation. Throughout the measurement, the
amplitude from the sensor is almost constant. Subsequently, there is no discontinuity in
the measured phase of the PZT oscillation. Thus, this observation confirmed the ERF
when used in conjunction the dual-probe pulse technique, is immune to signal fading.

7.3.4 Distributed Acoustic Sensing Measurement: OFDR

The Luna 4600 OBR was scanned across the widest possible range, from 1530 to 1616
nm to assess the sample of 48 reflectors. This was completed at first without a vibration
imparted on the fibre to analyse the reflectors performance. The scan range meant a
sample spacing of ~10 um was possible. The recorded traces were made up of 524k data
points (Fig. 7.13.)

For the measurement, a fibre pigtail was spliced onto the sample. This was connected
to a pigtail leading in to the OFDR machine using a jumper connector at 3.2 m. The
splice to the sample can be seen at 4.2 m. The 48 reflectors were located between 11
and 21 m. During fabrication an unmodified region of ~7 m was left prior to the array
of reflectors. The return loss of reflectors varied from -48.7 dB to -57.5 dB. The mean of
the return loss of the reflectors was -50.5 dB. For an unmodified fibre, an optical scatter
level of ~123 dB is expected. A return loss of -80 dB was given from a 0.2 m segment,
meaning a ~43 dB power advantage was attained using the ERF. The collected trace
showed a mean spacing of reflectors of 201.63 nm. The largest spacing was measured to
be 204.69 mm and the smallest was measured to be 200.45 mm.
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Figure 7.13: The OFDR trace of back reflected light from the 48 point reflectors. The reflectors
were positioned 20 cm apart between 11 and 21 m. The reflectors achieved a mean return loss
of -50.5 dB.

The reflections measured between -1 and 3 m and > 21 m are artefacts caused by
cross-talk between the reflectors. The peaks detected within -1 and 3 m are autocorrela-
tion terms which are produced as one reflector in the array is used as a reference to
the others, instead of the true reference path length in the interferometer. The weaker
reflections observed passed 21 m are multipath reflection terms.

The maximum detectable vibration frequency is dependent on the sensor element size
and the frequency sweep rate of the tunable laser source. In the case of the reflectors, a
sinusoidal perturbation generates side-bands in the recorded spectra. As reflectors are
placed 20 cm apart, this corresponds to a delay of 2 ns. Hence, a maximum side-band
delay of 1 ns is permissible. The maximum detectable frequency, f,;», can then be
calculated from:

fvib =aX A’st
=24THzs ' x 1ns (7.6)

=24kHz

where ATy, is the side-band delay and « is the laser frequency sweeping rate. The
Rayleigh scatter sensor was processed with the same sensor spacing.

For comparison, a standard unmodified single mode optical fibre (Corning, SMF-
28e¢) was used in the same distributed acoustic measurement. Both the Rayleigh scatter
sensor and point reflector array was subjected to the same vibration source. In this case,
a loudspeaker being driven at 50 Hz was used. The speaker was positioned approximately
halfway along the array of point sensors. The acoustic perturbation was generated by
guiding the fibre through a tube. The tube was fixed to the speaker’s driver. The fibre
was attached such that 25 cm of the fibre either side of the speaker was also under
tension.

The optical phase as a function of acquisition time along the length of both fibres
was plotted (Fig. 7.14.) For the unmodified optical fibre, utilising stochastic Rayleigh
scattering, the signal had to be averaged 16 - fold more than the ERF. This was necessary
to lower the noise level of the measurement such that the optical phase signal could be
successfully unwrapped. The sample spacing on the measurement was 2.32 Hz and the
phase noise level was 0.02 radians.

The optical phase noise spectral density for a single sensor at a location along the
fibre was also plotted (Fig. 7.15.) The measurement was completed before a vibration
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Hz excitation for a) the point reflector array, and c) the Rayleigh scatter sensor. The phase
response spectrum from 0 to 1 kHz as a function of distance for b) the point reflector array and
d) the Rayleigh scatter sensor.

was introduced. For the Rayleigh scatter sensor, five data sets are visible corresponding
to: 1x, 2x, 4%, 8x and 16x averaging. Without the averaging, the noise floor is 11
dB higher for the unmodified single mode fibre. With the 16x averaging the noise
floor difference was reduced to 5 dB from the noise floor of the ERF. As the amount

of averaging increases, the maximum observable frequency was cut from 24 kHz to 1.5
kHz.
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Figure 7.15: The power spectral density at a point away from the imparted vibration for a) the
Rayleigh scatter sensor with 1x, 2x, 4X, 8X and 16X averaging b) the ERF.

