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Abstract

Electrical power generation through controlled nuclear fusion has the potential
to make a substantial contribution to the global generation pool within the next
century. However, continuous operation of fusion reactors is not yet achieved. As
such, a key objective of the next-generation machines is to increase the duration
of operational pulses. As fusion reactors progress towards steady-state operation,
the use of present inductive transducers as part of critical magnetic diagnostic
systems becomes increasingly unfeasible.

In this thesis, it is proposed that due to their record of high performance in
adverse conditions, optical fibre sensors may be the most appropriate alternative
measurement technology. However, in order to reap the benefits associated with
fibre sensors—such as minimised wiring, serial multiplexing, and electrical and
chemical passivity—a new class of intrinsic point sensors is required that can
operate within the extremely harsh nuclear fusion environment. To achieve this,
two spectrally-encoding reflection-mode sensors that function on a purely mag-
netophotonic basis are developed, since it is shown that only this mechanism will
succeed in the fusion environment.

By exploiting the nonreciprocality of the Faraday effect, it is shown how fibre
Bragg gratings incorporating structural defects can yield enhanced, localised mea-
surements. An alternative scheme enables direct measurement of the magnetic
circular birefringence using polarisation mode switching. Both techniques provide
a true all-fibre point measurement of magnetic field and retain serial multiplex-
ing capabilities. Additionally, a supporting interrogation system is demonstrated
that combines high-resolution measurement with high-speed multiplexing.

The transducers and associated systems described in this thesis are shown
to meet the criteria both for performance and for environmental robustness. As
such, their further development as part of a tokamak magnetic diagnostic scheme

is recommended.



Acknowledgements

Firstly, my thanks to Pawel Niewczas for inviting me to undertake such an inter-
esting project, for allowing me a great deal of freedom in my approach, and for

humouring my biannual it’s the end of the world e-mails.

Thanks to John Canning and the rest of the team at IPL for giving me the op-
portunity to spend a happy 3 months at their Sydney laboratory. The trip and

their input were crucial to the project (and the food was great).

Thanks to Cyril Lescure, Sergei Gerasimov, Glynn Nash, and Mike Walsh for

their advice and assistance during my visits to Culham and JET.

Thanks to my colleagues at Strathclyde for keeping my spirits up and providing
welcome distractions. In particular, thanks to Marcus Perry for his help with

radiation physics.

Most importantly, thanks to my partner Helen Hastie and my parents Clare and

[an Orr for their constant interest and encouragement!



Contents

[List of Figures|

[List of Tables|

|Glossary of Abbreviations|

(I _Introduction|

(1.3 Principal Contributions|. . . . . . .

.4 Thesis Overviewl. . . . . . . . . ..

2

Tokamak Magnetic Diagnostics|

2.1 Introduction to the Tokamak|. . . . . .. ... .. ... ... ...
[2.1.1  Magnetic Confinement| . . . . . . . .. .. ... ... ...

[2.2 Magnetic Diagnostics| . . . . . . . ... ... L0
[2.2.1  Principal Uses of Magnetic Diagnostics| . . . . . . . . ...
[2.2.2  Inductive Magnetic Point Sensors| . . . . . .. . .. .. ..
[2.2.2.1  Method of Operation . . . . . . . ... ... ...

[2.2.2.2  Environmental Shielding| . . . . .. ... ... ..

[2.3  Performance of Present Techniques|

1

xi

xii

xiii

O © N ot W o= -

10
11



232 Frror Sourced . . . .. ... 25
[2.3.3  Principal Disadvantage ot Inductive Sensors| . . . . . . .. 26
[2.3.4  Spatial Resolution| . . . .. ... ... ... ... ..... 27
[2.3.5  Wiring and Multiplexing| . . . . . . . ... ... ... ... 28
2.3.6  Measurement Ratel . . . . . .. ... ... 28
2.4 Summary| . .. ... 29

[3  Optical Fibre Sensors: Review of Key Science and Technologies| 31

(3.1 Introductionl . . . . . . . ... 31
[3.2  Candidate Sensing Mechanisms| . . . . . . ... ... ... .... 34
[3.2.1  Magnetostriction| . . . . . ... ... 0L 34
[3.2.2  Magnetic Forcel . . . . . .. ... oL 39
[3.2.3  Magneto-optics| . . . . ... ... ... 41
[3.2.3.1  Magnetic Circular Birefringence|. . . . . . . . .. 41

[3.2.3.2  Use in Measurement Applications|. . . . . . . .. 45

[3.2.4  Summary| . . ... ... 48

(3.3 Intrinsic Fibre Point Sensorsl . . . . . . . . ... ... ... 49
[3.3.1  Fibre Fabry-Perot Interferometers/. . . . . . . . . . . ... 50
[3.3.1.1  Theoryl . . .. ... ... ... ... ..., 50

[3.3.1.2  Use as Faraday Eftect Amplifier|. . . . . . .. .. 53

[3.3.2  Fibre Brageg Gratings|. . . . . .. ... ... .. ... ... 55
[3.3.2.1 Fabricationl . . .. ... ... ... 55

[3.3.2.2  High Temperature Gratings| . . . .. .. ... .. 56

[3.3.2.3  Linear Birefringence| . . . . . . ... .. ... .. 58

[3.3.2.4  Spectral Characteristics| . . . . . .. ... .. .. 60

[3.3.2.5  Sensitivity to Strain and Temperature| . . . . . . 65

[3.3.2.6  Sensitivity to Magnetic Circular Biretringencel . . 66

[3.4 Interrogation of In-Fibre Bragg Grating Sensors| . . . . . . . . .. 67
[3.4.1  Interferometric Wavelength Detectionl . . . . . . . . . . .. 68
[3.4.2  Wavelength Division Multiplexing| . . . . . . . .. ... .. 73

111



[3.4.3  'Time Division Multiplexingl . . . . . ... ... ... ... 7

(3.5 Fibre Irradiation FEffects and Resistancel. . . . . . . . ... .. .. 78
(3.5.1 Radiation-Induced Defects| . . . . . . . ... ... ... .. 79

[3.5.2  Dependence on Fibre Coatingl . . . . ... ... ... ... 82

[3.5.3  Dependence on Dopants| . . . . . ... ... ... ..... 83

[3.5.4 Glass Densificationl . . . . . .. ... ..o 85

[3.5.5  Temperature Dependance] . . . . . ... ... ... .... 86

[3.5.6  Birefringence and Polarisation Controll . . . . . . . . . .. 87

[3.5.7 Radiation-Induced Attenuation (RIA). . . . ... .. ... 88

3.5.8  BEffects on FBG Sensorsl . . . . . . . ... ... ... 93

[3.5.9  Summary of Irradiation Eftects] . . . ... ... ... ... 95

[3.6  Summary and Recommendations| . . . ... ... ... ... ... 96

[4 Compound Phase-Shifted Fibre Bragg Structures as Slow-Light |
[ Magnetic Field Sensors| 99
[4.1  Chapter Overview|. . . . . . . . . . . . . . .. .. ... .. .... 99
[4.2  Introduction and Background . . . .. ... ... ... ... ... 100
[4.3  Modelling Procedure| . . . . . . . ... ... 00 103
[4.4  Sensor Structure Designl . . . .. ..o 107
4.5 Fabrication and Characterisation] . . . . .. ... ... ... ... 115
[4.6  Interrogation of Sensor Structures . . . . . . . ... ... 120
[4.7  Dispersion-Tailored FBGs as Tunable, Narrowband Delays| . . . . 126
[4.8  Chapter Summary| . . . . . . . ... ... ... ... ... ..., 127
4.9 Associated Publications| . . . .. .. .. .. ... . 0L 129

[>  Polarisation-Switched Interrogation of Magnetised Fibre Bragg |
131
[>.1 Chapter Overview|. . . . . . . . . . . . . . ... ... ... .... 131
.2 Introductionl . . . . . . . . ..o Lo 132
[5.3  Switching Sensor Principle| . . . . . . ... o000 000 134
[5.4  System Design|. . . . . .. ..o oo 137

[5.4.1  Circular Polarisation Switching Technique] . . . . . . . .. 139

iv



H.4.3 Phase Demodulation Simulationl . . . . . .. .. ... ... 143
b.b  Constructionl . . . . . . . ..o 147
[5.5.1  Low-Birefringence Grating Fabrication| . . . . . . . .. .. 147
0.5.2 Mach-Zehnder Interferometer Fabrication/. . . . . . . . .. 148
b.0.3  Phase Demodulation Calibrationl . . . . .. .. ... ... 149
[5.5.4  Tuning Method tor Fibre Retarder| . . . . . .. ... ... 150
[H.6  Characterisationl. . . . . . . . . . . ... Lo 152
[5.6.1 Common-Mode Isolation: Temperature Sensingl . . . . . . 153
[5.6.2  Magnetic Field Sensing: Noise Floor and Linearity] . . . . 154
[5.6.3  Quasistatic Magnetic Field Measurement|{ . . . . . . . . .. 157
[5.7  Measurement of Bend and Longitudinal Strain| . . . . . . . . . .. 158
O.7.1 Introductionl. . . . . . .. ..o o 158
[5.7.2  Existing Fibre Bend Sensors| . . . . . . ... ... ... .. 158
[5.7.3  Measurement Principle . . . . . ... ..o 159
b. 7.4 Measurement Schemel . . . . . . . ... 160
[5.7.5  Preliminary Tests| . . . . . . . .. ... .. ... ... ... 161
(76 Discussionl . . . . . . oo 161
[>.8  Chapter Summary| . . . . . ... ... .. ... ... ...... 162
H.9 Associated Publicationsl . . . . .. ... ..o 163

[6 High-Speed, High-Resolution FBG Interrogation and Multiplex- |

[ 1ng System| 165
[6.1 Chapter Overview|. . . . . . . . . .. .. . ... ... ... .... 165
6.2 Introductionl. . . . . . . . .. .. oo 166
[6.3  System Designs| . . . . . . ... 167

6.3.1 Demodulation Platforml . . ... ... ... ... ... .. 167
[6.3.2  Core Scheme 1: Switched Wavelength Division Multiplexing| 168

6.3.2.1 Parallel-Processed WDM|. . . . . ... ... ... 169
[6.3.3  Core Scheme 2: Time Division Multiplexingl . . . . . . .. 170

[6.3.4 Hybrid Design: Time and Wavelength Division Multiplexing{171




[6.3.4.1  Parallel-Processed WDM/TDM| . . . . . ... .. 173

[6.4 Laboratory Implementation| . . . .. ... ... .. ... ..... 173
[6.5 System Calibration| . . . . .. .. .. ... ... ... ... 178
[6.6 Chapter Summary| . . . . .. .. ... ... ... ... ..., 179

[7 Distributed Measurement of Quasistatic Poloidal Field: An Il-

| lustrative System| 181
(.1 Introductionl. . . . . . . . .. ..o 181
7.2 System Design|. . . . . . ... .. ..o oo 182

[7.2.1  Electronic and Photonic System Components] . . . . . .. 182
[7.2.2  Component Birefringence and Polarisation Control| . . . . 185
[7.3  Switch-Based Measurement of Quasistatic Fields[. . . . . . . . .. 187
[7.3.1 Requirement for Phase-Sensitive Detection| . . . . . . . .. 188
[7.3.2  Implementation of Multiplexed Lock-In Amplification| . . . 190
[7.4  'Transducer Packaging Considerations| . . . . . . .. ... ... .. 192
[7.5 Chapter Summary| . . . . ... ... ... ... . ... ..., 192

8 Conclusions and Further Workl 194
81 Conclusions . . . . . . . . . .. 194
8.2 Further Workl . . . . . . . ... oo 198

[8.2.1  Compound Phase-Shifted FBG Sensors| . . . . . . . . . .. 198

[8.2.1.1 Automated and Repeatable Transducer Fabrication[198

[8.2.1.2  High Static Field Testingl . . . .. ... ... .. 199
[8.2.2  Switched Quasistatic Field Measurement| . . . . . . . . .. 199
[8.2.3  DFB Fibre Laser Sensor for Magnetic Field . . . . .. .. 200
[8.2.4  Rigorous Irradiation Testing of Fibre Sensors|. . . . . . . . 201
8.2.5 In-Vessel Trial Installationl . . . . . . . ... ... ... .. 202
[8.2.6  Implementation of Interferometric TDM Interrogator| . . . 202
[8.2.7 Other High Magnetic Field Measurement Applications . . 203

[A Magnetophotonic Simulation of Stratified Periodic Structures| 205
[A.1 Theory of Simulation| . . . . . .. ... ... ... ... ... ... 205

vi



[A.2 Solution for Reflectance, Transmittance, and Rotation Angles) . . 209

[A.3 Software Implementation| . . . . . .. ... ..o 212
[A.3.1 Numerical Optimisation of Substructure Ratio| . . . . . . . 213
(Bibliography| 232

vii



List of Figures

2.1 Positions of the TIF and Pk coilsl . . . ... ... ... ... ... 14
[2.2 A cut-away computer illustration of the I[TER tokamak| . . . . . . 15
2.3 Measurement coil for JET installationl. . . . . ... ... ... .. 20
[2.4  'Typical plasma and magnet currents in JET| . . . . . . .. .. .. 21
[2.5  Cross-section of I'TER showing the pick-up coils| . . . . . . . . .. 23
[3.1 Domains in a magnetised ferromagnetic material . . . . . . . . .. 35
[3.2  Magnitude response of Terfenol-D . . . . . . ... ... ... ... 37
[3.3  Magnetostrictive saturation of Tertenol-D|. . . . . . . .. . .. .. 38
[3.4 'The Faraday rotation of linearly-polarised light| . . . . . ... .. 44
[3.5  Structure of a simple fibre Fabry-Peéerot interferometer| . . . . . . . 51
[3.6 Transmission spectrum of a simple Fabry-Pérot interterometer| . . 53
[3.7  FBG core index modulation profile] . . . . . . ... ... ... .. 56

[3.8  Fibre Bragg grating fabrication apparatus based on a diffraction

phase maskl . . . ... ..o oo 57
[3.9  Simulated example FBG reflection spectrum| . . . . . . . .. ... 62
[3.10 Simulated Gaussian-apodised FBG reflection . . . . . . . . . . .. 63
[3.11 Simulated single (central) phase-shifted FBG reflection| . . . . . . 63
[3.12 Reflected group delay spectrum for a single phase-shifted FBG| . . 64
[3.13 A generic FBG measurement scheme| . . . . . . . ... ... ... 67
[3.14 Mach-Zehnder interterometric FBG interrogation| . . . . . . . .. 69
[3.15 FBG interrogation using a 3 X 3 coupler based MZI| . . . . . . .. 71
[3.16 Optical scheme of hybrid interferometric/scanning interrogator| . . 75

viil



[3.17 Electronic processing scheme for hybrid interferometric/scanning |

interrogator| . . . ... L. 76

[3.18 Basic TDM FBG interrogation scheme] . . . . . . . .. ... ... 78

[3.19 Comparison of the near-infrared radiation-induced absorption of |

pure silica core fibres coated in a polymer or metall . . . . . . .. 83

[3.20 Radiation-induced attenuation in Ge-doped and Pure Silica Core |

fibres| . . . .. 84

[3.21 Induced loss at 1550 nm for three irradiated fibres (Ge-doped vs |

pure SiOo)| . . . . .. 85
[3.22 Radiation-induced attenuation at 1550 nm in pure S0, core fibre] 90
[3.23 Radiation-induced Bragg shitt and recoveryl . . . . . . . ... .. 94
[4.1  Effect on Kerr rotation of tuning entrance substructure length| . . 102
[4.2  Simulator for magnetised fibre Bragg gratings| . . . . . . . .. .. 105
[4.3  Structural layout of compound phase-shifted grating/. . . . . . . . 106

[4.4  Peak Kerr rotation increasing proportionally to entrance substruc- |

ture length|. . . . . . . ..o 108
[4.5 Eftect on Kerr rotation of tuning entrance substructure length| . . 109
[4.6 Combining Kerr rotation peaks in a 2-shift structure . . . . . .. 110

[4.7  Structural layout of the general optimal slow-light sensor grating|. 112

[4.8 Enhancement of peak Kerr rotation within developing structure] . 113

[4.9  Production of a "flat top” Kerr rotation region|. . . . . . . . . .. 114

[4.10 Comparison of simulated and measured group delay in fabricated |

single-shift gratingl . . . . . ... ... ... ... ... . ... 117

[4.11 Comparison of simulated and measured group delay in fabricated |

2-shift grating] . . . . . . ... ... 118

[4.12 Reflection spectra of fabricated 1-shitt and 2-shift slow-light gratings/119

[4.13 Eftect of twist-induced circular birefringence on group delay ot |

structured gratings| . . . . . .. ..o 120

[4.14 Group delay, Faraday rotation, and repolarisation spectra ot opti- |

mum sensor structurel . . . ... L L. 121

X



A5

Fibre-optic magnetic field strength measurement system based on

compound phase-shifted gratings| . . . . .. .. ... ... .. .. 124
[4.16 Simulated response of sensor system|. . . . . . ... ... 125
[>.1 Splitting of magnetised FBG reflection . . . . . .. .. ... ... 135
[5.2  Dual temperature and magnetic field sensor principle] . . . . . . . 137
[5.3  Fibre-optic magnetic field strength measurement system based on |

polarisation-switching|. . . . . . .. ... ..o 138
[>.4  Polarisation states within magnetised sensor array| . . . . . . . . . 141
[5.5 Synchronisation ot wavelength scanning and switch operation|. . . 142
[5.6 Reduction in FBG modulation depth with increasing MZI path |

differencel . . . ... 145
[5.7  Determination of the optimum OPD for MZI FBG interrogation| . 146
[5.8  Procedure for calibration ot the optoelectronic magnetic sensor in- |

terrogation scheme| . . . . . .. .. Lo 149
[5.9  Fabrication of fibre quarter-wave phase retarder| . . . . . . . . .. 151
[5.10 Construction of switching magnetic field probe . . . . . . . . . .. 153
(.11 Magnetic sensor’s robustness to bending and heating of the MZI |

and FBGl . .. .. o 154
[5.12 Temperature rise in transducer measured during solenoid pulsing|. 155
[5.13 Response of magnetic sensor to application of a small (100 mT |

rms) signall . . ... 156
[>.14 Comparison of simulated and experimental data of magnetic sensor |

TESPONISE] . .« o v v e e e e e e e e e 157
[5.15 Multiplexable fibre transducer tor bend and strain| . . . . . . . .. 159
[5.16 Interrogation system for single bend/strain transducer{. . . . . . . 161
[5.17 Switching sensor response to manual bending and small strain signalll62
[6.1 Core wavelength demodulation plattorm| . . . . . . ... ... .. 167
(6.2 Switched wavelength division multiplexing interrogator| . . . . . . 168
[6.3 Parallel-processed wavelength division multiplexing interrogator| . 169
[6.4 Time division multiplexing interrogator| . . . . . . . . . . ... .. 171




[6.5 Hybrid time and wavelength division multiplexing interrogator| . . 172

[6.6 Parallel-processed hybrid time and wavelength division multiplex- |

Ing interrogator| . . . . . .. L. Lo 173

[6.7 Laboratory demonstration of wavelength-switched interrogator| . . 174

6.8  Measurement of three FBG sensors using the switched CWDM |

techniquel . . . . . ..o 175

[6.9  Amplitude spectrum of three F'BG sensors using the switched CWDM |

techniquel . . . . . . . . .. 176

[6.10 Demonstration of robustness to cross-talk between multiplexed |

SENSOrsl . . . . 177

[7.1 Proposed tull measurement system for quasi-distributed measure- |

ment of poloidal field strength| . . . . . . . ... ... ... ... . 183

(7.2 Timing diagram of quasistatic magnetic field measurement scheme| 191

X1



List of Tables

[2.1 Radiation levels at in-vessel sensor regions|

[2.2  Summary of in-vessel sensor requirements.

[3.1 Predicted lifetime gamma dose and neutron fluence at key sensor

locationsl . . . . . . .. ... ...