Even with 16x averaging, the unmodified fibre produced obvious phase errors at 3
positions in between 4.5 and 5.5 m. The measurement of vibrations in an unmodified
fibre relies on a constant distribution of the stochastic scatterers. When large strains
are applied, this can augment the distribution of scatterers, making it prone to phase
tracking errors. The ERF did not produce any clear errors in phase. This is because
the point reflector distribution does not shift when large strains are applied, therefore
maintaining a consistent phase relationship that can be used to discern the strain
imparted upon it. On both fibre measurements, vibrations at ~300 Hz were observed.
This was thought to be due to environmental noise produced in the laboratory.
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7.4 Conclusions

In summary, the ERF was characterised and functionally assessed. A 1.35 km sample
containing 268 reflectors was created. The sample was interrogated with an OTDR
measurement to assess the reflectivity magnitude of the inscribed structures. Analysis
showed the reflectors had an average enhancement of 22.03 dB and a standard deviation
of 0.92 dB. 270 reflectors were intended to be fabricated. The fabrication of two
reflectors failed due to issues with focussing. The exact reason for this is unknown
but it is thought to be caused due to a lack of refractive index matching oil. The
sample demonstrated a far superior consistency than the proof of concept demonstrated
in Chapter 5. The improvement was due to the development of an extremely precise and
accurate automated fabrication system. CMOS images of reflectors showed a smooth
refractive index change. However, the magnitude of the index change was greater within
the centre of the structure compared to its edges. This is caused by the composition
difference between the core and the cladding, as well as a coma aberration effect caused
by the cylindrical surface of the fibre. In future, this could be compensated for using a
spatial light modulator and altering the power of the laser when inscribing in the core of
the fibre. The attenuation of the ERF was assessed using a cutback measurement. 300
reflectors were inscribed and removed in multiples of 100. The measurement revealed
each reflector induces a loss of 1.5x10~* dB. This is the lowest attenuation reported for
a fibre achieving a >20 dB singal enhancement with respect to the Rayleigh backscatter.

Using the coherent Rayleigh ¢-OTDR technique, a sample of 10 reflectors spaced 20
m apart was interrogated. In an OTDR measurement the ERF had average a reflectance
17 dB greater than the Rayleigh backscatter. It should be noted that the reflectivity of
the reflectors should be balanced with higher return levels without introducing excessive
cross talk which could build up from multiple path reflections from many reflectors [28].
The optimum reflectance to minimise cross-talk is a function of spacing and fibre length.
The phase noise of the sample was measured to be -90.9 dB (re rad?/Hz) compared
to -69 dB (re rad?/Hz) using the Rayleigh backscatter. Further to this, the sensor
demonstrated linearity with increased amplitude of the PZT oscillation. A non-local
signal suppression of >50 dB was observed. When simulating shifts in temperature
and strain by modulation of the probe signal, the fibre was unaffected. Thus, it was
determined that the fibre was immune to interference fading effects. This permits
a relatively simple, single wavelength sensing arrangement. It should be noted that
for future applications, the sensing arrangement can be simplified. A single acousto-
optic modulator, along with appropriate drive electronics, could be implemented. The
modulator could fulfil both requirements of generating a pulse pair and introducing a
frequency shift between the two pulses. Another alternative is to use an by imbalanced
interferometer on the receiver side along with a demodulation scheme to maximize the
sensor bandwidth [29].

In the OFDR measurements, a sample of 48 reflectors was interrogated with a Luna
OBR 4600 machine. The average return loss of the 48 reflectors was -50.5 dB. The
interrogation revealed power enhancements of ~40 dB above a standard single mode
fibre. Autocorrelation terms and multi-path reflections were observed in the resultant
spectrum. The maximum detectable frequency of the enhanced fibre was calculated to
be 24 kHz. Using the system, a 50 Hz vibration caused by a loudspeaker was detected.
The measurement had a sample spacing of 2.32 Hz and a phase noise level of 0.02
radians. For an unmodified sample, 16x averaging was required to achieve a similar
noise level to the ERF. Subsequently, the averaging meant a frequency range ~24 fold
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smaller was possible. Even with averaging, the unmodified fibre still incurred phase

errors at 3 positions. No phase errors were visible in the measurements made with the
ERF.