[4.1  Properties of enhanced rotary spectral regiong| . . . . . . . . . ..

xii



Glossary of Abbreviations

AC
ADC
BBS
CCFE
cp
CW
CWDM
DAC
DAQ
DC
DFB
DL
DSP
DWDM
EMF
FBG
FPI
FFPI
FSR
FWHM
Hi-bi
ITER
JET

Alternating Current
Analogue-to-Digital Conversion
Broadband Source

Culham Centre for Fusion Energy
Circularly Polarised

Continuous Wave

Course Wavelength Division Multiplexer
Digital-to-Analogue Conversion
Data Acquisition

Direct Current

Distributed Feedback

Delay Line

Digital Signal Processing

Dense Wavelength Division Multiplexing
Electromotive Force

Fibre Bragg Grating

Fabry-Pero6t Interferometer

Fibre Fabry-Per6t Interferometer
Free Spectral Range

Full-Width Half-Maximum
High-Birefringence

International Thermonuclear Experimental Reactor

Joint European Torus

xiil



LIA Lock-In Amplifier
Lo-bi Low-Birefringence
LP Linearly Polarised or Linear Polariser
MAST Mega-Ampere Spherical Tokamak
MEMS Micro Electro-Mechanical System
MO Magneto-optical
MZI Mach-Zehnder Interferometer
NEP Noise Effective Power
OPD Optical Path Difference, nd
PBS Pulsed Broadband Source
PCF Photonic Crystal Fibre
PF Poloidal Field
PM Polarisation-Maintaining
PSC Pure Silica Core
RIA Radiation-Induced Attenuation
rms Root-Mean-Square
SFP  Scanning Fabry-Perét Filter
SM  Singlemode
SNR  Signal-to-Noise Ratio
SoP  State of Polarisation
TE Transverse Electric
TF Toroidal Field
TDM Time Division Multiplexing
TM Transverse Magnetic
UV  Ultraviolet
WDM  Wavelength Division Multiplexing

X1v



Chapter 1

Introduction

1.1 Introduction to the Research

Rising energy demands of the global population will produce a shortfall in world-
wide energy production and hence availability over the next few decades, ac-
cording to the World Energy Council[Cou07]. This mismatch between energy
supply and demand is likely to worsen over the proceeding century through a
combination of population expansion, the fast economic growth of developing
nations, the decline in availability of existing fuel sources, and the increasing per-
vasiveness of technology in everyday life[Div08]. It is estimated that by 2050 the
global generation capacity must be doubled in order to avoid a potential energy
crisis. To achieve this, a mixture of power sources and supporting technologies
and infrastructure must be developed that together will meet this demand in an
environmentally safe and sustainable manner.

As part of the proposed mix, electrical power through nuclear fusion is one
of the most promising technologies for large scale power generation. Although
nuclear fission will continue to make a large contribution to the generation pool,
nuclear fusion has a number of key advantages that justify its development. These
include a practically unlimited fuel supply, zero production of greenhouse gasses,
a 100-year recycle time for all radioactive waste, and an inherently safe mode
of operation. The production of electrical power by controlled nuclear fusion

is currently under joint multinational development by the EU, the US, Russia,



Japan, China, India and South Korea in a research collaboration of unprecedented
scale, following decades of preliminary research by separate, smaller international
groups.

Among the many significant engineering challenges posed by nuclear fusion
power generation is the development of systems for the confinement, heating, and
monitoring of a superheated plasma. Crucially, it is the monitoring of the strength
and shape of the magnetic field generated by the plasma current which allows
operators to derive information on the plasma characteristics (such as geometry
and current density) while they evolve. Indeed, the plasma itself is ignited and
sustained by the machine’s central solenoid, and thereafter contained within a
toroidal magnetic bottle. Thus seen, it is clear that real-time knowledge of the
magnetic field, as used in various locations and for various purposes within the
machine, is vital to the success of the fusion reaction and hence to the machine’s
ability to deliver a constant power output for long periods of time.

The demands on the sensor system that must deliver these measurements are
considerable. The reactor environment, within and around which the transducers
and addressing components must operate, is extremely harsh. Components of the
sensor system must remain functional under conditions of high electric field, high
voltage potentials, strong vibration, high temperatures, and, in certain locations,
a high level of cumulative irradiation. In addition, these effects should interfere
minimally with the measurement, making the design and fabrication of the sensor
systems themselves a substantial engineering problem.

Optical sensors, particularly those based on fibre optics, are fast becoming an
important benchmark in sensing. Optical fibre measurement technology is often
the only solution to measurement in harsh environmental conditions, commonly
achieving high performance, remote operation and large-scale monitoring. In this
thesis it will be argued that the high performance and robustness of optical fibre
sensors may be harnessed, through appropriate designs, to address the shortcom-
ings and improve upon the functionality of the inductive techniques presently

used for measurement of magnetic field in the fusion environment.



1.2 Justification for Research

To increase the performance and efficiency of fusion reactors to a level where
net output power is produced, and thus continuous operation is possible, is a
primary goal of fusion research. Since this has not yet been achieved, both the
largest experimental fusion reactor in operation (JET, Joint European Torus)
and the next-generation experimental reactor (ITER, International Thermonu-
clear Experimental Reactor) operate according to pulsed regimes. The massive
electrical power (around 700 MW in JET) required for plasma ignition, sustain-
ment (heating), and control (magnetic confinement) is delivered to the machine
over a relatively short period of time by external sources; in JETs case by simul-
taneously drawing directly from the United Kindgom 400 kV grid (from which
they are permitted to draw up to 1% of the national supply for a limited du-
ration) and discharging two flywheel generators, positioned locally, each with a
maximum output power of 400 MW. An increase in this operational duration is
planned; from around 10 seconds in JET to up to 10 minutes in ITER[Com03].

All magnetic sensors presently integrated into the JET machine are based
on electromagnetic induction. As such, error in the measurement of quasistatic
magnetic fields accumulates over the duration of the operational pulse as a direct
result of deriving field information from integration of voltages induced on pickup
coils. While the pulse durations are short enough in JET’s case for signal post-
processing to provide sufficient compensation, it is considered that in [ITER’s case
the larger errors may not be acceptable[PP99]. As reactor engineering progresses,
and pulse durations are further increased, this effect is likely to worsen to a point
where the performance of inductive techniques for magnetic field measurement
becomes unacceptable more generally. This has led to a small number of propos-
als for alternative steady-state magnetic field sensor designs based on magnetic
force[Woo95] [HKNT99).

Given the extensive research to date on magnetostrictive fibre-optic sensors,
it may seem that optical sensors could straightforwardly provide an accurate,

absolute measurement of the field strength, thus circumventing the source of this



accumulating error. The ability of common fibre sensor interrogation techniques
to multiplex such sensors along a single fibre undoubtedly lends itself to appli-
cations such as plasma confinement where quasi-distributed measurement of the
confining magnetic fields would improve operator’s knowledge of the plasma sta-
bility. This, in turn, means more effective control of the plasma geometry and
better protection against harmful extinction and disruption events. However,
as discussed in Chapter [3| the highly nonlinear behaviour of these materials at
the levels of magnetic field strength used by machines such as JET and ITER
(as strong as 10 T in certain locations) makes them unsuitable for this applica-
tion. Additionally, the manufacturing of extrinsic transducers would lead both to
greater costs and to rising complexity in terms of chemical vulnerability and the
effects of irradiation on component materials. As such, if optical fibre sensors are
to be seriously proposed for this application then transducers must be developed
that do not make use of magnetostrictive materials.

Magneto-optical (MO) sensors—those that function purely on the basis of
direct interactions between a quasistatic magnetic field and the electromagnetic
wave without making use of an intermediate material—have been developed pri-
marily for measurement of electrical current. Existing MO sensors function by
measuring the degree by which the incident magnetic field alters the polarisation
characteristics of the traveling electromagnetic wave. In most low-loss media,
including silica glass fibres, this effect is very weak. The weakness of this effect is
compensated for in existing MO sensor designs by using large interaction lengths
(commonly fibre coils) or by guiding the interrogating light into a bulk glass sen-
sor element that has been heavily doped specifically to enhance MO interactions.
The development of a practical in-fibre MO sensor with a sharp spatial resolution
poses a number of engineering challenges that have not previously been addressed.

The research presented in this thesis details ways by which intrinsic magneto-
optical point sensors can be realised in optical fibre, as it will be argued that this
underdeveloped subset of optical fibre sensors can provide an appropriate solution
to high field measurement in this extreme environment. Two types of MO point

sensors and associated addressing, interrogating, and processing elements are



described, as well as a fast, multiplexing sensor interrogation system suitable for,
but not limited to, these sensors. In the case of each design, the commonly-cited
benefits of optical fibre sensing are upheld—the proposed sensors and systems
incorporate multiplexability, excellent spatial resolution, and high interrogation

rates.

1.3 Principal Contributions

The principal contributions to knowledge by this research work can be sum-

marised as follows:

e A critical discussion of optical techniques for magnetic field measurement

and their suitability to fusion diagnostics,

e A review and analysis of the effects on optical fibres and sensors of combined
gamma-neutron irradiation, leading to recommendations for sensor lifetimes

and installation locations,

e A technique for fast linear or circular optical polarisation-mode switching
in optical fibre sensors, facilitating an optoelectronic system design for po-
larisation mode switched interrogation of serially-multiplexed fibre Bragg

grating (FBG) sensors,

e The demonstration of common-polarisation noise removal using polarisation-

mode switched FBG interrogation,

e The laboratory demonstration of circular polarisation mode switched FBG
interrogation for simultaneous measurement of dynamic magnetic field strength
and temperature, and of linear polarisation mode switched FBG interroga-

tion for simultaneous measurement of bend and longitudinal strain,

e A proposed technique for polarisation-mode switched FBG sensing of static

magnetic fields,



A demonstration of the enhancement of magneto-optical Faraday rotation
in FBGs by incorporation of multiple defects (phase-shifts) in the index

modulation profile,

A general, scalable, optimum design of superstructured “slow-light” FBGs
for obtaining giant reflective group delays of incident light at the Bragg

wavelength,

An automatable technique for fabrication of superstructured “slow-light”

FBGs incorporating low linear birefringence and multiple phase-shifts,

The design and simulation of superstructured “slow-light” FBGs as mag-

netic field sensors incorporating enhanced polarimetric sensitivity,

An optoelectronic system design for interrogation of serially-multiplexed
superstructured FBGs used as polarimetric point sensors for magnetic field

strength,

A proposed application of superstructured FBGs as narrowband wavelength-
tunable optical delays for use in novel optical fibre communications appli-

cations,

The design and laboratory demonstration of an ultrafast (potentially >100
kHz), wavelength-switching FBG sensor interrogation system having inter-

ferometric measurement resolution,

The design of a flexible large-scale time-multiplexing FBG sensor interro-

gation system having interferometric measurement resolution,

The design of hybrid time-and-wavelength division multiplexing interroga-

tion systems based on the above fundamental interrogation schemes,

The design of a full sensor system for quasi-distributed poloidal field mea-

surement incorporating the above demonstrated elements.



1.4 Thesis Overview

The thesis begins with two chapters that provide background information on the
fusion reactor environment and the state of the art in relevant optical fibre sensing
technology.

Chapter [2]introduces the reader to the concept of the tokamak; its architecture
and how it functions. The JET machine—an example of the dominant tokamak
design—is then used to describe present magnetic diagnostic systems and their
specifications, performance, and limitations. The reader is introduced to ITER
and the relevant differences between this tokamak and JET. The environmen-
tal conditions expected for I'TER are analysed, including the fusion reaction’s
radioactive products and the need for robust transducers. By the end of the
chapter, the reader will have acquired an understanding of the diagnostic prob-
lems that the thesis aims to address.

Chapter 3| begins with a broad review of existing mechanisms for optical mag-
netic field measurement, tending by a process of elimination towards the mech-
anisms most appropriate for this environment. Relevant optical fibre sensors
are reviewed, with particular attention paid to those concepts fundamental to
the proposed systems. Limitations in the present state of the art are discussed,
revealing key research opportunities in the area of intrinsic magnetic point sen-
sors and their interrogation. Following identification of the most appropriate
measurement basis, the effects of the fusion reaction’s radioactive products on
in-fibre sensors are analysed.

The first of two purely magnetophotonic sensor systems is presented in Chap-
ter [ The reader is introduced to previous research on bulk glass (non-fibre)
multilayers and magnetophotonic crystals that forms the conceptual basis for an
in-fibre polarimetric sensor. It is demonstrated how superstructured FBGs can
be designed to yield a strong localised enhancement of the Faraday effect, and
how this can be harnessed for high-resolution point sensing of magnetic field.
The effects on sensor response of tuning the grating parameters are discussed,

culminating in the description of an optimum, scalable sensor design. A fabrica-



tion technique for this type of device is described, and the preliminary laboratory
characterisation of sample gratings is reported. A detailed description of the full
system design, including the proposed technique for high-resolution interrogation,
is provided. This chapter also discusses an alternative use of the superstructured
gratings as highly-tunable optical delay lines for modern communications archi-
tectures.

Chapter [5| presents the second magnetophotonic sensor system, based on di-
rect detection of the magnetic-field-induced circular birefringence. A technique
for polarisation mode switching within a fibre transducer is described that al-
lows polarisation-sensitive measurands, such as magnetic field, to be detected
after the removal of polarisation-independent noise. The design and fabrication
of the polarisation-switching sensor interrogation system is detailed. Laboratory
demonstrations of simultaneous measurement of magnetic field and temperature
using low-birefringence FBGs are described. Additionally, a demonstration of si-
multaneous measurement of bend and strain using the system is reported. Chap-
ter [4] is not a prerequisite of this chapter, and may be skipped by readers with a
specific interest in the polarisation-switching method.

The resolution, accuracy, and measurement rate of the system described in
Chapter [5] is strongly related to the performance of the FBG wavelength moni-
toring scheme that it incorporates. In present interrogation systems an excellent
resolution is achieved only at the expense of either multiplexing capability or
measurement rate. To make the proposed system suitable for high-performance
distributed monitoring of magnetic field, Chapter [6] describes a powerful FBG
interrogation system that combines high resolution, high measurement rates, and
large-scale multiplexing capability. This chapter may be read in isolation by those
with an interest in optical sensor interrogation systems, however the discussions
in Chapter |3| relating to interferometry and multiplexing will assist the reader.

The work in preceding chapters is consolidated in Chapter [7] which illustrates
a potential distributed fibre sensor installation that integrates joint magnetic
field and temperature diagnostics into a generalised tokamak architecture. Im-

provements in the performance and functionality of the hypothetical magnetic



diagnostics system are discussed. Chapters [3], | and [0] are prerequisites of this
chapter.

Chapter [8| summarises the research presented in this thesis, and identifies key
areas of further work for the improvement of the systems and techniques described

here.

1.5 Publications

The following publications have resulted directly from the work described in
Chapters [4] and 5] of this thesis. Work described in Chapter [6]is not published at

the time of writing due to an ongoing patent application.

1.5.1 Journal Articles

1. P. Orr and P. Niewczas. Polarization-Switching FBG Interrogator for Dis-
tributed Point Measurement of Magnetic Field Strength and Temperature.
IEEE Sensors Journal, 11(5):1220-1226, May 2011.

DOI: 10.1109/JSEN.2010.2091124.

2. P. Orr, P. Niewczas, M. Stevenson, and J. Canning. Compound Phase-
Shifted Fiber Bragg Structures as Intrinsic Magnetic Field Sensors. IEEE/OSA
Journal of Lightwave Technology, 28(18):2667-2673, September 2010.

DOI: 10.1109/JLT.2010.2060314.

3. P. Orr and P. Niewczas. An Optical Fibre System Design Enabling Simul-
taneous Point Measurement of Magnetic Field Strength and Temperature
Using Low-Birefringence FBGs. Sensors and Actuators A: Physical, 163:68—
74, September 2010.

DOI: 10.1016/J.SNA.2010.07.009.

4. P. Orr and P. Niewczas. A Robust, Multiplexable Fiber Sensor for Simulata-
neous Measurement of Bend and Strain. IEEFE Sensors Journal, 11(2):341-
342, September 2010.

DOI: 10.1109/JSEN.2010.2072497.
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FElectronics Letters, 46(18):1283-1284, September 2010.

DOI: 10.1049/EL.2010.2011.

1.5.2 Conference Papers

1. P. Orr and P. Niewczas. Polarization-Switching FBG Interrogator for Wavelength-
Encoded Polarization-Sensitive Measurements. In 21st International Con-

ference on Optical Fiber Sensors, Ottawa, Canada, May 2011.

2. P. Orr, J. Canning, M. Stevenson, and P. Niewczas. Controlled Fabrica-
tion of Tunable Delay Using Compound Phase Shifted Resonators. In 19th
Australian Institute of Physics Congress incorporating the 35th Australian
Conference on Optical Fibre Technology, Melbourne, Australia, December

2010.

3. P. Orr, M. Stevenson, J. Canning, and P. Niewczas. Magnetic Field Strength
Measurement Using Tailored Dispersion Characteristics of Phase-Shifted
Fibre Bragg Gratings. In Fourth European Workshop on Optical Fibre Sen-
sors, Porto, Portugal, September 2010.

DOI: 10.1117/12.865456.

4. P. Orr and P. Niewczas. Point Measurement of Magnetic Field Strength
Using Compound Phase-Shifted FBGs. In Joint Workshop on Frontier
Photonics and Electronics 2010, Sydney, Australia, March 2010.

5. P. Orr and P. Niewczas. Passive, Multiplexable Measurement of Magnetic
Field Strength and Temperature Using PM Fibre Bragg Gratings and Chiral
Fibre Devices. In 20th International Conference on Optical Fiber Sensors,
Edinburgh, UK, October 2009.

DOI: 10.1117/12.834173.

6. P. Orr, P. Niewczas, J. R. McDonald, M. Walsh, and W. Morris. In-Fibre
Point Sensing of Magnetic Field Strength Using Novel Photonic Sensor Con-
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UK, July 2008. Paper 181.

1.5.3 Related Publications

The following publications are in the related area of power systems monitoring

using optical fibre sensors.

1. P. Orr, G. Fusiek, P. Niewczas, A. Dysko, C. Booth, F. Kawano, and G.
Baber. Distributed Optical Distance Protection Using FBG-Based Voltage

and Current Transducers. In IEEE Power Engineering Society General

Meeting 2011, Detroit, United States, July 2011.

2. P. Orr, P. Niewczas, A. Dysko, and C. Booth. FBG-Based Fibre-Optic
Current Sensors for Power Systems Protection: Laboratory Evaluation. In

44th International Universities” Power Engineering Conference, Glasgow,

UK, September 2009.

3. P. Orr, A. J Reid, and M. D. Judd. Sensor Response Characteristics for
UHF Location of PD Sources. In International Conference on Condition
Monitoring and Diagnosis 2008, Beijing, China, April 2008.

DOI: 10.1109/CMD.2008.4580480.
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Chapter 2

Tokamak Magnetic Diagnostics

2.1 Introduction to the Tokamak

Electrical power generation through nuclear fusion will rely on capturing and
putting to work the energy released by the fusion of two gasses. As occurs within
stars on a continuous basis, energy is released by a fusion reaction when two
light atomic nuclei are fused together to form one heavier atom. For fusion to be
useful as a terrestrial energy source, the fuel (deuterium and tritium; two isotopes
of hydrogen) must be heated to temperatures over 100 million °C. At such
high temperatures, the gaseous fuels ionize and become a plasma—a fourth state
of matter distinct from the gas phase—comprised of positive ions and negative
electrons that are free to flow and conduct.

In order to avoid contamination or cooling of the plasma, it cannot be allowed
to come into contact with any materials. To do so would both quench the plasma
and most likely destroy the contacting material. The plasma must therefore be
forcefully confined to a specific volume and density. Due to its abundance of
charge carriers, the plasma is highly electrically conductive and responsive to
electromagnetic fields. Utilising this characteristic, the most common technique
to shape and contain a plasma is to assemble a set of powerful magnetic fields
which exert Lorentz force on the moving charges that comprise the plasma.

Following the 1955 United Nations International Conference on the Peaceful

Uses of Atomic Energy, previously-secret research on nuclear power was declas-
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sified and international collaboration on the topic of fusion power and plasma
confinement began. Research on the tokamak—a device for magnetic confine-
ment of a plasma within a toroidal vacuum vessel—was pioneered in the late
1950s by the Kurchatov Institute in Moscow[Kurb6]. In reference to the Soviet
origins of the device, the word tokamak is a transliteration of a Russian acronym
for toroidal chamber with magnetic coils.

The tokamak remains to this day the most successful concept for magnetic
confinement of plasma. It is the core item of plant in today’s experimental fusion

reactors, and the basis for prototype commercial fusion reactor designs.

2.1.1 Magnetic Confinement

The tokamak is a toroidal vacuum vessel incorporating a combination of sur-
rounding electromagnets that are configured to produce strong field lines both
in the torus plane (toroidal field, TF) and in the vertical plane (poloidal field,
PF) in order to confine the circulating plasma current. The primary function of
the TF electromagnets—those coiled around the torus walls—is to confine the
plasma particles, while the field generated by the PF magnets above and be-
low the toroid—contributed to by the plasma current’s own circulating magnetic
field—acts to pinch the plasma away from the walls of the vessel and help main-
tain the overall shape and stability of the plasma. Figure illustrates how the
TF and PF coils are positioned in relation to the plasma current in a standard
tokamak.

The plasma current is induced by a changing current in the third torus elec-
tromagnet, known as the Central Solenoid, which produces a large back-EMF to
ignite the plasma at the start of each pulse. The device, positioned in the centre
of the torus, is essentially the primary of a large transformer. By providing a path
for current flow, the plasma loop itself becomes the secondary of this transformer.
In this way, after plasma ignition, the Central Solenoid is able to contribute to
the inductive flux that drives the plasma.

The effect of the combination of the TF and PF fields is a resultant helical

field that winds around the plasma current. This helical field acts as a magnetic
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Figure 2.1: A simplified view of the toroidal and poloidal magnetic field coils of

a tokamak|[Boo04]

bottle, continually redirecting the plasma particles inward away from the vessel
walls|[Kra95]. As an illustration of the strength of the magnetic fields used, the
ITER magnetic confinement system will employ 18 equispaced superconducting
TF coils, each with a maximum field of 11.8 T. This is in addition to a number of
PF coils positioned above and below the torus that will generate similar maximum
fields.

Tokamaks are therefore permeated by a number of extremely strong magnetic
fields generated by the magnetic confinement and plasma driving systems. The
size and location of the magnetic coils planned for installation in the ITER toka-
mak are illustrated by Figure [2.2] which also indicates the size of the modern
tokamak as designs scale upwards towards true commercial machines. Correct
operation of the magnet systems is vital to the stability of the plasma, and as
such the generated fields require continuous monitoring and adjustment during
the operational period. This monitoring may be achieved by measurement of the
current through the magnets (by Rogowski coils or Faraday loops), which can
be related to the field strength in a range of locations, but also more directly by
the use of magnetic field point sensors which are installed within and around the

vacuum vessel.
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Central Solenoid

Figure 2.2: A cut-away computer illustration of the ITER tokamak
2.2 Magnetic Diagnostics

Both the JET and ITER machines incorporate an extensive suite of diagnostics
systems that are used to provide the operating physicists and engineers with
information on structural integrity, fusion reaction products, and plasma shape,
stability and temperature. When categorising these diagnostic sets the ITER
Technical Basis makes a simple distinction between what are deemed to be basic

and advanced diagnostics[PP99]:

e Basic diagnostics are those that are required for machine protection and

basic plasma control. They are fundamental to operation and will be re-
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quired to function during every pulse. Consequently, they have the highest

priority for resources such as manpower, budget, and space.

e Advanced diagnostics are those that may provide measurements for ad-
vanced plasma control and analysis. These diagnostics will not be crucial
to the success of every pulse, and may not require real-time control or mon-

itoring.

Magnetic diagnostics systems are the means by which several of the key basic
diagnostic demands are met, including the monitoring of generated fields and the
resultant plasma geometry, and it is these diagnostics that are most relevant to
this thesis. Several parameters that are absolutely fundamental to the opera-
tion of the tokamak, such as plasma current, loop voltage, plasma position and
shape, and the plasma stored energy, are measured by magnetic diagnostics alone
and in real-time throughout every pulse. This section will look at how tokamak
magnetic diagnostic systems presently deliver these fundamental measurements,
the performance requirements for the installed sensors, and the known difficulties

with current techniques.

2.2.1 Principal Uses of Magnetic Diagnostics

The principal uses of the magnetic diagnostics systems installed in tokamaks can

be summarised as follows[TTCT10][PP99):

o Measurement of the magnetic fluzes and fields surrounding the plasma for

reconstruction of the magnetic and plasma equilibria,

Flux and field measurements are made inside and outside the vacuum ves-
sel for computer reconstruction of the magnetic field geometry—in real-time
for protection and control, and post-pulse for data analysis. Particularly
detailed measurements are required of the complex field in the divertor re-
gion beneath the plasma where impurities and helium ash are redirected to

a target chamber. In addition to the measurement of fields and flux in the
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poloidal plane, the variation in the toroidal flux provides information on
the energy stored in the plasma and also provides a direct estimate of the

toroidal field strength.

Measurement of total plasma current,

Historically, measurement of the plasma current was provided by Rogowski
coils measuring the contour integral of the magnetic field in order to yield
the current passing through the enclosed surface. This was problematic in
that when the coil was placed outside the vacuum vessel the resulting mea-
surement would include all currents flowing in the vessel walls. To avoid
this, a wvirtual Rogowski coil is now commonly constructed by a weighted
sum of individual poloidal field measurements. However, for ITER, true
Rogowski coils are being developed that will employ liquid helium cool-
ing to allow them to be installed inside the vacuum vessel. Importantly, a
fibre-optic Faraday rotation measurement device is also under development
which, similar to the Rogowski coil, must be placed inside the vessel and

enclose the plasma current entirely[MBB™09).

Measurement of currents flowing between the plasma and the vacuum vessel

walls (halo currents),

Halo currents are currents which flow outside the confined plasma region.
During a Vertical Displacement Event, the plasma makes contact with a
limiter and starts to be “scraped oft”, causing a fraction of the plasma cur-
rent to flow along the field lines. The current path can intercept a material
surface, where the current will take the path of least resistance, causing in-
tense heating and deformation of the material. Halo currents can therefore
cause great damage and are a concern for future devices such as ITER. To
achieve a satisfactory level of halo current monitoring, a large number of
sensors will be required, using a variety of different technologies including

Rogowski coils and current shunts, so as to maximise the quality of the
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data gathered. The main issue for achieving this level of monitoring is a
practical one—the number of required sensors will generate a large amount

of additional wiring.

e Production of feedback error control signals that identify plasma position

and tilting instabilities that may be corrected by fast TEF or PF adjustment.

There are two main plasma instabilities that may be stabilised by mag-
netic feedback control: positional and tilting instabilities. Correcting these
instabilities requires fast action by power supply operators who control the
currents applied to the TF and PF magnets, and their response relies on
information derived in real-time from the magnetic diagnostic set. Distor-
tions or time-delays in the measurements can reduce the quality of this
fast-acting control. Separately, magnetic diagnostics are also used to pro-
vide feedback for plasma shaping. This is less demanding in terms of speed

of operation, but requires excellent measurement precision.

The above diagnostics are critical to the operation of the tokamak in terms
of real-time control, real-time and post-pulse reconstruction of the plasma and
magnetic field geometries, vessel protection, and safety. Although some ex-vessel
magnetic sensors are employed to provide additional field information, the critical
diagnostics above are delivered by suitable radiation-hardened in-vessel sensors
based on well-established inductive measurement techniques. It is the measure-
ment demands of these diagnostics that determine the performance requirements
of both the presently-installed sensors and any alternative or assistive measure-
ment technologies that are proposed. From the relevant diagnostics, it is clear
that sensor characteristics such as wiring demands and the spatial, temporal,
and measurement resolutions are of high importance, and in terms of functional

performance it is these characteristics that new proposals should seek to improve.
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2.2.2 Inductive Magnetic Point Sensors

The measurements acquired by present tokamak magnetic diagnostic systems
are performed using simple conducting loops and coils installed at appropriate
positions on the tokamak to enable the induction of voltage by the appropriately
aligned magnetic flux. The reason for using inductive techniques is, to a large
extent, a historical one—the well-established physics of the method require no
new development for use in, for example, the I'TER installation and sufficient
materials research has been performed to ensure an acceptable level of radiation
hardness. However, there are crucial drawbacks to the inductive technique that
ultimately will render this method useless in future reactors that are capable
of continuous operation. Here, the measurement technique and architecture of

present sensors is described.

2.2.2.1 Method of Operation

A photograph of a typical JET measurement coil prior to installation in the
machine is shown in Figure 2.3] These coil and loop based sensors function by
electromagnetic induction, whereby the changing flux of a magnetic field through
the loop’s enclosed surface generates a voltage over the loop terminals. The

generation of loop voltage V' can be expressed mathematically as

(2.1)

where N is the number of loops that comprise the measurement coil, B is the
axially-aligned component of magnetic field strength (poH) in Tesla, and A is the
area enclosed by each loop. Since the induced coil or loop voltage is proportional
to the rate of change of the magnetic flux, rather than the absolute value of
magnetic field strength, the voltage signal on the coil can be related only to a
change in the magnitude of the aligned magnetic field.

In order to use inductive techniques to measure magnetic fields with pro-
longed static magnitudes, an electronic integrator is used to effectively convert

the differential analogue measurement of the rate of change of magnetic flux to a
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Figure 2.3: A JET measurement coil wound from titanium wire on an alumina
ceramic former (Image courtesy of CCFE)

continuous measurement of the magnetic field magnitude. To do so, an electronic
scheme refers to the sampled analogue voltage V' and increments or decrements,
as appropriate, the current stored value of magnetic field strength. Thus, a “run-
ning tally” of the present field strength is maintained over the duration of the
tokamak pulse. Figure illustrates the timescales of a typical JET pulse in
terms of the plasma and magnet currents. As discussed in the next section, the
problems associated with unwanted drift in the currently-stored value, especially

over prolonged steady-state conditions, are well known.

2.2.2.2 Environmental Shielding

The most significant environmental effects in both the JET and ITER reactors
are the high-levels of neutron and gamma radiation and the high surface temper-
atures. ITER’s in-vessel magnetic sensors should ideally be capable of withstand-
ing this bombardment for the operational lifetime of the machine—approximately
30,000 pulses over 20 years, or 200 days of total integrated operation. Compared
with those in JET, the conditions in ITER will be far harsher, with neutron

flux (the rate at which neutrons flow through a unit area) and fluence (the ac-
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Figure 2.4: Plasma and magnet current magnitudes and timescales during a
typical JET pulse. Steady-state conditions are achieved for approximately 15 s.
(Data courtesy of CCFE)

cumulated number of neutrons that intersect a unit area) increased by factors of
5 and 10,000 respectively[CCK™01]. Emitted neutrons will interact with other
particles to produce highly-ionizing gamma radiation which, combined with the
high-energy neutrons (E > 0.1 MeV), will affect the integrity and performance
of exposed materials in the vicinity, including electrical devices and conductors.
Table 2.1/ summarises the relevant radiation levels that in-vessel magnetic sensors
will be subject to[CCKT01]. Levels at the First Wall—the immediate plasma-
facing surface—are included for comparison.

The blanket is a modular, tiled shield that covers almost all of the vacuum
vessel’s internal walls. In a commercial reactor, it is the heat generated in the
blanket by the neutrons that will be put to work to generate electricity. By

slowing the neutrons and absorbing heat, the blanket also acts to attenuate the
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Fast Neutron Flux Ionizing Dose Rate

Location (> 0.1 MeV) Gy/s
n/m?s

First wall 3 x 1018 2 x 10°

Near blanket gap 0.2-1 x 10'7 20-100

Behind blanket 2 x 1016 <20

Inboard TF coil side 1x 10 0.1

Table 2.1: Predicted neutron flux and ionizing radiation levels at key in-vessel
magnetic sensor locations

neutron flux and high temperatures experienced by components situated behind
it. With reference to Table 2.1 the in-vessel magnetic sensors will be located
both in the gaps of the blanket (the harshest proposed location), and also behind
the blanket. The final entry of Table refers to sensors that will be installed
on the inner side of the torus, near the Central Solenoid.

The locations of the in-vessel pick-up coils and voltage loops that will be
installed in ITER are shown in Figure [2.5] which illustrates a slice of the toroidal
vacuum vessel. Presently, in the JET machine, over 400 measurement coils or
loops are installed in similar locations. This collection comprises coils and loops
mounted on the back plate of the blanket structure, coils mounted in the divertor
cassette region, and various coils in toroidal Rogowski configurations that enable
the detection and measurement of the transient halo currents.

The effects of Radiation-Induced Conductivity (RIC), Electrical Degradation
(RIED), and Induced EMF (RIEMF) act to undermine the suitability of electri-
cal devices, including inductive measurement coils, for use in radioactive envi-
ronments. Careful material selection, analysis and testing are performed before
devices and materials are deemed suitable for installation. In the case of JET, to
protect the electrical sensors as much as possible from radiation damage and radi-
ation’s influence on measurements, exposed sensors installed in the torus vacuum
are housed in individual stainless steel cases with a longitudinal slot. The plasma
facing surface of the stainless steel case is protected by a carbon tile that further

slows the bombarding neutrons and lessens the inflicted damage. An alumina
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Figure 2.5: Cross-section of ITER showing the pick-up coils and voltage loops on
the inner wall of the vessel, on the plasma side of the back plate, and embedded
in the divertor cassette[PP99]
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core and titanium wire are chosen to match the thermal expansion coefficients,
and all of the materials used in the coil design and housing are high vacuum
compatible up to at least 350 °C.

Addressing electrical cables must also be shielded as much as possible from the
particle fluxes. The wires used to address sensors are mineral insulated with an
alumina outer coat. Where possible, sensors and addressing cables are also placed
in naturally shielded locations. Fixed connections between wires are welded,
and connectors use spring-loaded contacts with guiding rods to assist the remote
(robotic) handling of components that have recently been irradiated—sensor life-
times, installation procedures, and the ease of their inevitable maintenance are
key concerns of reactor designers.

Although temperatures of the plasma-facing surfaces rarely exceed 400 °C
(with certain surfaces in the divertor region experiencing 800 °C)[PP99], the de-
sign of in-vessel sensors must take into consideration the effects of combined heat-
ing and exposure to the high neutron flux and gamma radiation dose. Similarly,
any proposed alternative and supplementary sensors must undergo exhaustive
materials testing before they may be viewed as sufficiently robust for the fusion
environment. To this end, the influences of neutron and gamma irradiation on

fibre performance—both as a waveguide and as a sensor—will be analysed in

Chapter [3|

2.3 Performance of Present Techniques

The design of sensors to reliably enable the diagnostics listed in Section must
take into account a number of key performance characteristics. These are: mea-
surement resolution, measurement drift, spatial resolution, measurement rate and
dynamic response, linearity, and feasibility of installation including the wiring re-
quirements and resistance to environmental effects. Here, the functional demands
on present sensors are analysed in order to indicate the required performance, in
terms of these key characteristics, of alternative non-inductive fibre-optic sensors

that will be proposed in later chapters.
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2.3.1 Measurement Resolution

To achieve the level of performance required for the fundamental magnetic di-
agnostics, the sensors must be capable of providing sufficient measurement reso-
lution under conditions of large magnetic fields and fast fluxes produced by the
plasma confinement systems, but also when and where the field strength is low.
Sensors proposed for point measurement of the field in this application must be
able to demonstrate the potential for measurement resolutions similar to that
achieved by the presently-deployed inductive sensors. The performance demand
on inductive magnetic sensors in present tokamak magnetic diagnostics is rela-
tively high: a common target for sensors installed in JET is a measurement error
of between 1-3% for all sensors, and an absolute error of less than 0.2 mT when

the field is low[Ger11]. Similar error magnitudes will be required in ITER[Dial0].

2.3.2 Error Sources

There are a number of error sources that contribute to the total error exhibited

by the inductive magnetic sensors installed at JET[Dia05]:

Integrator drift

Imperfect coil calibration

Uncompensated and unwanted toroidal field pickup

Uncertainty of the coil location and orientation

Noise from Analogue-to-Digital Conversion (ADC noise)

Local eddy currents

The eddy current influence is difficult to compensate for without placing the
sensor in a less vulnerable position which, given the nature of the required mea-
surements, is not practical. The two main sources of error are then processing
noise (due primarily to integrator drift) and physical errors in the geometry of

the coil, its location, or its correct alignment with the field or flux of interest. In
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practice, the inductive sensors installed at JET and planned for installation at
ITER generally exhibit an error due to ADC noise of less than 1 mT, which in
the case of many sensors is doubled in magnitude if errors due to drift are also
taken into account. The errors due to mis-location and mis-alignment are larger,
often by an order of magnitude, but it may be assumed that such sources of error

will be universal to all conceivable sensor technologies.

2.3.3 Principal Disadvantage of Inductive Sensors

The most relevant source of measurement error in JET’s magnetic sensors is
therefore, as is mentioned extensively in the literature[TTC™10][PP99][CCK™01],
the error due to drift incurred during integration of induced voltages—an error
source that is unique to the presently-deployed inductive sensors. It must be
noted that the recorded error on JET sensors due to integrator drift is incurred
over the duration of standard JET pulse lengths which, as mentioned previously,
are brief by the standards that will be adopted in ITER and beyond.

It is also important to note that drift error is stated after the implementation
of a complex drift compensation procedure. In JET, the drift compensation pro-
cedure for the integrators is initiated 2 minutes prior to the onset of the pulse, and
the entire measurement procedure including drift measurement, integrator reset-
ting, signal measurement, and ADC takes a full 4 minutes per pulse—including
a measurement period of only a fraction of this time (20 s). In future tokamaks,
the longer pulse lengths will reduce the effectiveness of such procedures, and the
pre-pulse preparatory measurements will become increasingly cumbersome. It is

notable that these issues are of clear and justified concern to ITER designers:

The principal new aspect of ITER will be the extremely long pulse
length, which may require the development of measurement methods

additional to the traditional inductive magnetic measurements.

For very long ITER pulses (longer than a few thousand seconds),

alternative approaches are required because of the possibility of un-
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acceptable errors arising from drifts in the inductive methods. Direct
measurements of the magnetic field using non-inductive methods are

being considered.
— ITER Physics Expert Group [PP99]

In fact, beyond ITER the measurement of truly steady-state magnetic fields
will be necessitated, which will undermine the inductive techniques entirely. In
intervening stages of development, drift compensation procedures will require
drastic improvements to reduce error over extended pulse durations and to reduce
the time required for the compensation procedures. In order to deal with this
issue, efforts are being made to develop long-time electronic integrators for ITER
that will reduce the drift to acceptable levels by improved signal processing,
but such techniques cannot remove drift entirely over ITER-like pulse durations
and will not, in the long term, enable an inductive steady-state magnetic field
sensor[KK97]. Alternative non-inductive electronic sensors are in development
that may be suitable for measurement of a steady-state magnetic field directly,
but at the expense of simplicity of construction[Woo95][HKNT99|. In general
it is considered that the non-inductive electronic alternatives (Hall effect and
magnetic force) are either not suitable for use in a nuclear environment or are too
elaborate for in-vessel use. As such, alternative non-inductive and non-electronic

proposals are sought.

2.3.4 Spatial Resolution

The spatial resolution of sensors is of particular importance for plasma equi-
librium reconstruction, plasma reshaping, and for identification of halo current
locations. Present inductive sensors for JET and ITER can achieve a spatial res-
olution of 100 x 25 x 25 mm which is determined by the size of the measurement
coil and by the minimum induced voltage magnitudes. If optical fibre sensors can
be developed for this application, the achievable spatial resolution of the mag-
netic diagnostics may be improved to the dimensions of common in-fibre sensors:

10 x 0.01 x 0.01 mm. Further, if the installation density of such sensors can
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be made high enough, an unprecedented improvement in the reconstruction of

plasma and magnetic field geometries would be possible.

2.3.5 Wiring and Multiplexing

Increasing the installation density in the manner proposed above introduces the
problem, mentioned earlier with regards to halo current monitoring, of wiring
each individual sensor. Present inductive sensors are addressed individually
by radiation-shielded twisted pair wire. Each additional sensor therefore intro-
duces one additional addressing cable, and the practical difficulty of expanding
the sensor installation increases accordingly. This is an important limitation of
electronically-wired sensors, where serial multiplexing of transducers is not pos-
sible due to the inability to discriminate between responses of individual sensors.

In contrast, as will be discussed in Chapter [3] the measurement information
from optical fibre sensors is commonly encoded in the wavelength of returning
light, allowing many sensors to be installed at discrete locations along a single
optical fibre to provide a quasi-distributed measurement. As such, in the case of
optical fibre sensors there is not a linear proportionality between sensor density
and practical installation difficulty, since it is as practical to install a single sensor
as it is to install twenty such sensors. In a tokamak with over 400 similar trans-
ducers, optical fibre sensing has the unique potential to greatly reduce wiring

demands and hence the required designated access space.