Overall, the ERF has been demonstrated to have superior qualities in comparison to
standard single mode optical fibre, which is commonly used in commercial distributed
acoustic sensing applications. The work presented in this Chapter has demonstrated
results better than any other enhanced signal fibre reported in literature or commercially
available; no fibre achieving a >20 dB enhancement has been reported with a comparable
attenuation as has been demonstrated here. Thus, using the smooth refractive index
regime of femtosecond micro-machining to fabricate reflector enhancements has been
proven to provide an extremely effective, consistent and simple solution for distributed
acoustic sensing systems suffering from a poor signal to noise ratio.
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Conclusions

8.1 Summary

In this thesis a number of novel demonstrations were outlined. Firstly, using femtosecond
laser writing, a 3'¢ order fibre Bragg grating (FBG) of ~25 dB extinction was inscribed
in a high concentration germania fibre (>40%mol). To the best of my knowledge, this
is the first demonstration of a high spectral quality Bragg grating fabricated in high
conentration germania fibre. Previous attempts have been reported but no spectra were
published [1]. High concentration germania-doped fibres are notoriously difficult to work
with using UV-based fabrication techniques due to their highly photosensitive nature.
As femtosecond micro-machining relies on intensity dependent non-linear ioniza-tion
processes, it removes the prerequisite of a photosensitive material. After fabrication,
the fibre was thermally tested. It was found stable up to 800° for 30 minutes, with < 1
% movement in the FBG reflectivity. Its sensitivity at both low and high temperatures
was greater than the lower concentration fibres reported elsewhere in literature [2].
Based upon these results, there is no theoretical limitation of fabricating Bragg gratings
in 100% germania optical fibres.

The second novel element reported in this work was the fabrication of FBGs in
a 7 core optical fibre. The femtosecond-material interaction is capable of producing
relatively large step-index change. This permits individual grating planes to be inscribed
using the point-by-point (PbP) methodology. As each plane is written individually, this
allowed direct addressing of individual cores of a multicore optical fibre. Hence, four 3¢
order gratings were inscribed into four separate cores of the multicore fibre. A relatively
good consistency of extinction ratio was achieved; the maximum variation was 7%.
The fibre had a hexagonal distribution of cores with the 7*" core running through the
centre. The PbP methodology allowed the central core to be addressed as long as no
others obstructed the path of the inscription beam. The flexibility of the PbP was
demonstrated by inscribing different resonant wavelength gratings in each core. Unlike
other methodologies, no intricately fabricated phase mask, nor precise alignment of
beams is required. The PbP technique allows fabrication of different grating structures
by solely changing the translation parameters of the fibre with respect to the inscribing
beam. This was the first report using femtosecond inscription to fabricate core-specific
FBGs, with the ability to control the resonant wavelength via the PbP methodology .
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The final novel discovery of this thesis was the fabrication of an ultra-low loss, wavele-
ngth independent, enhanced reflectivity fibre (ERF). After an initial proof of concept, a
sophisticated automated fabrication system was assembled to produce kilometre lengths
of ERF. The system utilised computer vision and learning control algorithms. The fibre
demonstrated signal enhancements of >20 dB whilst maintaining a fibre attenuation of
~0.3 dB/km (with a reflector placed every 1 m). This was measured via a cutback
measurement of 300 reflectors. The attenuation measured is lower than any other
reported in literature for a ~20 dB signal enhancement. By utilising the smooth
refractive index regime, it is possible to fabricate intricately designed reflectors, causing
a Fresnel reflection of the forward propagating mode. By exploiting this fundamental
mechanism, the reflectors are wavelength independent. This could be of great advantage
over grating based solutions, especially in harsh environments, where temperature fluctua-
tions can shift the spectral response beyond the bandwidth of the photodetector. The
removal of wavelength dependence also removes restrictions on the strain range imposed
by grating solutions. The ERF reported here also possesses a performance better than
any commercially available solution, suggesting it has the potential to revolutionise the
distributed acoustic sensing market. The exceptional performance was demonstrated
with the measurement of vibrations using a phase optical time domain reflectometry
measurement (¢-OTDR). When used in conjunction with the dual-pulse ¢-OTDR. tech-
nique, the ERF showed immunity to signal fading. This could be extremely beneficial
for perimeter security and oil and gas downhole monitoring applications, where signal
fading has a detrimental commercial impact. Furthermore, it demonstrated a ~20 dB
lower phase noise compared to standard commercial sensing fibre. As well as lower phase
noise, the ERF also demonstrated brilliant non-local signal suppression of >50 dB, which
again could be of great use for perimeter security applications in locating an intruder
accurately. As well as -OTDR measurements, the fibre was also demonstrated to have
superior performance during dynamic strain measurements using an optical frequency
domain reflectometer (OFDR). During these measurements, the fibre showed a power
enhancement ~40 dB greater than a standard commercial sensing fibre. Furthermore,
the ERF was able to measure frequencies up to 24 kHz; a standard fibre could only
achieve the same noise level with 16x averaging, which in-turn, reduced the frequency
range to ~1 kHz. Overall, this was the first demonstration of a femtosecond micro-
machined, ultra low-loss, wavelength independent ERF, utilising the smooth refractive
index regime. The results presented here indicate these are ground breaking result that
could be of profound benefit to the DAS industry.