2.3.6 Measurement Rate

Measurements from the magnetic sensors installed in JET are acquired at dif-
ferent rates depending on what fraction of the tokamak pulse is underway. The
detection of certain disruption events can trigger a window of fast acquisition
and high sample density for post-event analysis. In general however, acquisition
of measurements is performed slowly (at approximately 80 Hz) with interspersed
periods of fast sampling at either 2.5 kHz or 5 kHz that are both fixed and

event-triggered.
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2.4 Summary

Due to the inability of present magnetic field sensors to operate within toka-
mak pulse regimes incorporating prolonged steady-state periods, alternative non-
inductive (preferably also non-electronic) sensors that can match the performance
of the present technique are sought. The functional and environmental demands

on in-vessel sensors for this purpose are summarised in Table [2.2]

Measurement error: < 3% (large fields)

Acquisition rate: 5 kHz maximum

Spatial resolution: < 100 x 25 x 25 mm

Maximum field strength: 1-10 T (location/regime dependent)

Temperature (behind first wall): < 400 °C
Integrated operational lifetime: 4,600 hours
Radiation levels:

Fast Neutron Flux Ionizing Dose Rate

(> 0.1 MeV) Gy/s
n/m?s
Blanket gap 0.2-1 x 10'7 20-100
Behind blanket 2 x 1016 <20
Inboard TF coil side 1 x 10" 0.1

Table 2.2: Summary of the operational and environmental requirements for ITER
in-vessel magnetic sensors.

Since the demands on measurement rate and spatial resolution are surpassed
by most common optical fibre sensor types (see Chapter , point measurement
of magnetic field strength by optical means could form an attractive alternative
or complimentary technology if suitable transducers and systems are developed.
A suitable optical fibre sensor should—while retaining excellent spatial and tem-
poral resolution—be capable of measuring large magnetic fields (>1 T) with a
sufficiently low measurement error (ideally <3%). A fibre-optic solution may also

allow for simpler, more flexible wiring of sensors if the capability for multiplexing
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is retained. As will be discussed in Chapter [3| present fibre-optic point sensors
for magnetic field do not yet achieve this level of performance and functional-
ity. However, it will be demonstrated in this thesis that the required operational
performance can be achieved by all-glass fibre sensors that make use of tailored
optical resonant structures (Chapter {f) or novel optical polarisation processing
schemes (Chapter [5)).

In parallel with the functional requirements of a proposed alternative sensor
technology, alternative sensors must be capable of withstanding the neutron and
gamma radiation bombardment and the high surface temperatures. In ITER
there will be a number of in-vessel sensor locations that experience a range of
irradiation levels. Chapter [3| will include an analysis of the effects of relevant
radiation levels on optical fibre sensors in order to recommend which in-vessel

locations may be suitable for long-term fibre sensor deployment.
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Chapter 3

Optical Fibre Sensors: Review of

Key Science and Technologies

3.1 Introduction

Since their inception almost 40 years ago, optical fibre sensors have evolved—
driven principally by research in the academic and military sectors—to become an
important reference in high-performance instrumentation. Fibre sensors excel in
three areas in particular that together justify the development of this technology

for use in highly demanding applications and environments[Lee03][Ra097]:

1. Robustness. An incorrect preconception of optical fibre sensors is that
they are fragile. In fact, for their size and weight they are extremely robust.
Fused silica (SiO) fibres can withstand large longitudinal and transverse
strains and small bend radii. Their simple and pure all-glass composition
imbues them with chemical and electrical passivity, lending them to applica-
tions where the possibilities of corrosion, mutual chemical contamination, or
electrical conductivity are often insurmountable problems for conventional
sensors. Additionally, they have been shown to operate at temperatures of

over 1200 °C|BCB™11].

Fibre sensors are, in general, immune to electromagnetic interference—

however, in this thesis methods to deliberately sensitise fibre transducers
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to quasi-static magnetic fields will be introduced. At appropriate operat-
ing wavelengths they exhibit substantial resistance to deterioration under
neutron bombardment and ionizing radiation|Gus10][FBBT02|, as will be
discussed later in this chapter. Due to their robustness and reliability, fi-
bre sensors have been applied in the oil and gas, nuclear, aerospace, and
biomedical industries, where they are frequently the only viable sensor tech-

nology.

. Geometry and flexibility. The outer diameter of a standard optical fibre
is 125 pm—similar to that of a human hair. Fibres have long been used
by the telecommunications industry to transmit information over hundreds
of kilometres with a minimum of attenuation and distortion, and remain
the gold standard of media for this purpose. The use of such a small, low-
loss, information carrier to both host and interrogate sensors allows a great
deal of flexibility in wiring, multiplexing, and sensor placement, and enables

distributed measurements over the entirety of a single fibre.

As passive devices, requiring no power source, fibre sensors can be deployed
at very large distances (> 100 km) from the interrogator[FNMO05]. Their
small size and light weight lends them to environments with limited access
space or strict weight requirements, such as in down-hole applications or
on board marine or aero craft[NM(07]. They can also be integrated into
structures such as bridges or items of plant to provide monitoring of, for

example, structural integrity[LHRCQICT1].

. Performance. Fibre sensors have been developed for measurement of
a wide variety of parameters including longitudinal and transverse strain,
bend, temperature, pressure, ultrasound, electromagnetic fields, voltage,
current, refractive index (liquid level, gas concentration), and humidity[KDP*97].
Due to the range of optical properties that can be modulated by these ex-
ternal parameters, it is often possible for optical fibre sensors to measure
multiple parameters simultaneously for increased functionality, or to incor-

porate compensation for drifts in, for example, ambient temperature.
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The bandwidth and dynamic response of optical sensors is potentially ex-
tremely high, owing to their passive, light-based nature. In terms of noise
levels, it has recently been shown that in-fibre point sensors can exhibit a
measurement resolution as low as the thermodynamic noise floor [CFK0O8]—
a resolution that is unparalleled by other sensor types. In practice, the
speed and accuracy of optical fibre sensors is determined by the abilities of
the interrogation system that retrieves the information, and this is partic-
ularly so in applications requiring high numbers of sensors|[GFVMO09]. As
such, a technique for better harnessing their intrinsically-high temporal and

measurement resolutions is described in Chapter [0

The previous chapter considered the operational and environmental demands
on generic magnetic point sensors for use in tokamak diagnostics. It was shown
that due to the combined demands of high performance and environmental ro-
bustness, very few sensor technologies will be suitable candidates to support or
replace existing inductive sensors for dynamic magnetic field. With their excel-
lent record of high performance in adverse conditions, optical fibre sensors are a
strong candidate for delivering the required functionality. However, before this
technology can be considered suitable for fusion diagnostics, it must be demon-
strated that both the performance and robustness requirements summarised in
Table can be met by an optical fibre sensor.

In this chapter, the most appropriate basis for an optical fibre approach to
tokamak magnetic diagnostics will be determined. The ways by which light,
guided by a fibre, can be modulated in some respect by a quasi-static magnetic
field—and therefore the ways by which a fibre-optic magnetic sensor may be
implemented—are reviewed, and the most appropriate method of modulation se-
lected. Following this, the architectures and functionality of relevant optical fibre
transducers are analysed in order to determine the most appropriate techniques
for this application. A focussed discussion on the interrogation, wiring, and mul-
tiplexing of the chosen sensor type is then conducted, providing the foundation
for the sensor-specific interrogators supporting Chapters [4| and [5| and the efficient,
general-application interrogator detailed in Chapter [6] Lastly, the vulnerability
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of the selected measurement technique and transducer to the expected radiation
levels is analysed in order to estimate both the survivability of these sensors and

the most suitable areas for installation inside the tokamak.

3.2 Candidate Sensing Mechanisms

The measurement of magnetic field strength by optical fibre sensors has, to date,
been accomplished by three fundamental approaches, each of which conveys the
magnetic field information by a different process. These are: magnetostriction,
magnetic force, and magneto-optics. In the development of these approaches the
objective has traditionally been to improve measurement resolution with little
concern for structural complexity, robustness to environmental fluctuations, or
performance at high flux densities. In this section, each of these approaches will
be briefly reviewed in terms of their candidacy for further development as part

of a tokamak magnetic diagnostic.

3.2.1 Magnetostriction

Magnetostrictive optical fibre sensors are the most well-developed of all fibre-
based magnetic field sensors|PDD06]. This is due in part to the simplicity of
the implementation—the sensor must only be capable of measuring longitudinal
strain, arguably the simplest of all fibre-optic measurements. The performance
of magnetostrictive fibre sensors is dominated therefore not by the limitations of
optical fibre sensors, but by the characteristics of the magnetostrictive host ma-
terial. It is the properties of these ferromagnetic materials that must be analysed
to determine the suitability or otherwise of this type of actuation to the tokamak
environment.

Magnetostriction is the change of a material’s physical dimensions in response
to a change in its level of magnetisation. It is a property of all ferromagnetic ma-
terials, and is the reason for the well-known “transformer hum” heard around
electrical substations. Although most ferromagnetic materials exhibit a mea-

surable magnetostriction, in most cases the effect is too small to be useful for
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actuators or sensors. However, by alloying elements it is possible to produce ma-
terials that exhibit large magnetostrictions—usually expressed as the fractional
change in length—under small magnetic fields. The sensitivity achievable by sen-
sors incorporating such materials is very high, with minimum measurable fields of
the order of 100 pT[SMPO00]. Unfortunately, though the achievable resolution is
excellent, the magnetostrictive response of such materials becomes unstable and
nonlinear outside of a narrow range of temperatures and magnetisations.

The dimension change, illustrated by Figure [3.1], can be considered as being
due to the reshaping and realignment of magnetic domains within the structure of
the material. Magnetic domains are small volumes of the material within which
all magnetic moments are aligned in parallel with each other. Initially orientated
at random, magnetic domains will align parallel to the direction of an applied
magnetic field causing the material to lengthen along that direction. During the
parallel elongation, the material’s total volume remains constant and there is an

opposite dimensional change in the orthogonal direction.

H=0 H

e o=

Figure 3.1: Effect of applied magnetic field H on magnetic domains and magnetic
moments (arrows) within a ferromagnetic material

In order to measure magnetic field strength by magnetostriction, sensors may
be coated with or bonded to a magnetostrictive material[SMPOO][RWET04]. The
strain of the material under magnetisation is then imparted to the fibre strain
sensor. In order to measure bidirectional magnetic field, it is required to construct
a biasing magnetic field around the structure using a permanent magnet in order
to offset the initial domain alignment. Thereafter, the sensor may be used to
determine both the magnitude and direction of an applied parallel magnetic field
at the expense of increased structural complexity.

The magnitude of the magnetostrictive response as a function of magnetic
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field strength varies greatly between materials. Of the pure elements, cobalt
exhibits the largest magnetostriction, reaching 60 pe at saturation. Terfenol-
D, an alloy created specifically to enable giant magnetostrictions, exhibits the
strongest room-temperature response of any material—a relative elongation of
2000 pe at a saturating magnetic field of 160 kA/m (a vacuum magnetic flux
density of 200 mT)—and is the most commonly used magnetostrictive material
for engineering purposes[Clag0)].

As it is related to the level of magnetisation of the ferromagnetic material, the
magnetostrictive response is highly nonlinear. Ferromagnetic materials will, after
the external magnetising field has been removed, tend to retain their magneti-
sation to some extent. This tendency to “remember” the magnetisation history
(hysteresis) results in a relationship between magnetisation (hence strain) and
applied field that depends on the recent magnetisation. The effects of hysteresis
in the biasing magnet and the magnetostrictive material give rise to a strong fre-
quency dependency. Eddy currents induced in the material will also contribute
to the dynamic behaviour and to the heat generated within the structure. These
dynamic effects are of high importance when considering the performance of this
measurement technique within the tokamak environment, where fast magnetic
fluxes will produce large errors if sensors are unable to respond quickly and in
a repeatable manner. Figure illustrates the magnitude (strain) and phase
response of Terfenol-D, where it can be seen that beyond approximately 1 kHz
the magnetostrictive response diminishes rapidly.

The nonlinear response of these materials is most clear at high magnetic field
strengths. Useful magnetostrictive materials experience magnetic saturation at
field strengths below 500 mT, with a linear response over only a fraction of this
range[SMP00]. Moreover, the saturation magnetisation diminishes as the material
is heated, culminating in a total loss of ferromagnetic properties including mag-
netostriction at the Curie Temperature. In the case of Terfenol-D, the maximum
operating temperature is 200 °C, which is considered to be high by the standards
of other ferromagnetic materials[SFCT94]. Figure illustrates the saturation

at room temperature of the magnetostrictive response in three embodiments of
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Figure 3.2: Magnitude (a) and phase (b) responses of the magnetostrictive alloy
Terfenol-D illustrating the dynamic response of the material [ HWCTQ7]
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Figure 3.3: Magnetostrictive saturation of pure (monolithic) and particulate com-
posite Terfenol-D[MCO1]

the Terfenol-D alloy.

Due to the excellent sensitivity achievable, the magnetostrictive mechanism is
highly suited to sensing and actuating applications in benign room-temperature
environments, under conditions of low field strength, and up to frequencies of
approximately 1 kHz. However, its use as part of in-vessel tokamak diagnostic
systems, which must be robust to the large temperature fluxes and be capable
of measuring the large magnetic fields and fluxes with a minimum of distortion
and error, is inappropriate. Since the magnetostrictive response changes dramat-
ically in response to temperature fluctuations, sensors based on this mechanism
would be unable to inherently discriminate between magnetic field and temper-
ature. Compared to a pure intrinsic fibre sensor, the chemical and structural
complexity of a biased magnetostrictive sensor increases the possibility of unde-
sirable radioactive interactions, chemical contamination, and damage due to the
powerful magnetic forces that will be exerted upon the ferromagnetic component.
Additionally, the processing and coating of fibres in magnetostrictive materials is

a complex process that would substantially raise transducer fabrication costs.
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3.2.2 Magnetic Force

Lorentz force is the force exerted upon a point charge by an electromagnetic field,

and may be expressed as

F=qE+ (vxB)) (3.1)

where F' is force, F is the electric field, B is the magnetic flux density, ¢ is the
electric charge of the particle, and v is the instantaneous velocity of the charged
particle. In this expression, x denotes the cross product.

As discussed in Section [3.2.1] ferromagnetic materials are comprised, at the
microscopic level, of volumes of aligned magnetic moments known as domains.
These magnetic moments are contributed by electron spins, the plane and di-
rection of which are mutually parallel within a magnetic domain. Ferromagnetic
materials can be processed to produce permanent magnets, within which the mag-
netic domains are permanently aligned in the same direction resulting in a strong
net magnetic field. Fundamentally, it is the Lorentz force of Equation that
gives rise to both the forces exerted by an electromagnetic field on charged par-
ticles in motion—including electrons in a current-carrying wire—and the forces
exerted on permanent magnets by an external magnetic field including those gen-
erated by a second permanent magnet. Based on these forces, three mechanisms

for measurement of the magnetic field have been proposed:

e (Conductor-Coated Fibre. Either by fabricating a fibre with a conduct-
ing jacket, or by attaching a fibre to a conducting wire or strip, the Lorentz
forces exerted upon the electrons moving in the wire by the external mag-
netic field will produce a deflection of the fibre which can be measured by
a variety of optical fibre sensors|[Oka90][CFK09]. The requirement for cur-
rent flow and electrical conductivity, the elaborate physical design of the
transducer, and the cross-sensitivity to vibration and electric field do not

permit this approach to be used outside of the most benign environments.

e Permanent Magnet on Fibre. A transverse strain can be exerted upon

a fibre via an attached permanent magnet that experiences force from the
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external field. This approach has been used primarily for current measure-
ment around an electrical conductor|[GW09|. Due to the hazards involved
in placing ferromagnetic materials near the tokamak magnetic confinement
system, this is not a suitable measurement basis for this application. It also
suffers from structural complexity and would contribute to a distortion of

the tokamak confinement fields, which would not be permitted.

Fibre Infiltration by Liquid Crystals or Ferrofluids. Recently, the effects
of filling microstructured fibres with liquid crystal materials have been in-
vestigated with a view to enabling new types of fibres and sensors that are
highly tunable in terms of spectral and polarising characteristics]WSE™06][WEL™06].
The potential for measurements of parameters that affect liquid crystal ori-
entation has been demonstrated for use in measurement of electric field and
hydrostatic pressure, both of which will strongly affect the structure of the
infiltrated liquid crystal. Magnetic dipoles can be inherent in liquid crys-
tals, or they can be induced by application of a magnetic field which will
tend to align them as discussed previously. Through application of either an
electric or magnetic field, the structure of the liquid crystal can be changed
within the fibre in order to affect either the opacity or the birefringence of
the medium—the difference between the refractive indices and propagation
constants as experienced by orthogonal optical polarisations. Unfortunately
for this diagnostic application, the strong cross-sensitivity to electric field
will make ambiguous any magnetic measurements due to the large voltages

developed within the tokamak.

Ferrofluids are suspensions of magnetic (sub-domain) nanoparticles dis-
persed inside a liquid carrier. The particles possess an inherent magnetic
moment and will be aligned by an external magnetic field. This magnetisa-
tion results in changes in the volume and viscosity of the ferrofluid, which
in turn affects the propagation of light through the infiltrated region of
fibre]CKMP10]. The magnetic field can be used to move the ferrofluid along

the fibre into regions where sensors are hosted, adjusting the response of
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the sensor regions. As with the ferromagnetic magnetostrictive materials
discussed in Section [3.2.1] the low maximum operating temperatures and
magnetisations of these particles makes ferrofluids unsuitable for tokamak

use.

3.2.3 Magneto-optics

The disadvantages of the modulation mechanisms described above preclude their
application to tokamak diagnostics. With reference to the principal benefits of
optical fibre sensors discussed at the start of this chapter, it is clear that even
after further development these approaches will not allow fibre-optic sensors to
be utilised to their full extent. Sensors based on these mechanisms are limited by
bandwidth, measurement range, operating temperature range, cross-sensitivities,
and chemical and structural complexity as a result of the characteristics of the
actuation methods. The extent of these problems is such that the deployment
of these mechanisms within a tokamak environment would be both fruitless and
potentially damaging.

Of the three principal methods, only the third—magneto-optics—has the po-
tential to function to the desired standard under the extreme conditions of the
tokamak environment. An inherently simple and intrinsic measurement princi-
ple that requires no intermediate transducer, magneto-optics relies only on the
direct interactions between the electromagnetic wave and its magnetised propaga-
tion medium. This allows the sensor element to remain all-glass, with no external
components or internal infiltrations, such that chemical and electrical passivity

are retained and there is no distortion of the external magnetic field.

3.2.3.1 Magnetic Circular Birefringence

In the mid-1800s Michael Faraday discovered that when a transparent medium
such as glass is subject to a magnetic field, it becomes optically active. Specifi-
cally, he noticed that when linearly-polarised light passes through a block of glass
along the direction of the applied magnetic field, it undergoes a rotation of its

polarisation azimuth. This was the first indication of the connection between
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light and magnetic fields, which were previously thought to be entirely unrelated,
and the beginning of the field of magneto-optics.

Magneto-optics can be defined as the study or theory of phenomena arising as
the result of interaction between light and matter when the latter is subject to a
magnetic field. At a fundamental level, the presence of a magnetic field changes
the dispersion curves of the optical absorption coefficient of a material and leads
to the appearance or variation of optical anisotropy. This splitting of system
energy levels by an external magnetic field is known as the Zeeman effect, after
Pieter Zeeman who noted that the bright yellow light emitted by a sodium lamp
was affected, in terms of emitted wavelengths, by the presence of a magnetic field.
Essentially, all magneto-optical (or magnetophotonic) effects are a result of this
splitting of the emission and absorption spectra.

In this thesis, we will be concerned with magneto-optical interactions in the
Faraday geometry (optical propagation along the magnetic field direction)ﬂ. In
this geometry, the Zeeman effect manifests itself as circular dichroism—a differ-
ence between absorption coefficients for the two orthogonal circular polarisations[ZK97].
From the Kramers-Kronig relations, it follows that this magnetic circular dichro-
ism is connected with the splitting of the refractive index of the medium for
these two orthogonal circular polarisationsfoLPTT11]. Thus, the effect of guiding
light in a fibre aligned parallel to a magnetic field is the induction of a circular
birefringence.

Linearly polarised light may be represented by the sum of two orthogonal
circular polarisations with a definite relative phase difference. Prior to the induc-
tion of circular birefringence by a parallel magnetic field, both the right-handed
and left-handed circular polarisations experience the same refractive index ngy and
hence propagate at the same velocity ¢/ng. Thus, the phase difference between
the circular polarisations remains constant as they propagate, as does the polari-
sation azimuth of the resultant plane-polarised wave. Upon magnetisation of the

medium, the refractive index splits into n, and n_ resulting in the two circular

Tn liquids and gasses, a magnetic field applied perpendicular to the direction of optical
propagation will give rise to a linear birefringence. This is known as Voigt geometry and is not
relevant to in-fibre propagation.
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polarisations propagating at difference velocities (¢/ny and ¢/n_). In this case,
a phase difference accumulates between the circular polarisations as they prop-
agate, and the resultant linear polarisation undergoes a rotation of its plane of

polarisation that may be expressed as

L w
2

7 (ny —n_)L (3.2)

where w is the angular frequency, c is the speed of light, and L is the path length
traversed by the optical beam. Often, this relationship is expressed more concisely

as

6 =VBL (3.3)

where

w ™

VB = %(n+ —n_)= X<n+ —n_) (3.4)

is the rotation per unit length, or specific rotary power, with units rad/m. In
this case, V' is the Verdet constant, a convenient measure of the strength of the
magneto-optical interaction in a medium, with units rad/Tm, B is the magnetic
field strength (poH) in Tesla, and A is the optical wavelength in metres. Fig-
ure [3.4] illustrates the azimuthal rotation of plane polarised light propagating in
a magnetised medium.