8.2 Future Work

With the novel demonstrations detailed in this thesis, a number of opportunities have
arisen that could have tremendous impact with further investigation. The fabrication
of gratings in high concentration germania fibre opens up the possibility to fabricate a
germania-based Raman amplifier and laser. If two gratings could be fabricated in the
same fibre, a cavity could be produced. To be able to produce a cavity, further research
would be required into controlling the reflectivity of the inscribed grating. This could
be achieved by reducing the magnitude of the induced refractive index modification or
by decreasing the length of the grating.

Multicore FBGs remain of great interest for a plethora of applications, in particular
wavelength division multiplexing and shape sensing applications. With the automated
fabrication system in place, adaptations could be made to accommodate a multicore
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fibre. The ability to rotate the fibre would need to be applied to allow each core to be
addressable. If this FBGs could be fabricated along the length of fibre, this could be
used to produce a sensing fibre for shape sensing applications.

The ERF presents the area of most interest for further research. Although the
attenuation was demonstrated with a cutback measurement, it would be advantageous
to demonstrate this through the fabrication of a > 2 km sample. Furthermore, the
enhanced signal has the ability to increase the range of DAS systems beyond current
limits. Recent demonstrations have measured vibrations at 125 km with a 5 m spatial
resolution [3]. In principle, the ERF demonstrated here should be able to surpass this to
133 km (with a 1 m reflector resolution.) An investigation to test this theory could be of
value to the DAS community. If successful, this could be employed for the monitoring
of subsea power cables of offshore wind farms. As of yet, the only demonstration of
the fibre has been in lab-based demonstrations. The initial results suggest the ERF
is far superior to any other enhanced signal fibre solution. The opportunity to offer
a comparison to other solutions was not possible in the time frame of this work. If
possible in the future, completing practical field measurements of vibrations in a live
environment would be useful. Hopefully, this would certify the initial results reported
in this work. Furthermore, if the opportunity to perform the same measurements with
other signal fibres arose, a comparison in performance would be extremely valuable.

In addition, the power of femtosecond writing means that inscribing reflectors in
other fibre should be possible, as long as their coatings were transparent to the inscription
wavelength. In particular, polyimide coated fibre is used widely in the oil and gas
industry for downhole monitoring applications due to its ability to withstand temperatures
up to 300 °C. The polyimide coating has previously been proven to be transparent at
1 pm for the fabrication of PbP gratings [4]. Hence, it would be good to demonstrate
the capability of introducing this technology into other fibres such as this, as well as
bend insensitive fibres too. As well as spacing reflectors on the order of meters from
one another on a kilometre scale, there is no restriction on placing reflectors on the
order of centimetres. With ¢-OTDR, the resolution of measurement is theoretically
determined by the pulse length and the bandwidth of the photodetector. Currently,
arrays of Bragg gratings are use to provide distributed strain measurements for the
aviation industry. There could be the opportunity to place a higher density of reflectors
than are possible with FBGs, due to their lower attenuation. Hence, the ERF could
further the resolution limits of current distributed sensing systems. One issue that may
be encountered is an increase in cross-talk from multipath reflections. This impact
would scale logarithmically, the closer reflectors are placed. This could be countered by
lowering the magnitude of the reflectors. A further investigation in collaboration with
a DAS specialist would be needed to investigate this possibility.
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