It is worth noting at this stage that the sign of the Faraday rotation angle
is dependent on the direction of the applied parallel magnetic field. This gives
rise to a property of this mechanism that is key to the technique proposed in
Chapter @} nonreciprocality. If, after traversing a distance L and undergoing a
corresponding azimuthal rotation 6, the plane-polarised wave undergoes a normal
reflection and travels back to the source, the rotation angle is doubled to 26. This
is in contrast to the behaviour of natural optical activity, for example in a fibre
where material circular birefringence has been induced by twisting, in which case
the azimuthal rotation is reversed upon reflection and the net rotation is zero. It

follows that if multiple reflections within the magnetised region can be arranged,
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Figure 3.4: Faraday effect: Azimuthal rotation of linearly-polarised light prop-
agating through a magnetised (blue) medium. The plane of the electric field
is rotated through an angle 6 as a result of the phase difference accumulated
between the orthogonal circularly-polarised components.

the specific rotary power will be increased proportionally.
Re-arranging Equation [3.4], we may derive an expression for the circular bire-

fringence An in terms of V:

_ VBA

™

An (3.5)

From Equation [3.5]it is seen that the specific rotary power and the associated
level of circular birefringence are dependent not only upon the magnetic field
strength but also upon the optical wavelength. In fact, the constant V is also
proportional to the optical wavelength, which becomes clear if one considers the
split eigenfrequencies of electrons in the magnetised propagation medium. These
may be expressed as

eH

= + — 3.6
wE = o 2me ( )

where H is the magnetic field strength in A/m, and e and m are the electron
charge and mass. It is the appearance of these two resonance frequencies that

gives rise to the relative displacement of the curves n,(w) and n_(w)
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dn eH

— 3.7
dw 2mc (3.7)

ni(w) = no(w)

that, when substituted alongside Equation [3.2] into Equation [3.3| results in a

thorough expression of V' in terms of the optical wavelength A:

_ e ydn
2me2” d)\

(3.8)

The strength of the magneto-optical Faraday effect, expressed as V', is there-

fore both wavelength and temperature dependent (due to the j—’; term), although
as discussed later both dependencies are relatively weak and exhibit a propor-

tionality that is, in general, beneficial to the proposed application.

3.2.3.2 Use in Measurement Applications

From the above analysis two separate but related techniques emerge that may
be used to derive the magnetic field strength information using magneto-optical

interactions:

e State of Polarisation (SoP) measurement: The azimuthal rotation 6 of a
linearly-polarised wave over a known path length L may be measured, and
this may then be related to the average magnetic field strength B over
the path (by Equation if the path length is known). An immediate
problem with this polarimetric approach is the large path length required
to produce substantial rotations—an issue when the application requires

excellent spatial resolution.

e Refractive index measurement: The change in refractive indices n, or n_
from their initial value ng may be detected and related to the field strength
by a suitable refractive index sensitive technique. Notably, if the differential
index An can be found, the absolute value of the field strength at that point

can immediately be determined from Equation [3.5]

Of these two approaches, the former (polarimetry) is by far the most pro-

gressed. In general, the focus of this development has not been for point measure-
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ment of magnetic field, but rather for measurement of the contour integral of the
circulating magnetic field around an electrical conductor in order to measure the
enclosed current for power system diagnosticsf]DPBRHS2| [BGNB02][BTd96][BGKB04].
An alternative technique relies on coupling light out of the addressing fibre into a
bulk glass transducer that may be heavily doped in order to increase the Verdet
constant. In this case, the azimuthal rotation takes place over the length of the
glass block, which is placed near the electrical conductor|[CMM™99][NMM™00).
In both arrangements, the polarisation state may be analysed by either inter-
ferometric or amplitude-based means—the former measuring directly the phase
difference accumulated between the propagating circularly polarised modes, and
the latter by re-polarising the exiting light in order to determine the fraction of
the amplitude that has been transferred from the incident axis to the orthogo-
nal one (referred to as a crossed-polariser arrangement if the second polariser is
aligned orthogonally to the initial plane of polarisation). A far better resolution
is achievable with the interferometric approach due to the sensitivity of optical
interferometry and the robustness of this approach to amplitude-based noise.
Prior to the work in Chapter [4 application of the polarimetric approach to
intrinsic fibre point sensors for magnetic field remained undeveloped—the princi-
pal difficulty being the large path lengths required to induce measurable azimuth
rotations in SiO, fibre, within which the Verdet constant is only 0.57 rad/Tm at
1550 nm (0.8 rad/Tm at 1310 nm)[REW97]. With reference to Equation the
rotary power of a magneto-optical arrangement can be increased in two ways: by
increasing the Verdet constant of the medium, or by increasing the path length.
An increase of the Verdet constant in fibre is achievable by doping with strongly
paramagnetic elements such as the rare earth metals (in particular the terbium
ion Th3"), however the factor of 3-4 improvement in sensitivity is minimal and
cannot justify the costly doping process[BS95]. Additionally, the doped fibre
(now paramagnetic) will possess a rotary power that is inversely proportional
to temperature, reducing its suitability to high temperature applications. Con-
versely, if the fibre is left undoped its magnetic response is limited to that of

intrinsic diamagnetism. Though providing weak magneto-optical interactions,
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the diamagnetic fibre will exhibit a rotary power that is directly, and weakly,
proportional to temperature, minimising temperature fluctuations of the Verdet
constant (42 ~ 4x107° °C~! at 1550 nm [WRD™91]) and allowing the transducer
to take advantage of high operating temperaturesﬂ

Simply increasing the path length to improve rotary power is undesirable since
the objective is to enable point measurement of the field. However, it is possible
to increase effective path length using resonant or distributed feedback (DFB)
structures, within which light at the resonant frequencies is trapped for extended
periods while it undergoes multiple reflections due to simple mirrors or coherent
backscattering (from Bragg structures). Since the Faraday effect is nonreciprocal,
the rotary strength will be increased by a factor approximately equal to the finesse
of the resonator. Therefore, if suitable in-fibre resonant structures can be created
and interrogated they may be used as in-fibre point sensors for magnetic field.
This approach, and the associated engineering problems such as interrogation,
sensor bandwidth, multiplexing capabilities, and temperature compensation form
the basis of the work in Chapter

The refractive index measurement approach was first proposed in a fibre point
sensor context by Kersey and Marrone in 1994, who also suggested the suitability
of the technique to plasma diagnostics[KM94]. The approach did not, however,
experience further development. This is likely due to the practical difficulties aris-
ing from the requirements for very high-resolution interrogation and for certainty
of the SoP within the sensor element. Additionally, any inherent material linear
birefringence (a differential refractive index between linearly polarised modes)
within the sensor elements will act to reduce the achievable Faraday rotation.
The reduction of this birefringence within the sensor is not a trivial problem,
particularly since the fabrication process for in-fibre sensors will often introduce
birefringence. These issues make the interrogation of such sensors highly prob-
lematic, especially where serial multiplexing is desired. As such, prior to the work

in Chapter [5| this approach had not been developed beyond Kersey’s preliminary

2Tt is often stated that the magnetic response of diamagnetic materials is—in contrast to
those that are paramagnetic or ferromagnetic—not dependent on temperature. This is usually
a deliberate oversimplification.
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laboratory demonstration of the concept.

3.2.4 Summary

Of the available mechanisms for in-fibre point measurement of magnetic field
strength, magneto-optics will be the only suitable basis for purely intrinsic sen-
sors with the potential to function under the extremely harsh conditions of the
tokamak. Two sensing mechanisms may be proposed on this basis: polarimetric
point sensing using magneto-optical resonant structures, and point measurement
of the induced circular birefringence.

In both cases, the use of standard (diamagnetic) fibre will enable a linear
measurement, of magnetic field that does not saturate or diminish as magnetisa-
tion, temperature, or rate of flux are increased. Hence, a very broad operating
range will be achievable without any inherent bandwidth limitations resulting
from material properties. The magneto-optical response possesses a weak posi-
tive temperature dependence that may be used to improve sensitivity at higher
temperatures. Additionally, both mechanisms are electrically isolated and pas-
sive, chemically inert, and retain the flexibility and geometry of standard optical
fibre.

It is clear that sensors based on this mechanism have the potential to meet
the requirements for tokamak diagnostics, however it remains to engineer the sen-
sor systems and transducers that will solve the fundamental problems associated
with exploiting the magneto-optical mechanism for point measurement in fibre.
A number of design problems arise primarily as a result of the low sensitivity due
to the small Verdet constant in diamagnetic fibre, and the probability of polar-
isation corruption due to intrinsic linear birefringence in sensors and addressing
fibres. These lead to engineering challenges in transducer design, sensor network
topologies, and interrogation procedures (particularly the issue of meeting the
combined requirements of high speed multiplexing and high resolution for large
numbers of sensors).

Prior to addressing these challenges, the operation and interrogation of exist-

ing fibre sensor architectures that are particularly applicable to implementation
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of the magneto-optical mechanism will be reviewed, leading to a foundation for

the proposed solutions.

3.3 Intrinsic Fibre Point Sensors

A number of properties of the electromagnetic wave may be modulated by an
external influence in order to form the basis of an optical fibre sensor. These
are principally the intensity, phase, polarisation state, and wavelength of the
guided wave. For this diagnostic application it is desirable to consider only sensor

architectures that are:

1. Small, with an excellent spatial resolution,

[\)

. Structurally simple, using a minimum of different materials,

w

. Robust to fluctuations in attenuation and signal intensity,

W

. Capable of reflection-mode interrogation,

5. Amenable to serial multiplexing.

By the elimination, in Section of those transduction mechanisms that
are extrinsic or elaborate, Criteria 1 and 2 above are satisfied thus far. Since
they do not meet the multiplexing and robustness criteria above, intensity-based
sensors will not be considered in this thesis. For multiplexing purposes it is
highly desirable to have the transducer encode the measurement within the optical
spectrum, which also provides immunity to power fluctuations (Criterion 3). As
such, wavelength-encoding measurement techniques should form the basis of the
proposed sensors. Known also as spectrally-encoded sensors, this type of sensor
is interrogated by monitoring the transmitted or reflected spectra which will be
altered in some way by the measurand. By encoding all measurement information
in the reflected optical spectrum, Criterion 4—a typical demand in industrial

applications where the chance of failure must be minimised—is satisfied.
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Sensors based on phase or polarisation modulation are incapable, as used in
isolation, of meeting above criteria since they are often extrinsic, transmission-
mode interrogated, structurally complex, and difficult to multiplex. However,
the principals of interferometric (phase-based) and polarimetric (polarisation-
based) optical sensors may be used in conjunction with a wavelength-encoding
foundation in order to expand a spectral sensor’s overall measurement capability.
In this section, two high-performance in-fibre spectrally-encoded point sensors will
be reviewed: the fibre Fabry-Pérot interferometer, and the fibre Bragg grating
(FBG). In the following chapters, the principles of both these sensors will be
utilised in hybrid arrangements that blend their complimentary characteristics in

order to meet the required criteria.

3.3.1 Fibre Fabry-Pérot Interferometers

The Fabry-Pérot interferometer (or resonator) (FPI) is essentially a cavity be-
tween two partially reflecting mirrors, the response of which to a given optical
frequency can be derived from its physical and material attributes. The basic
Fabry-Pérot takes the form of two parallel reflective surfaces, one of which the
optical beam enters at some angle to the normal. Inside the cavity, the beam expe-
riences multiple partial reflections (and transmissions) at both cavity boundaries.
In the case of fibre Fabry-Pérot interferometers (FFPIs), the angle of incidence
and propagation of all beams within the cavity can be assumed to be zero—i.e.

the rays are considered to propagate parallel to the fibre core.

3.3.1.1 Theory

Figure|3.5|illustrates a simple FFPI comprised of a short section of fibre with core
index ng, surrounded by fibre with core index n;. Due to the step change in the
longitudinal refractive index, two partially-reflecting boundaries are created with
reflectivity r given simply by (n; — ng)/(n1 + n2). Importantly, the mirrors may
alternatively be created by coherent backscattering via minor periodic variations
in the core refractive index (the foundation for fibre Bragg gratings, discussed

in the next section), however for this discussion we will assume simple cavity

20



Incident rays Transmitted rays
i
! ny n, n,
v v

e

Cavity
Reflected rays

Figure 3.5: The structure of a simple in-fibre Fabry-Pérot interferometer. In
practice the beam paths are parallel to the fibre core—here they are spread out
to illustrate the multiple reflections.

boundaries.

A comb-like transmission spectrum of the FFPI results from the interference
between the multiple reflections of light between the two reflecting surfaces. Con-
structive interference occurs if the transmitted beams are in phase, corresponding
to a spectral peak in transmission. If the transmitted beams are out of phase,
the resulting destructive interference produces a transmission minimum. Due to
the large number of interfering rays, the contrast of the interference fringes may
be very high compared to the case of two-path interferometers.

In the case of the simple FFPI of Figure the optical path difference (OPD)

between successive transmitted rays may be described by

OPD = 2n.d (3.9)

where d is the cavity length and n. is the cavity refractive index—in this case the
fibre core index (ng from Figure 3.5). Hence the optical phase shift § is given by
A7

27
— “Topp = L 1
) 3 0] 3 ned (3.10)

where A is the incident optical wavelength. The wavelengths of successive peaks

in transmission are those that satisfy the condition

_2nd
om

A (3.11)

where m is an integer, at which point the beams experience maximum constructive

interference at the exit boundary.
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An expression for the intensity of transmitted rays as a function of wavelength
A, reflectivity r, and optical phase shift 6 can now be readily developed. From
the sum to infinity of partially reflected waves, the total transmitted electric field

E; at some point P, in terms of the optical phase shift, is

Ey = Epe®t?[1 + 127 4 (r2e @) 4 (r2e @)t 4 ] (3.12)

where in this case ¢ is an arbitrary phase term giving the distance travelled to
reach P and the time dependence of the electric field. This sum can be expressed

succinctly by geometric series as

, 12
E, = Epe’® | ——— ). 3.13
= (=) 1
Then, the intensity I; of the field at point P is given by the time average of the
expression FyE;. Performing this operation on Equation yields
I;

I, = . 3.14
¢ (1+7%) —2r2cosd ( )

Using the trigonometric identity cosd = 1 — 2sin? /2 this equation can be

expressed as

1, 1
_ 3.15
I; 1+ Fsin? g ( )

where F'is known as the Coefficient of Finesse, defined as

F= (1 3TT2)2. (3.16)

The reflected intensity I, is then simply the reciprocal of this transmission ex-

pression, i.e. I./I[; =1—1,/I;.

Finesse f is a function of F' and is a measure of the sharpness of the in-
terference fringes, or the contrast. By defining the Full-Width Half-Maximum
(FWHM, ) and the Free Spectral Range (FSR, A)) of the interference pattern
as the width of a fringe at half its maximum intensity, and the distance between

adjacent fringes respectively, the finesse f can be stated as
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Figure 3.6: The transmission spectrum of a simple Fabry-Pérot interferometer
with the FSR (AX) and FWHM (§\) labeled (The reflection spectrum is the
reciprocal, i.e. R=1—-1T)

aVF A\
2 — E. (3.17)

f=

The FSR is related to the fringe wavelength A, the refractive index of the

cavity n., and the cavity length d in the following manner:

A

0N = o

(3.18)

The transmission spectrum of a simple FPI is shown in Figure [3.6] where
the FWHM and FSR are indicated. If the spectrum is interrogated in reflection,
the resonances appear as sharp notches in the reflected spectrum, which in off-
resonance regions is close to unity. By monitoring the reflected spectrum, either
the FSR (Equation or the wavelength of a single resonance (Equation
may be tracked and related to a change in the core index n. or the cavity length
d. In this way, the FFPI may be used as a sensor for longitudinal strain or

temperature (which will alter n. via the thermo-optic coefficient) [YKIOS2].

3.3.1.2 Use as Faraday Effect Amplifier

Resonant wavelengths—those that satisfy the condition of Equation|3.11}—undergo

multiple reflections within the cavity before they are transmitted. The number
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of round trips that this light undergoes is of the order of the finesse of the res-
onator, which is proportional to the reflectivity of the mirrors. If we recall that in
Section it was noted that magnetic circular birefringence is nonreciprocal
upon reflection, it is seen that resonant structures such as FPIs may be used
to amplify the Faraday effect when the cavity is magnetised. This concept was
proposed by Rosenberg et al in [RRHG64].

By placing a magnetised FPI between crossed polarisers, one creates a so-
called Malus FPI (after the pioneer of polarimetry Etienne-Louis Malus) that is
able to produce large Faraday rotations over a short distance by addressing the
structure with a resonant wavelength[VBLT99|. At this wavelength, the Faraday
rotation is increased to approximately 6 = fdV B where f and d are the finesse
and length of the resonator and V' and B are the Verdet constant and magnetic
field strength as defined previously. It is important to note that an increase in
the finesse of the resonator will not only increase the effective path length of light
at the resonant wavelength, but by Equation will also decrease the FWHM
of the resonant spectral feature.

Key problems with this interesting approach include linear birefringence in the
cavity, which quenches the achievable Faraday rotation[WLZ07], and the trans-
mission of all strongly resonated light. In bulk glass cavities, as used by Vallet et
al in [VBLT99], the rotary power of the medium can be giant, and the birefrin-
gence small. However, in the fibre analogue of this structure the rotary power
is very small, and intrinsic or strain-induced linear birefringence is common. In
practical terms, the proportionality between finesse and rotary power enhance-
ment means that as the finesse of the magnetised cavity is increased to further
improve the rotary power, the bandwidth of the resonant region becomes van-
ishingly small such that interrogation of the device becomes unfeasible. The low
Verdet constant of fibres may therefore only be compensated for to a small extent
by a simple resonant structure. Finally, in order to use this rotary enhancement
as part of a serially-multiplexed sensor array, it must be possible for the inter-
rogating system to differentiate between cavities spectrally, which in the case of

simple FFPIs is not possible since the resonances are periodic over a continuous
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spectrum.

3.3.2 Fibre Bragg Gratings

A fibre Bragg grating (FBG) is a periodic perturbation of the refractive index
along a fibre core. By a process of coherent backscattering, the FBG has peak
optical reflection at a specific wavelength known as the Bragg wavelength. In
sensor applications, their wavelength-encoding nature coupled with their simple
reflected spectrum mean that FBGs are relatively easy to interrogate and mul-
tiplex, and are effectively immune to the problems of intensity fluctuations and
attenuation. For these reasons the FBG is now ubiquitous in the field of optical
instrumentation, and may be credited with making a large contribution to the

increasing market presence of optical fibre sensors.

3.3.2.1 Fabrication

The fabrication of in-fibre Bragg gratings was first reported by Hill et al in
1978|[HEJKT7g|. By guiding two counter-propagating visible wavelength beams
within the fibre, they noted a periodic modulation of the refractive index along
the fibre corresponding to the interference pattern of the two beams. It was, how-
ever, not until 1989 that Meltz et al, working at the United Technology Research
Centre, demonstrated that such in-fibre structures could be more conveniently
written in the fibre core by an intense sidelong interference pattern from a coher-
ent ultraviolet (UV) source]MMGR89]. An implementation of the interferometric
writing method that uses a phase mask to create the two coherent beams is
predominant today due to the flexibility of selecting the Bragg wavelength inde-
pendently of the wavelength of the UV source.

In the phase mask configuration (Figure [3.8), light from the UV source is
incident on a slab of silica glass, transparent to UV radiation, with a periodic
corrugation on one surface. The corrugation has a square-wave depth profile that,
when illuminated through the polished side of the silica slab, diffracts the UV
light that is incident normal to the mask. The zeroth order mode is suppressed in

grating-writing phase masks, with the majority of intensity being distributed be-
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Figure 3.7: Illustration of the modulation profile of the fibre core refractive index
in an FBG. Often, the modulation will approximate a raised-sine profile.

tween the two first order modes. Though the fibre may be direct written through
the phase mask, as in Figure|3.8], a Sagnac mirror configuration is often deployed
to loop these beams under the fibre and back into the fibre core from the other
side where they interfere, requiring the operator to adjust only the mirror po-
sitions in order to alter the interference pattern and hence the periodicity of
interference maxima at the fibre. Fibres that are photosensitised through doping
with certain materials, usually germanium, will respond to the UV illumination
with a proportional change in the refractive index. As the UV laser is scanned
along the phase mask, this interference pattern is inscribed into the photosensi-
tive fibre core leaving its refractive index modulated with the same periodicity,

as illustrated in Figure |3.7]

3.3.2.2 High Temperature Gratings

A number of photosensitivity mechanisms have been proposed and demonstrated
through which refractive index modulation may be induced in the fibre[Can08][DXT*97].
The temperature response and maximum operating temperature of each FBG de-
pends greatly on its photosensitivity mechanism, and research is ongoing in this
area in order to identify and explain the chemical processes underlying the change
in refractive index. Presently, there is a great deal of interest in regenerated grat-

ings which are formed at high temperatures after the initial erasure of a more
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Figure 3.8: Fibre Bragg grating fabrication apparatus based direct writing
through a diffraction phase mask. The amplitude of the phase mask grooves
is chosen such that more than 80% of the throughput is in the +1 diffracted
beams. [HM97]
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conventional grating.

A number of groups have demonstrated the stability of regenerated grat-
ings at temperatures of over 1000 °C[BCSCO08][Fok02]. Of particular note is the
2008 work by Canning et al which demonstrated the robustness of a hydrogen-
loaded boron-germanium co-doped silica fibre grating at temperatures of up to
1295 °C with little change in the reflection spectrum after repeated thermal
cycling[CSBCO§|. Such gratings outperformed the host fibre, which by 1200 °C
had become brittle and fragile. In terms of high-temperature operation then,
FBGs are presently capable of operating at temperatures far above the maxi-

mum surface temperatures expected in ITER.

3.3.2.3 Linear Birefringence

Standard optical fibres possess an intrinsic linear birefringence of the order of
107% as a result of asymmetries in the cross-sectional geometry or non-uniform
stress distributions formed during fibre drawing. These may be reduced by ther-
mal annealing of the fibre and by improving the quality of drawing procedures.
However, the process of grating inscription will superimpose a linear birefringence
in fibres of the order of 10~ which will dominate the intrinsic birefringence. The
mechanisms responsible for this are still under debate, however a recent compre-
hensive review of UV-induced birefringence in fibres was produced by Canning et
al[CDSKO05].

The processes involved in the birefringence production are numerous and com-
plex; however, it has been established that UV-induced linear birefringence may
be compensated for by adjustments in the optical writing scheme and may be
removed post-inscription by low-temperature (120 °C) annealing[CDSKO05]. In
particular, longer UV wavelengths have been shown to contribute less birefrin-
gence, while the polarisation and alignment of the UV source relative to the
fibre has a significant influence on both the axis of linear birefringence and its
magnitude.

The gratings utilised in the work described in this thesis were fabricated in

such a way as to keep UV-induced birefringence to a minimum. The overall
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birefringence levels, measured using the technique proposed in [EM94], were con-
firmed to be under 107%. Minimisation of the linear birefringence in this manner
is crucial to maintaining the mechanism of Faraday rotation via the magnetic cir-
cular birefringence, ensuring it is not dampened by phase shifts produced between
the linearly polarised modes. This is of particular concern in arrangements where
light is resonant within the grating (Chapter [4)), in which case the detrimen-
tal effects of intrinsic linear birefringence on polarisation-sensitive measurements
will be amplified resulting in a reduction of the rotary power[Rog88]. Addition-
ally, no polarisation mode conversion is experienced by polarised light within
low-birefringent (lo-bi) gratings prior to magnetisation.

Retardance represents the integrated effect of birefringence acting along the
path of a light beam that traverses a length of optical fibre. Given that some
level of intrinsic linear birefringence An; will remain in the grating region even
if preferred fabrication procedures are followed, the linear retardance Ap; of the

fibre may be defined as

where A\ is the optical wavelength and [ is the length of interaction along the
fibre. Where the length of fibre is longer than 7/3;, it has been established that
the circular retardance /3. due principally to the magnetic circular birefringencd’]
will be quenched[Smi80][PHT76]. Given that the fibres and gratings utilised in
this thesis will be shown to retain a linear birefringence of <107%, the worst-
case intrinsic linear retardance may be calculated to be 4 rad/m. This implies a
maximum usable length of 0.775 m to avoid quenching of the Faraday rotation.
From Equation (0 = VBL) it is then clear that at a wavelength of 1550 nm
and a corresponding Verdet constant of 0.57 rad/m, the maximum rotary power
before quenching due to linear birefringence will be approximately 0.442 rad/T or
25 °/T (ignoring the reduction in rotary power as f3; increases). It will be shown

in Chapter {4 that this interaction length will yield sufficient localised rotation

3The circular retardance 8. in a fibre with zero intrinsic circular birefringence is exactly
equal to the Faraday rotation p.
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within the sensor region.

In [RUT9], Rashleigh and Ulrich demonstrated that the quenching of magnetically-
induced circular retardance by intrinsic fibre linear birefringence may be greatly
reduced by a simple twisting of the fibre. By twisting the fibre, a material circular
birefringence is formed by a process of converting the existing linear birefringence
into one whose axes of birefringence experience a rotation evolution as light prop-
agates along the fibre. The resultant elasto-optic circular birefringence may be

described as

Qa; =gt (3.20)

where 7 is the induced twist and ¢ is a material constant that is given approxi-
mately as 0.15 for silica fibres. For strong twists such that |, | > §;, the circular
retardation dominates the linear retardation and the resulting elliptical birefrin-
gence of the fibre (resulting from the superposition of both birefringences) is
predominantly circular. The more the fibre is twisted, the more negligible the
linear birefringence becomes. With sufficient twist, the rapidly-varying linear
component is quenched and the twist-induced birefringence acts as a constant
bias superimposed on the magnetic circular birefringence. This suppression tech-
nique has been successfully demonstrated in a fibre scheme with an interaction
length of 10 m with strong intrinsic and bend-induced linear birefringence.
Importantly for the resonator implementation in Chapter [4] the twist-induced
birefringence is reciprocal, unlike the magnetically-induced components. There-
fore, the suppression of the remaining intrinsic linear birefringence through twist-
ing will be an ideal solution for this application, and will allow the scheme to avoid

the reduction of effective magnetic sensitivity as interaction lengths are increased.

3.3.2.4 Spectral Characteristics

The peak reflected wavelength (the Bragg wavelength, Ag) is a function of the
average or effective refractive index n.¢s over the region of periodic modulation

and the grating pitch A. It is defined as
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Ap = 2neff N (3.21)

Note the similarity between this expression and Equation [3.11] which defined
the condition for peak transmission in an FFPI (A = 2nd/m). The spectral
dependence on refractive index and longitudinal structure is identical in both
cases. The implication is that FFPIs and FBGs that experience the same changes
in refractive index and longitudinal geometry will undergo an identical shift of
spectral features.

The Bragg wavelength is inherently sensitive to strain and temperature and
may be sensitised to other measurands through various arrangements, some of
which have been discussed in previous sections[Rao97]. In general, the FBG is
a far more convenient sensor than the FFPI. It is mechanically stronger due to
the lack of fibre splices, more easily multiplexed due to the small bandwidth,
and enables a linear response and absolute measurement without complex signal
processing.

An excellent review of fibre grating spectra and the coupled mode equations
describing their relationship to the grating’s physical parameters is provided by

Erdogan in [Erd97]. As an initial approximation, the FBG reflection spectrum

(m;x) B (3.22)

The FWHM of this reflection peak is proportional both to the length of the

takes a form similar to the function

grating (the number of refractive index perturbations, N) and the strength of the
perturbations (the modulation depth dn, which is proportional to the total UV
fluence). Using the 4 x4 state matrix method for stratified periodic media[BW99),
the reflection spectra R of FBGs with arbitrary structures may be simulated
numerically as in Figure 3.9}

For many applications, it is desirable to reduce the strength of the modulation
depth towards the edges of the grating. This process is known as apodisation and

can be applied according to a number of distributions such as a raised sine or

61



1.0+

Reflectivity
o
[¢)]
1

0.0 ; / . ) YAVAN
1.498 1.500 1.502

Wavelength (um)

Figure 3.9: Simulated uniform (unapodised) FBG reflection spectrum [Ag = 1550
nm, on = 1073, N = 6000 (total length = 5 mm)]

Gaussian. In uniform (unapodised) gratings, sidebands (smaller reflection peaks
that flank the principal peak in Figure arise due to the resonance created by
the step change in refractive index at the grating edges (between n.s; and the
unexposed regions), which is sufficient to create an effective cavity reminiscent of
the Fabry-Pérot resonator. Applying apodisation to the grating profile dampens
these side-bands by removing the source of this resonance, making the grating
profile simpler and the reflection purer in terms of spectral content (Figure .

A resonance may be deliberately introduced into a fibre Bragg grating by
incorporating a defect into the periodic index modulation. Figure illustrates
the incorporation of a single w/2 phase-step in the index modulation profile at
the centre of the grating. The resulting spectrum possesses a sharp notch in the
reflected spectrum (and peak in the transmitted spectrum) that corresponds to
a highly precise value of the Bragg wavelength. In such a grating, light at the
resonant frequency does not sum coherently upon crossing the phase shift, and
is instead reflected back, forming a resonant cavity between the two distributed
reflectors.

The temporal characteristics of the resonator may be illustrated by the group
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Figure 3.10: Simulated Gaussian-apodised FBG reflection. Grating parameters
as in Figure [Ap = 1550 nm, dn = 1073, N = 6000 (total length = 5 mm)]
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Figure 3.11: Simulated single (central) phase-shifted FBG reflection. Grating
parameters as in Figure [Ag = 1550 nm, dn = 1073, N = 6000 (total length

=5 mm)]
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Figure 3.12: Reflected group delay spectrum for a single phase-shifted FBG.
Grating is identical to that in Figure [Ag = 1550 nm, dn = 1073, N = 6000
(total length = 5 mm))]

delay of reflected light. Figure |3.12] illustrates the group delay spectrum cor-
responding to the phase-shifted grating shown in Figure [3.11] It can be seen
that light at the resonant wavelength is delayed within the grating structure for
extended periods of time. In contrast, the group delay spectrum of a uniform
grating exhibits no such peak. It is clear from Figure that phase-shifted
gratings will allow for amplification of any time or location dependent effects,
such as magneto-optical Faraday rotation, due to the increase in interaction time
within the FBG.

Such in-grating resonators formed by phase-shifted fibre Bragg gratings may
form a basis for realising spectrally-windowed Fabry-Pérot resonators, and hence
the polarimetric point sensors suggested conceptually in Section [3.3.1.2 There
are, however, crucial problems to overcome before this approach will be useful. In
particular, by comparing Figures and it is notable that the wavelengths
experiencing the greatest delay are ultimately transmitted rather than reflected.
This makes such structures useless as reflection-mode sensors without further

development. This, and other fundamental problems with this approach, will be
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tackled in Chapter [4]

3.3.2.5 Sensitivity to Strain and Temperature

The sensitivity of the Bragg wavelength Ap to longitudinal strain on the fibre

may be expressed as

A)\B = )\B(l — pa)AE (323)

where Ae is the relative elongation, and p, is the photoelastic coefficient of the
fibre. For silica fibre, the strain sensitivity is ~1.15 pm/ue for an initial Bragg
wavelength of 1550 nm, and ~1 pm/pue at 1300 nm[Rao97].

For a temperature change of AT, the Bragg wavelength will shift by

AXp = Ap(1+ &)AT (3.24)

where £ is the thermo-optic coefficient of the fibre. For silica fibre, the tempera-
ture sensitivity is ~13 pm/°C at 1550 nm, and ~10 pm/°C at 1300 nm|Rao97].

When using FBG sensors in any but the most benign of environments, the
drifts in Ap due to temperature and strain fluctuations must either be minimised
or compensated for. This is most commonly achieved by introducing redun-
dancy, for example by installing a second, dummy FBG to measure temperature
drifts. The temperature drift in a co-located FBG measuring strain may then
be removed. Alternatively, two FBGs may be configured to measure both strain
and temperature in an arrangement where their sensitivities differ. This may be
achieved by co-locating FBGs with sufficiently different operating wavelengths,
or simply by the orthogonal alignment of installed sensors. In both cases, the re-
sponse of each FBG differs to the extent that both parameters may be extracted
simultaneously by monitoring the movement of both Bragg wavelengths.

Since the sensitivity to temperature and strain cannot be removed from FBGs,
the sensitisation of the device to a third measurand, such as magnetic field, fur-
ther complicates the problem of cross-sensitivity. Where fibre strain cannot be

sufficiently minimised, techniques must be developed to extract a reliable mea-
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surement from a system of three variables. This is particularly important in
situations where the sensitivity to the third measurand is very weak, and the

response may therefore be dominated by drifts in temperature or strain.

3.3.2.6 Sensitivity to Magnetic Circular Birefringence

With reference to Equations and [3.21], the sensitivity of the Bragg peak po-
sition to an induced magnetic circular birefringence may now be derived by con-
sidering the change in the mean grating refractive index n.s¢ as experienced by a
single incident circular polarisation. The sensitivity of the Bragg wavelength to

a change in mean refractive index is given by

A)\B = 2/\An€ff. (325)

From Equation [3.5] which described the splitting of the refractive index for cir-
cularly polarised modes, we can define the refractive index change experienced

by a single circular polarisation (of either handedness) as

B VB
2

An

(3.26)

which is a more useful definition when considering the simplest effect on the FBG
peak wavelength-—a shift rather than a spectral separation. Combining these
expressions yields the sensitivity of the FBG—illuminated with appropriately-
polarised light—to a parallel magnetic field:

avg = 220p (3.27)
™

It should be stressed that this shift will not occur for unpolarised or linearly
polarised light. In those cases, the reflected spectrum will separate rather than
shift, which in the case of a standard grating (where the FWHM bandwidth
is typically between 0.1-0.4 nm) will be undetectable before a field strength of
approximately 3.5 T. From Equation , the sensitivity d\/dB of a standard
1550 nm FBG may therefore be estimated to be 148 fm/T.

With reference to the temperature and strain sensitivities at 1550 nm (13
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pm/°C and 1.15 pm/pue respectively) it is clear that over tokamak-relevant oper-
ating ranges (temperatures between 20-500 °C and magnetic fields between 0-10
T) the peak shift due to temperature or strain will be vastly greater than the
shift due to magnetic field. During a full-scale magnetisation, the FBG peak will
move by a mere 1.48 pm, while a full-scale temperature flux will shift the peak by
6.5 nm—a full three orders of magnitude more. Unless the shift due to magnetic
field can be cleanly extracted from the compound response, measurement of the
field strength using FBG shifts will not be feasible.

Chapter 5] focusses on the development of a measurement system to exploit the
Bragg wavelength’s sensitivity to magnetic circular birefringence while reducing
the impact of the comparatively giant temperature drifts. Prior to this however,

the most appropriate basis for high-resolution interrogation must be determined.

3.4 Interrogation of In-Fibre Bragg Grating Sen-
SOrs

The generic architecture of an FBG sensor scheme is illustrated in Figure [3.13]
In this generalised example, light from an optical source is guided by fibre to the
array of serially-multiplexed FBGs. The reflections from the FBGs are returned
via a coupler to the interrogating device, at which the peak reflected wavelength
from each FBG is demodulated. Typically, the wavelength shifts of each grating

are then digitised and passed to monitoring software.

Source M A,

- eIHHHH eHHHIH
J FBG Array

Interrogating Device

Figure 3.13: A generic FBG measurement scheme. A; and Ay are FBG peak
reflected wavelengths.

At the electronic and photonic system level, there are essentially two parts to

the interrogation of an FBG sensor array. These are: the method of multiplex-
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ing, and the method for wavelength measurement. In some cases—such as with
tunable filters—one leads straightforwardly to the other. In other cases, a high
performance wavelength measurement technique may have few suitable multiplex-
ing counterparts, thus limiting its use in multi-sensor applications. This section
will provide a brief overview of relevant FBG sensor interrogation techniques
in order to recommend a suitable basis for the interrogation of low-sensitivity

magneto-optical FBG sensors.

3.4.1 Interferometric Wavelength Detection

As discussed, the detection of the Bragg shift in magnetised gratings due to mag-
netic circular birefringence will require very high resolution wavelength-shift de-
tection to overcome the extremely low sensitivity. A high measurement resolution
and low noise floor is thus the primary requirement of interrogation techniques
for this application.

Of all the techniques proposed for interrogation of FBG sensors thus far, it
is the oldest technique—Mach-Zehnder interferometry—that offers the highest
performance for a single sensor in terms of both the achievable noise floor and
sensitivity. In terms of strain measurements (a common cross-system benchmark
for fibre sensor systems), dynamic resolutions of the order of 5-10 ne are read-
ily achievable with interferometric interrogators[KBM92]. While other proposed
techniques, such as tunable filters and CCD arrays, may possess better multiplex-
ing capabilities, they generally exhibit resolutions that are worse by at least one
order of magnitude or are not applicable to C-band wavelengths[KBM93][Lee03].
The wavelength-decoding basis for magneto-optical FBG sensors should therefore
be interferometric.

Figure illustrates the fundamental Mach-Zehnder interferometer (MZI)
interrogation scheme. In this arrangement, light from a broadband source illu-
minates an FBG, and its reflection is guided via a coupler to the MZI. The MZI
is typically constructed between two 2 x 2 fibre couplers, where one arm of the
interferometer is bonded to a piezoelectric actuator to allow for voltage-controlled

adjustment of the optical path difference. At the final coupler before the detec-
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Figure 3.14: Mach-Zehnder interferometric FBG interrogation scheme. Using
feedback control the interferometer may be either locked in quadrature or phase-
swept. BBS is Broadband Source, MZI is Mach-Zehnder Interferometer.

tion system—the point of interference—the phase difference accumulated between
the coherent beams is converted to an intensity modulation through interference.
The intensity I at this point is related to the accumulated phase difference ¢ by

the general expression

I'=A+ Bcos¢ (3.28)

where A and B represent the nominal Bragg reflection intensity and the mod-
ulation depth respectively. Modulation depth will reduce as the optical path
difference between the interferometer arms tends towards the coherence length of
the input light, which is set by the bandwidth of the FBG reflection according to

the common definition

_ M

- b 2
Y)Y (3.29)

where A\p is the Bragg wavelength, n is the refractive index of the medium
(n =~ 1.4682 for silica fibre), and JA is the FWHM bandwidth of the FBG re-
flection peak. Given a standard FBG with 0.2 nm bandwidth situated near the
telecommunications band (~1550 nm), the coherence length of the FBG reflection

may be approximated to be 8 mm. The OPD (given by nd where d is the physical
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path difference) may therefore be no longer than this without compromising the
depth by which the intensity may be modulated by interference, and therefore
the sensitivity of any derived measurement.

The power and sensitivity of optical interferometry may be illustrated clearly
by considering the change in path difference required to alter the intensity at the
point of interference from a maximum to zero. The phase difference between these
conditions is 7 rads, which for a 1550 nm beam in silica fibre requires a change
in the physical length of either interferometer path of just 527 um to produce a
full-scale attenuation of the beam.

The phase difference ¢ at the output of the interferometer is described by the

relationship

B 2mnd

°=7

+ ba (3.30)

where the term ¢4 represents gradual drifts in the phase difference, primarily
due to environmental temperature fluctuations which will affect both the path
lengths and the refractive index. Compensation for this drift in nd is one of
the main problems associated with practical utilisation of interferometric FBG
interrogation, and techniques must be developed to deliver this compensation if
quasi-static measurements are required. For the measurement of purely dynamic
(ac) signals, the drift in nd is not as problematic. However, changes in the path
lengths will also affect the sensitivity of the interferometer (by Equation ,
and if the basic 2 x 2 MZI is not locked in quadrature (¢ = 7/2 £+ nm) it may lose
its sensitivity to phase changes altogether (by Equation .

If the MZI is terminated by a 2 x 2 coupler, the interference pattern is repli-
cated on both outputs with a relative phase offset of m rads. To reduce error
in phase demodulation due to fluctuations in the input intensity, these outputs
are often processed ratiometrically after photodetection. Thereafter, a feedback
loop may be used to lock the interferometer in quadrature where the sensitivity
is a maximum and the drift is minimised. Such a scheme may be used to detect
rapidly-changing ac signals, and also slowly-varying phase changes. However,

the action of the feedback loop renders detection of static (dc) signals infeasible
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Figure 3.15: FBG interrogation using a 3 x 3 coupler based MZI. BBS is Broad-
band Source, MZI is Mach-Zehnder Interferometer.

since the output is continually being nulled[KM94]. This may be compensated
to some extent by tailoring the gain and response time of the feedback loop to
accommodate measurands of different rates. Alternatively, a sawtooth voltage
may be applied to the fibre stretcher of Figure in order to ramp the phase
difference between 027 rads, which removes ambiguity due to the drift term ¢q4
by phase-modulating the wavelength shift. Phase-sensitive detection at the mod-
ulation frequency between a reference signal and the sensor signal may then be
used to accurately extract the phase shift—and hence wavelength shift—of the
sensing FBG[KB92].

The key problem with interferometric wavelength-shift detection as discussed
thus far is that multiplexing is cumbersome where modulation of path lengths is
required in order to overcome ambiguity in the response. Kersey has proposed
a technique for the simultaneous phase-sensitive detection of a number of FBG
reflections that makes use of a passive wavelength-division multiplexer to discrim-
inate between reflections prior to their separate photodetection[KB96]. This is a
promising basis for high-resolution multiplexing interrogation—however, it suffers
from error at low frequencies due to numerous drifts inherent in the interferom-
eter phase that cannot be fully compensated for by the ratiometric detection of
only two outputs.

In 2000, Todd et al proposed a solution to this problem which allows for
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both dc and ac measurements to be made with interferometric accuracy[TJC99).
Using a 3 x 3 coupler as the point of interference instead of the conventional
2 x 2, the interference pattern is again replicated at the coupler outputs, but now
with a mutual phase difference of %” rads[She81]. This scheme is illustrated in
Figure [3.15]

With this approach, after photodetection of the coupler outputs the voltages

may be expressed as

Vo= An+ Bpcos (¢ +6,) (3.31)

where n = 1, 2, 3 for the three photodetectors, the (A4,, B,, 0,) terms contain
mean intensity level, fringe visibility, photodetector responsivity, and the coupling
properties of the 2 x 2 and 3 x 3 couplers that form the interferometer, and the
term ¢ is the phase signal of interest. The phase differences 6y, 6, and 605 are
ideally given by 0, +27/3 and —27/3 respectively.

If the parameters A,, and B, are normalised arbitrarily to those of the first
channel then an algorithm can be constructed based on the three scaled outputs
that is robust to fluctuations in input power level and provides a method for
calculation of the interferometer phase. The parameters that must be determined
for such an algorithm are therefore the fringe maxima, minima, and mean on
each channel, and the phase differences between coupler outputs. Importantly,
the mutual phase difference is unlikely to be exactly +27/3 in practice, which can
be compensated for by inclusion in the demodulation algorithm once true phase
differences are measured (using, for example, the technique in [SHS93]).

Given that the parameters (A,, B,, 0,) have been determined, it is then
convenient to define the dimensionless parameters «,, = A, /A; and 8, = B, /B,
and scale the photodetector voltages by their corresponding parameter to produce
the normalised channel voltages V,, = V,, /ay,. Standard trigonometric relations
can then be used to rearrange Equation to produce an exact expression for
the tangent of the phase as a function of the voltages and interference pattern

characteristics[TSB02]:
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(p2 — M3)‘Zl + (us — Ml)‘:@ + (p1 — ,u2)?§’>
(v2—=1)Vi+(3—7)Va+ (11 —7)V5

In this expression, pu, = g—” sinf,, and v, = g—"

tan ¢ =

(3.32)

cos 0,, have been introduced to
allow for the inclusion of arbitrary phase angles between coupler outputs which are
measurable and constant. After voltage normalisation the expected fluctuations
in fringe visibility and mean interferogram levels affect each channel simultane-
ously and in proportion, thus rendering Equation immune to fluctuations in
input optical power.

Thus seen, the 3 x 3 MZI technique provides a method for determining pas-
sively and immediately the phase in an interferometer. An FBG interrogation
system based on this approach would not be constrained by the path length
modulation or stabilisation procedures that other interferometric regimes require
for phase demodulation since here the determination of phase is immediate for
both ac and dc measurands. This approach may therefore form the basis of
an interferometric interrogation scheme suitable for use with sensor arrays and
quasi-static measurands, while retaining the excellent resolution and noise levels

associated with conventional interferometric techniques.

3.4.2 Wavelength Division Multiplexing

In the context of FBG sensors, Wavelength Division Multiplexing (WDM) refers
to the differentiation between sensor reflections based on their spectral location.
This is achieved by writing each grating with a different modulation period, result-
ing in an array of serially-multiplexed FBGs that are spaced periodically over the
bandwidth of the broadband source. In the basic scheme, all grating reflections
return to the detector simultaneously and constantly, which then discriminates
between them and deploys the chosen wavelength-demodulation technique.
Although prism/CCD array techniques can allow for sub-10 ne resolutions
while providing multiplexing and simultaneous detection|[Lee03|, the processing
is complex and the responsivity of the silicon detectors (i.e. their quantum ef-

ficiency) begins to drop off as wavelengths approach the near-infrared—beyond
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which FBGs are conventionally fabricated. Most common FBG WDM is there-
fore achieved by more rugged means: a scanning filter with a narrow passband
(less than or similar to the FBG FWHM), in combination with a broadband
source and broadband detectors. In scanning WDM regimes, the filter is tuned
periodically over the bandwidth of the source such that a single grating is illumi-
nated at any given time. Generally, the tunable filter is either a voltage-controlled
Fabry-Pérot resonator (see Section or a frequency-controlled acousto-optic
filter KBM93][BWDNO1]. The control signal applied to the filter is used to map
the reflection peaks to the source spectrum, and in this way the wavelength-shift
of FBG reflections may be determined.

In scanning filter systems, the technique for wavelength-shift detection is im-
mediately amenable to multiplexing since the filter provides both measurement
and discrimination between FBGs. However, as stated, the wavelength detection
resolution is relatively poor compared with interferometric methods. In addition,
the bandwidth of the scanning filter approach is often relatively low (< 1 kHz)
due to the limitations of the required electronic processing schemes. Despite these
limitations in bandwidth and sensitivity, the scanning filter remains popular due
to the flexibility in selecting the amount of FBGs and their wavelengths and its
ability to deliver both static and dynamic measurements with relative ease.

In order to overcome the limitations of both the interferometric and scanning
filter approaches, Todd et al proposed in 2001 a hybrid technique incorporating
both the 3x3 MZI method and a scanning filter[JTACO0][T'JAOI]. In this scheme,
illustrated in Figure [3.16] the scanning filter is configured to cover the bandwidth
of the source, and the FBG centre wavelengths may be placed anywhere within
this region of the spectrum. As the scanning filter moves over an FBG peak,
the MZI is illuminated by the reflected wavelength. At the moment of precise
correspondence between the filter and FBG peak wavelengths, the phase at the
output of the interferometer may be related directly to the FBG peak wavelength.

A supporting electronic processing scheme, shown in Figure [3.17] was pro-
posed in order to extract the relevant MZI output levels at the time of total over-

lap. The peak voltages encountered at the photodetectors as the scanning filter
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Figure 3.16: Optical scheme proposed by Todd et al for combining interferometric
wavelength-shift detection with scanning filter-based multiplexing|JTACO0]

75



Comparator 1

Photodetector A +

One-shot

Y

Vrtu RESET

| Analog EXtCLE
Photodetector B Peak Detector g
— A/D
Photodetector C —> Peak Detector Mo Board ‘:> PC
_— = 5 Analog  pigital
Photodetector D > Peak Detector CH3 o

4

- Comparator 2
Triangle-wave

oscillator

Differentiator

A 4

Figure 3.17: Electronic processing scheme proposed by Todd et al for capturing
relevant photodetector outputs during filter scan[JTACO0]

moves over the FBG reflection peak are retained by peak-hold circuitry. Once
the voltage at the output of Photodetector A (from Figure rises above a
threshold to indicate the occurrence of an FBG and then returns to the nominal
low level, the voltages at the peak holds may be sampled. Thereafter, the phase
demodulation technique described in the previous section is deployed and the
peak hold circuitry is reset.

The system proposed by Todd to exploit the passive and immediate phase
demodulation allowed by the 3 x3 MZI method has outstanding potential in terms
of combining high-resolution interrogation and flexible multiplexing. An excellent
noise floor of 5 ne/v/Hz was demonstrated with this system at a measurement
rate of up to 10 kHz. Additionally, its multiplexing capability is similar to that of
the flexible scanning filter methods, i.e. 16-20 sensors. The overall performance
of the hybrid technique makes it highly applicable to interrogation of an array
of magneto-optical sensors. However, there are limitations with the approach

which derive primarily from the requirement for the electronic processing stages

of Figure [3.17]
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The electronic stages are required in order to capture the voltages that occur
momentarily at the photodetector outputs when the scanning filter overlaps the
FBG reflection. Between these moments, the scanning filter is moving over empty
spectrum, and the processing stages are simply waiting to be triggered—rendering
approximately 99% of operating time unutilised. This wasted time is always
present in scanning filter regimes—however, it is more obvious in a scheme where
the spectrum is no longer continuously sampled, as with Todd’s hybrid technique.

Additionally, noise is introduced between the photodetection and phase de-
modulation stages by the addition of the electronic subsystems. Therefore, in
order not to compromise the excellent resolution achievable with interferometry,
a great deal of effort is required to reduce noise contributions within the elec-
tronic circuitry and keep these modules isolated from interference, temperature
fluctuations, and vibration.

Based on this discussion, techniques derived from multiplexing interferometry
(using the 3 x 3 MZI method) should form the basis of the interrogation com-
ponents for the magneto-optical systems proposed in this research. It is clear,
however, that further improvements to the state of the art in multiplexing inter-
ferometric interrogators will be possible. To this end, an alternative to Todd’s
scanning/electronic implementation will be demonstrated (Chapter @ that may
solve both the noise and efficiency issues discussed above, while allowing the in-
terrogation rate to move far beyond what is achievable by systems reliant on

scanning filters.

3.4.3 Time Division Multiplexing

The Time Division Multiplexing (TDM) of FBG sensors is an alternative to
WDM where sensors are discriminated by their time of arrival at the detector,
rather than their wavelength. In fact, for simplicity and cost-saving purposes, all
FBGs within the array may be written at precisely the same wavelength within
TDM-based measurement schemes.

Due to the limitations imposed by FBG and source bandwidths, it is common

for WDM-based interrogation systems—including the hybrid technique discussed
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Figure 3.18: Basic TDM interrogation scheme for serially-multiplexed FBGs using
a pulsed broadband source (PBS)

above—to acquire measurements from less than 20 sensors, which is sufficient for
many applications. In stark contrast, applications such as sub-sea hydrophonics
or wind farm condition monitoring require the acquisition of hundreds, or even
thousands of sensors[GFVMO09]. In these cases, conventional WDM interrogation
is insufficient.

TDM interrogation of FBG sensors allows for potentially unlimited numbers of
serially-multiplexed sensors to be interrogated by a single system. In general, the
source in such systems is configured to be pulsed periodically rather than contin-
uous, facilitating the staggered illumination of FBGs and hence the arrival of their
reflections at the interrogation system (illustrated by Figure[3.18) [ZCWT02][Rao97].
Optical delay lines may be placed between FBGs in order to space the arrival of
their reflections at the interrogator, since sufficient illumination time must be al-
lowed for the processing of one reflection before the arrival of the next in line. For
these reasons, the rate at which sensors may be interrogated is relatively low in
TDM schemes and is inversely proportional to the number of sensors. In order to
overcome this and allow interferometric interrogation of large sensor arrays (> 100
sensors), Chapter @ includes a proposal for a hybrid WDM /TDM /interferometric

scheme.

3.5 Fibre Irradiation Effects and Resistance

Irradiation is known to affect the characteristics of optical fibres, and specifically

those of in-fibre Bragg grating sensors. The cautious nature of the nuclear indus-
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n flux v dose rate n fluence ~v dose

Location (> 0.1 MeV) Gy/s n/m? MGy
n/m?s

Near blanket gap 0.2-1 x 10'7 20-100 0.4-2 x 10**  200-1000

Behind blanket 2 x 1010 <20 2 x 10% <200

Inboard TF coil side 1 x 10™ 0.1 10 1

Table 3.1: Predicted total gamma () dose and neutron (n) fluence at key mag-
netic sensor locations over the ITER operational lifetime (see Section [2.2.2.2))

try requires that the radiation-induced effects must be investigated thoroughly
before fibres may be deployed in a nuclear environment for either communications
or sensing purposes. Although research is ongoing in this area, with many of the
observed effects yet lacking satisfactory explanations, a great deal of irradiation
testing of fibres and FBGs has been performed—often by institutions associated
with the ITER project. From these studies, we may draw conclusions as to the
suitability, and survivability, of FBG sensors as part of the ITER diagnostics.
Under conditions of combined gamma and neutron irradiation, optical fibres
will exhibit a proportional increase in both attenuation and luminescence that
is wavelength-dependent. Additionally, both gamma and neutron radiation will
contribute to a densification of the glass structure. Prior to discussing these
effects, the cumulative radioactive dose experienced by the hypothetical sensor
installation is required. From the operational lifetime and gamma and neutron
fluxes expected in the relevant ITER locations (see Table , we may estimate
the total gamma dose and neutron fluence over the sensor lifetimes, shown in
Table |3.1] To facilitate this calculation the total exposure time to the predicted
radiation levels—taking into consideration the temporal distribution of the irra-

diation over a pulse—may be estimated to be 107 s (~2800 hours)|[CCK™01].

3.5.1 Radiation-Induced Defects

Attenuation of the guided light in commercial grade optical fibre is due pri-
marily to Rayleigh backscattering and, where applicable, macrobend losses. For

the industry standard Corning SMF-28e fibre, the attenuation in pristine fibre
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is just 0.2 dB/km at 1550 nm (the standard telecommunications wavelength),
and 0.35 dB/km at 1383 nm—the location of the previously problematic “water
peak” in attenuation due to residual hydrogen-based impurities in early optical
fibres[Cor11]. For the most part, absorption defects in pristine commercial grade
fibre have been engineered out by substantial improvements in the drawing pro-
cess and in the purity of the fibre preform’s chemical composition. The remaining
intrinsic sources of loss are broadband, contributing uniformly to attenuation over
the spectrum.

In contrast, the introduction of point defects in the glass structure will tend
to produce narrowband absorption regions in the spectrum. It is these strongly
wavelength-dependent contributions to the absorption spectra that are of primary
concern to those proposing the use of optical fibres in nuclear environments. In a
2005 review, Skuja et al summarise the defects that may be produced in optical

fibres[SHHKO05]. Relevant defects include:

e Neutral Oxygen Vacancy. An oxygen vacancy may be produced either
by the collision of neutrons with bridging oxygen atoms in the SiO, glass
network, or following intense (MGy) doses of gamma radiation. The oxygen
deficiency defect will absorb UV photons at a wavelength of 163 nm. How-
ever, where the silicon atoms involved possess a divalent bond, the defect

will instead absorb at 240 nm and photoluminesce at 280 nm and 460 nm.

e [nterstitial Oy or Os. The compliment of the defect above. An oxygen
molecule that has broken free of the glass network may becoming trapped,
forming an interstitial defect. The Oy molecules will absorb at < 190 nm,
770 nm, 1280 nm, and 6.5 pm. Alternatively, irradiation of oxygen-rich
silica may produce Os molecules that may become similarly trapped, ab-

sorbing at 250 nm and photoluminescing at 1300 nm.

e Peroxy Linkage. An oxygen-oxygen single bond may form that will
absorb photons at 190 nm, and thereafter may shift to absorption at 175

nm by a process of photolysis.
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e Silicon Dangling Bond. Also known as an E’ centre, these are the result
of an unconnected silicon atom bond. These defects absorb strongly in the
200-250 nm range, dominating the absorption spectrum at shorter wave-
lengths, and may be created more rapidly under conditions of the combined

neutron and gamma fields expected in [TER.

e Hydroxyl Ions. If hydrogen or water is present in the fibre, interstitial
hydroxyl (OH™) ions may be introduced to the glass network resulting in
Si-OH and Si-O-OH groups. The OH ions possess a vibrational resonance

at 2.3 pm, with relevant harmonics at 950 nm, 1240 nm and 1390 nm.

o Silicon Hydride. If both are present, interstitial hydrogen may react
with the oxygen vacancy to produce a silicon-hydride defect, absorbing

photons at 1530 nm and 4.4 pm.

Based on the possible radiation-induced defects, it is clear that where hydro-
gen is not present in the fibre the infrared range from 1400-1600 nm (includ-
ing the telecommunications band at 1550 nm) is the most robust region of the
spectrum. The entirety of the defect-based absorption and emission events in
non-hydrogenated fibre occur at shorter wavelengths (100-1300 nm), requiring
treatment and preparation of the fibre pre-irradiation to make light guidance in
this range feasible.

A substantial amount of work has been done to reduce the radiation-induced
absorption (RIA) at these shorter wavelengths. One of the most successful tech-
niques for dampening the most prominent absorption lines—due primarily to the
dangling bond defects—is to soak the fibre in hydrogen at high-pressure in or-
der to diffuse molecular hydrogen into the glass structure[HHK™08|. This has
the effect of saturating the dangling O or Si bonds. As can be seen from the
descriptions above however, hydrogen-loading the fibre in this way introduces
strong absorptions at the longer infrared wavelengths—including a reintroduc-
tion of the “water peak” at 1383 nm which thereafter dominates the absorption
spectrum over the range 1300-1500 nm. As an alternative to hydrogen load-

ing, fibres may be fluorine-loaded to achieve a similar saturation of dangling
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bonds, without reintroducing the “water peak”. However, it is beneficial that the
telecommunications band—for use in which the majority of photonic components
are manufactured—experiences a minimal increase in absorption due to radiation-
induced defects. Thus seen, for ITER applications it will be most convenient to

propose only sensors and systems that function in the 1550 nm region.

3.5.2 Dependence on Fibre Coating

In environments such as fusion reactors, where the fast neutron (£ > 0.1 MeV)
flux will be substantial, appropriate selection of the fibre coating material becomes
critical to the minimisation of defect absorption. Commonly, fibres are shielded by
an acrylate outer coating that may possess a hydrogen content as high as 14%. It
has been shown that the nuclei of these hydrogen atoms (protons) may be ejected
from the coating upon collision with incident neutrons, allowing them to become
embedded in the glass network of the fibre. In [SHI7] it was demonstrated that,
compared with hydrogen-free coatings, acrylate coatings will contribute a 21%
increase in attenuation to the host fibre (by the hydrogen-based defects outlined
above).

In general, coatings comprised of heavier atoms such as metals will be less
mobile under neutron collision conditions. In [BBET01], pure silica core fibres
with fluorine-doped claddings were coated in either polymers or aluminium to
allow for a direct comparison between the radiation-induced attenuation. Af-
ter 6 months of irradiation, the polymer-coated fibres exhibited strong absorp-
tion around 1390 nm (shown in Figure , which corresponds with the “water
peak” formed by the hydroxyl defect discussed earlier. The proposed explanation
was that the hydrogen atoms are ejected from the coating by incident neutrons,
forming OH groups in the glass. Indeed, it was shown that after irradiation the at-
tenuation continued to grow, implying that once the hydrogen had been loosened
it was able to diffuse into the core from the coating without further irradiation.
Fibres for use at infrared wavelengths in nuclear environments should therefore

strive to use coatings with only minimal hydrogen content.
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Figure 3.19: Comparison of the near-infrared radiation-induced absorption of
pure silica core fibres coated in a polymer or metal. Radiation field is combined
neutron-gamma.[BBFT01]

3.5.3 Dependence on Dopants

Fibres are not comprised purely of SiOy. In order to meet the total internal
reflection requirements for waveguiding, a sufficient difference in the core and
cladding refractive indices must exist (of the order of 1073). This difference is
conventionally created by doping the glass, for example with Ge (germanium) or
P (phosphorus) to raise the refractive index, or F (fluorine) or B (boron) to lower
it.

The fibre chemical composition will to a large extent determine its suscepti-
bility to gamma radiation. This is due not only to direct interactions between the
dopant bonds and photons, but also due to the adjustment of the glass’ fictive
temperature (melting point). A higher fictive temperature implies increased bond
strain at lower temperatures, which in turn increases the probability that gamma
radiation will cause damage to the glass network by breaking these bonds. In
general, a more relaxed glass network is less susceptible to damage by gamma
radiation.

The effect of the common Ge dopant on irradiation sensitivity was studied
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Figure 3.20: Radiation-induced attenuation in Ge-doped and Pure Silica Core
(PSC) fibres during 6 MeV neutron test|GGP794]

experimentally in [GGPT94]. During irradiation with 6 MeV neutrons (a total
fluence of 8 x 10" n/cm?), a factor of 20 increase in radiation-induced attenuation
was noted between pure silica core fibres and those that were Ge-doped as shown
in Figure [3.20] For a 10 kGy dose of 0.5 MeV gamma rays, the attenuation was
similarly larger in the Ge-doped fibre by a factor of 5. From these studies, it may
be concluded that fibres with pure silica cores are the least susceptible to radiation
in the 0.8-1.5 um range. Crucially, this implies that standard telecommunications
fibre such as SMF-28e, which uses Ge as a primary dopant, will not be suitable
for use in the I'TER environment.

As an alternative to Ge-doped fibres, PSC fibres may achieve waveguiding by
doping the cladding with fluorine. This type of PSC fibre has attracted much
interest, due both to the reduction in the detrimental Ge content, but also due to
the bond-saturating pre-treatment discussed in Section that acts to reduce
the occurrence of dangling bond defects. Aside from reducing the absorption at
short wavelengths, fluorine doping also has the effect of relaxing the glass struc-
ture, making it less susceptible to breakage under gamma radiation|[SHHKO05].
The beneficial effects of fluorine-doped PSC fibres in comparison to standard Ge-

doped telecommunications fibres at 1550 nm under gamma irradiation are clearly

84



g

\

g
-

g Philips . .
3 250 ~ / ‘
z .
-lg - recovery
§ 150 // Corning
= g —
Twoi A 1 *imdiation | 2" imadiation
’ Oxford

]

— mm————y

s

P
. .-
04 — + t ——

O0E+00 SOE+0S LOE+06 15E+06 2,0E+06 25E+06 30E+06 ISE+06 4,0E+06
Dose (Gy)

Figure 3.21: Induced loss at 1550 nm for three irradiated fibres: Corning
and Philips fibres are Ge-doped; Oxford fibre is pure SiOy core and F-doped
cladding[VUBNT99)

demonstrated in Figure |3.21}

3.5.4 Glass Densification

Densification is the compaction of the glass network that may occur under neutron
and, to a lesser extent, gamma irradiation. In [POHO0], Piao et al explain by ther-
modynamic principles how a localised region of high-pressure high-temperature
may change silica glass from its A-phase to its B-phase. In the B-phase, also
known as the metamict phase, the angle between bonds in the glass network is
smaller by 10°, leading to an increase in the density of the network in that area.

During neutron bombardment, highly localised thermal spikes may be created
in the glass network[Pri58]. Temperatures of 5000-10000 °C may be experienced
in the region around the bombardment (~ 10* atoms), combined with a pressure
of between 0.3-0.7 GPa. Under these conditions, the glass phase maybe changed
permanently, even after the glass is returned to low temperatures. By this pro-
cess, under neutron bombardment the glass will gradually become denser, leading
to a compaction of 2-3%. Interestingly, this is far lower than the densification
achieved by heating through non-radioactive means. The implication is that neu-
tron bombardment also creates many voids in the glass structure that contribute

to a reduction in density.
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Under gamma radiation, densification can occur by a different mechanism. At
room temperature, bonds in the glass network are under strain. The breaking
of one bond by ionizing radiation leads to a relaxation of the entire network,
which may be considered to be an array of strained springs. Upon relaxation,
the density of the network is increased. Since the neutron compaction mecha-
nism depends on thermal spikes, it varies minimally between fibres of different
chemical composition. In contrast, the gamma contribution—which depends on
the relaxation of strain in the glass network—must be dependant on the atomic
composition of the glass.

By the Lorentz-Lorenz equation, the change in glass density as a result of irra-
diation may be related directly to a change in refractive index[Pri5g]. Addition-
ally, by the Kramers-Kronig relationship—utilised previously in Section [3.2.3.1
the change in refractive index will then correspond to a change in the intrinsic
absorption of silica glass, and hence the attenuation of the guided wave[oLPT11].
In this way, densification may contribute directly to radiation-induced attenu-
ation in optical fibres. In non-hydrogenated fibres that do not have polymer-
based coatings, it has therefore been suggested that densification may be the
primary contributor to the RIA at 1550 nm (seen at the longer wavelengths in
PSC fibres in Figure , where the defects outlined in Section are not
applicable[BBET01].

3.5.5 Temperature Dependance

As mentioned, a relaxed glass network will incur less damage from incident gamma
radiation. It is notable that as the environmental temperature is raised, studies
show that the RIA in exposed fibres is reduced. This may be explained by
considering that as the glass is brought closer to the fictive temperature, the
bonds are less strained and are therefore less likely to be broken by ionizing
radiation[Per11].

As an illustration of this temperature dependence, it was demonstrated in
[VUBNT99] that by increasing ambient temperature from 45 to 80 °C the RIA in

both SMF-28e and fluorine-doped pure silica core fibre was decreased by factors
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of 2 and 0.5 dB/km/°C respectively. In a gamma field therefore, it is beneficial
to operate at raised temperatures. Given that the operating temperatures of
in-vessel magnetic sensors are likely to be up to 300 °C during irradiation, a
substantial improvement in RIA levels can be expected compared with sensors
irradiated at room temperature. However, it was shown that when temperatures
are lowered, the expected loss levels return, indicating that the damage is not
being recovered; rather, it is being masked. For this application however, it may
be possible to take advantage of the raised temperatures since measurements will

only be acquired during pulsing while temperatures will be raised.

3.5.6 Birefringence and Polarisation Control

Since the systems proposed in Chapters [4] and [5| rely on polarisation control, it is
of interest how PM fibres react to gamma and neutron irradiation. Of primary

concern is the possible change in the beat length of the fibre, given as

Ly=7% (3.33)

where B is the birefringence in the PM fibre (B = n a5t — Nsiow)- In such fibres,
a high birefringence is deliberately introduced in order to make the propagation
constants of the two polarisation modes very different. In this way, the relative
phase of the copropagating modes rapidly drifts away, and any disturbance along
the fiber will produce a coupling between the modes only if it has a significant
frequency component with a wavenumber similar to the difference of the propa-
gation constants of the two polarisation modes. If this difference is large enough,
the usual disturbances in the fiber—such as bend, heat, strain, or even stray
magnetic fields—are too slowly varying to couple the modes effectively.

Thus, when linearly-polarised light is launched into one axis of PM fibre,
it will continue to propagate along this axis with its azimuth being generally
unaffected by external disturbances, including the Faraday effect. This property
will be utilised later in the thesis to ensure measurements are confined to grating

regions. However, if the beat length were substantially altered by irradiation,
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this could undermine the ability of the PM fibre to maintain and isolate linear
polarisations.

There are a number of ways to create highly-birefringent PM fibre. Often,
birefringence is introduced by including two stress rods of a modified glass com-
position in the fibre preform on opposite sides of the core in order to cause
mechanical stress with a well-defined orientation. This will then create two or-
thogonal modes with a sufficiently large birefringence. Alternatively, elliptical
core fibre may be used. In a photonic crystal fiber (PCF), strong birefringence
can be obtained with an asymmetric arrangement of air holes, or simply by the
insertion of stressing elements. As will be discussed, PCF is extremely resistant
to radiation-induced attenuation, and would therefore be an excellent choice in
this PM application.

The effects of gamma radiation on a stress-induced PM fibre were studied
independently by Marrone et al and by Voloshin et o/[MRFL84][VVIT09]. Al-
though it was found that radiation-induced attenuation increased proportionally
with gamma dose (as would be expected), it was found that the polarisation-
holding quality of the fibre was unaffected. No significant changes in the fibre
birefringence or the beat length were observed up to a gamma dose of 10* Gy.
Indeed, “radiation-resistant” PM fibres are commercially available|[Nufl1]. These
are promising results for the work in this thesis, since they demonstrate that
even in basic PM fibre there exists a robustness of the beat length to irradia-
tion. Since many PM fibres, such as PM PCF, rely on form birefringence to
enable polarisation-holding, the beat length’s robustness to radiation-induced
changes should be excellent. It is reasonable to conclude that the polarisation-
maintaining qualities of these fibres will be sufficient for this application even in

strong radiation fields.

3.5.7 Radiation-Induced Attenuation (RIA)

It follows from the above sections—which identified the factors contributing to
radiation-induced attenuation in fibres—that pure silica core fibres, with a metal

coating (not acrylate or polymer) and minimal hydrogen content (no hydrogen-
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preloading), will be the most appropriate waveguiding medium for the ITER
environment. It has also been established that the wavelength range from 1300-
1600 nm will be the least affected by radiation. Pure silica core waveguiding is
often enabled by fluorine-doping of the cladding to lower the refractive index,
which as shown will be beneficial to the radiation resistance.

Unfortunately there have been a limited number of ITER-relevant studies
performed with this type of fibre. This is due primarily to the high interest in
visible-spectrum or UV fusion diagnostics, for which the fibres must overcome
the large absorption peaks that are developed in this region (see Section .
As discussed, fibres for this purpose are hydrogen-loaded to minimise the effects
of defects in the UV and visible regions, introducing large losses in the infrared.
Thus, the majority of fibre irradiation studies are irrelevant for 1550 nm operation
in non-hydrogenated fibres.

Due to the number of factors involved in the RIA process—such as dopants,
pre-treatment, OH content, and coating—it will not be appropriate to extrapolate
based on “similar” fibres. In order to estimate the losses induced in the preferred
type of fibre over the ITER lifetime, the analysis must rely on studies performed
with the specific type of fibre recommended for this application. Of the research
carried out with this type of fibre, the 2001 study by Brichard et al stands out
as the most relevant[BBFT01]. This is due to the gamma dose rates and neutron
fluxes involved, and the total dose and fluence, which are comparable to those
expected for sensors over the ITER lifetime (see Table[3.1)). Other relevant studies
exist, such as [VUBNT99| and [BTOT07], however in these cases both the data
at 1550 nm and the total dose levels are limited. At this point, there is no
published study that is focussed primarily on high-level irradiation of pure silica
core, hydrogen-free, metal-coated, fluorine-doped fibres for 1550 nm operation—
however this type of fiber has been used as a non-hydrogenated reference in studies
of “radiation-hardened” fibres for use in the UV regions.

The data from [BBET01] is presented graphically in Figure [3.22] Although
the neutron (gamma) flux (dose rate) and fluence (total dose) are similar to those

of ITER lifetime conditions, the ratio between neutron flux and gamma dose rate
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Figure 3.22: Radiation-induced attenuation at 1550 nm in pure SiO, core fibre (F-
doped cladding, Al-coated, non-hydrogenated). Temperature is 50-55 °C. Data
is extracted from [VUBNT99].

(or fluence to total dose) is not similar. In Brichard’s study, this ratio is generally
of the order of 10'® n/m?/Gy, while from Table [3.1] the ratio in ITER will be of
the order of 10?! n/m?/Gy, i.e. under realistic ITER conditions there will be a
higher neutron flux for a given gamma dose rate. However, the data may be used
to estimate bounds for the attenuation in dB/m at the relevant dose rates, which
will be sufficient for approximating the RIA in an ITER fibre sensor installation.

From Figure [3.22] it is possible to estimate the attenuation that will be ex-
perienced at each of the three in-vessel sensor locations by the end of the ITER
operational lifetime. The inboard TF coil side location is the simplest to pre-
dict, since it undergoes the least intense irradiation (1 MGy, 10?! n/m?) and is
easily compared with the measured attenuation at these levels. This region will
accumulate an RIA of approximately 0.1 dB/m, corresponding to an averaged
attenuation growth rate of 0.005 dB/m/year over ITER’s 20 year lifespan.

For the behind blanket location we can determine bounds for the RIA of 0.8-5

dB/m by conservatively assuming the curve will continue to increase linearly up to
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the required neutron fluence (2 x 10?3 n/m?, while the gamma dose remains < 200
MGy). Since the gamma contribution to the attenuation curve in Figure is
likely to be far less than the neutron contribution[VUBNT99], it is reasonable to
propose that the attenuation will be closer to the upper bound than the lower
bound. Thus, an RIA of 4-5 dB/m may be estimated for this region over the
ITER lifetime, corresponding to an averaged growth rate of 0.225 dB/m/year.

RIA in the final region, near the blanket gaps, is the most difficult to predict
based on present studies that do not irradiate relevant fibres at the levels expected
in this region (up to 2x10?* n/m? and 1000 MGy). Based on the available data in
Figure|3.22—again conservatively assuming a constant gradient and no saturation
beyond this data set—we may propose an RIA of 7 dB/m over the ITER lifetime,
corresponding to an averaged growth rate of 0.35 dB/m/year.

Since the RIA will, in combination with the source power spectral density,
determine the signal level at the photoreceiver, the voltage signal-to-noise ratio
(SNR) at the photoreceiver output may now be estimated. Additive noise due
to photoluminescence may be assumed to be negligible at 1550 nm|[BUEFT01].
Present commercially-available low-noise photoreceivers achieve a Noise Effective
Power (NEP) of approximately 10 fW/v/Hz, while broadband sources suitable
for illumination of a series of FBGs will distribute 30 mW of optical power over a
bandwidth of 30 nm (an average power density of 1 mW /nm). Ignoring coupler
losses, the power incident on the detectors in Todd’s 3 x 3 system (see Sec-
tion from a single FBG (FWHM = 0.2 nm) may then be estimated to be
0.2 mW, or 67 uW per photodetector, prior to RIA losses. For correct represen-
tation of input optical signals that may be rapidly optically-switched to enable
sensor multiplexing (discussed in depth in later chapters), a photodetector band-
width of around 1 MHz may be estimated, yielding an NEP of 10 pW at each
photodetector.

Thus, the pre-RIA photodetector SNR may be estimated to be 68.26 dB. To
illustrate the losses induced by RIA, we will presume that 10 metres of the ad-
dressing fibre will be subject to the RIA levels predicted above. For the mid-band

behind blanket location, the induced losses in the irradiated fibre after 20 years of
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installation will be 10 x 4.5 dB = 45 dB. Thus, the signal at each photodetector
is now only 2.11 nW, yielding a post-RIA SNR of 23.26 dB. From Todd’s voltage
error analysis of the preferred wavelength-detection technique—which assumes
that voltage drift errors are the dominant source of phase-demodulation error—
the absolute strain error for the pre-RIA and post-RIA conditions are then 0.05
pe and 10 pe respectively[TaEBNTO06]. A factor of ~200 deterioration in the
wavelength-detection resolution for the behind blanket location over the ITER
lifetime can thus be expected.

By a similar process of analysis, we can expect an RIA-induced lifetime res-
olution deterioration factor of ~10 for the inboard sensor location, based on a
lifetime voltage SNR of 57.26 dB. For the blanket gap region, the end-of-life SNR
will be extremely poor (< 1 dB), indicating that, based on present fibre technol-
ogy, this location will not be suitable for an optical sensor installation. In both
cases, the exposure of a full 10 metres of fibre to the peak radiation levels has
again been assumed. We may conclude however that both the inboard and behind
blanket sensor locations will be suitable for the installation of spectrally-encoded
optical fibre sensors.

It should be noted that initial research indicates photonic crystal fibre (PCF)
may be a more radiation-resistant alternative to silica-core fibre. In PCF, the
wave is guided by photonic bandgap effects rather than total internal reflection,
which allows the refractive index of the core to be less than that of the cladding.
This enables a new class of air-core fibres that are not as susceptible to RIA
since only a fraction of the wave is guided in silica. Although FBG fabrication in
these fibres will be extremely difficult due to the air-guidance, they may be used to
guide light from the source to the grating host fibre and back in order to minimise
the RIA contributed by these off-sensor regions. In [GBL05|, the gamma-induced
RIA in air-core PCF at 1550 nm was recently found to completely saturate at 0.1
dB/m after a dose of only 10 Gy. This saturation behaviour has been verified by
other studies, up to total dose rates well beyond those in the harshest conditions
of ITER|[CLVBO07]. In this case, the lifetime resolution deterioration factor of

~10 predicted for the inboard region would be applicable to all proposed sensor
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locations. Thus, it may be possible to vastly reduce overall RIA in the sensor
system and enable measurement in the harshest locations (including the blanket

gap) by deploying air-core PCF between sensor elements.

3.5.8 Effects on FBG Sensors

Given that photosensitivity—the mechanism by which fibre Bragg gratings may
be UV-inscribed—is likely related to photoinduced glass densification|GDO00Q], it
follows that radiation-induced densification (see Section may also affect
the FBG characteristics directly. This has indeed been found to be the case.
Importantly, it has been demonstrated that FBG irradiation can induce both
semi-permanent Bragg wavelength shifts and changes in peak reflectivity, and
that the magnitude of the changes are dependant not only on the characteristics
of the irradiation field, but also on the fibre composition, optional pre or post-
treatments, and the chosen fabrication technique|BBET08].

The influences of grating composition and fabrication procedure on the ir-
radiation response were studied by Gusarov in |Gusl(0]. In this work, eleven
gratings were inscribed in two fibres (high-Ge content photosensitive fibre, and
standard telecommunications fibre) in order to test the effects on the irradiation
response of hydrogen-loading, pre-ageing (high-temperature annealing), and pre-
irradiation. After comparison of pre- and post-irradiation (after 10! n/m? and
10 MGy) reflectivities and Bragg peak locations, it was found that the simplest
fabrication procedure (no hydrogen-loading, pre-treatment or post-treatment) in
photosensitive (Ge-doped) fibre yielded the smallest changes in both peak shift
and reflection amplitude—changes of 0.05 nm and —0.09 dB respectively.

Although the reduction in reflectivity of irradiated gratings has not been seen
to saturate, the choice of appropriate fabrication techniques can render this ef-
fect negligible over ITER lifetime gamma-neutron fluences if the sensor inter-
rogation method is immune to intensity fluctuations. However, the radiation-
induced Bragg peak shift—a potentially large source of measurement error—must
be quantified and kept to a minimum. To this end, the kinetic response of the

Bragg wavelength to irradiation has been studied by Gusarov|GBET00] and by
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Figure 3.23: Radiation-induced Bragg shift and recovery. Greatest recovery is
seen in FBG1, which experiences the lowest neutron irradiation. Fluence and
dose are 10*! n/m? and 10 MGy.[FBB*02]

Fielder[FKSB04]. In both cases (gamma field only and combined gamma-neutron
field) the Bragg wavelength shift was found to saturate and remain constant after
at most 30 minutes of irradiation. It was shown by Brichard and Fernandez that
after removing the radiation field the Bragg peak shift will experience a recovery
(Figure , but only from the gamma contribution—the neutron contribution
to peak shift, although saturable, will not experience recovery when the neutron
field is removed. Importantly, only FBGs written in photosensitive fibre with
both no pre-treatment and no hydrogen-loading were found to have a saturating
radiation-induced shift, as confirmed by Fujita[FBB™02][FKNTO00].

Therefore, for minimisation of changes in reflectivity and Bragg wavelength
in nuclear-application FBG sensors, hydrogen-loading to enable photosensitisa-
tion will not be appropriate. This has implications for high-temperature op-
eration since hydrogen-loading is ubiquitous in the fabrication of regenerated
gratings|[BCBT11][Fok02]. Fortunately, it has recently been demonstrated that
regenerated gratings, stable at up to 1000 °C, can be fabricated without hydrogen-
loading in highly-photosensitive Ge-doped fibre]LCCT11]. This type of high-
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temperature grating is thus a good candidate for in-vessel sensing, since it can
be expected to retain the radiation-hardness of non-Hs-loaded non-preprocessed
FBGs, while withstanding the high surface temperatures.

Given the previous section’s recommendation of pure silica core fibres for
waveguiding in radioactive environments, mention should be made of pure silica
core gratings which require hydrogenation to impart photosensitivity[AFMO02].
A direct irradiation comparison of non-hydrogenated Ge-doped gratings and hy-
drogenated pure silica core gratings has unfortunately not yet been performed—
indeed, no irradiation test of pure silica core gratings has been performed to date.
At this stage it is therefore not possible to state conclusively which approach to
grating regeneration will yield the most radiation-resistant sensors. Still, it can
be expected that a trade-off will exist between the techniques due to the inclusion
of hydrogen and the exclusion of the Ge core dopant.

Finally, the effects of both gamma and neutron irradiation on the fibre Verdet
constant—which will govern the FBG’s sensitivity to an incident magnetic field—
have been shown to be negligible over ITER-relevant radiation levels[BriO9b] [Bri09a].
Since the Verdet constant is dependant on both temperature and wavelength (see
Section the influence of the radiation-induced Bragg shift will be of greater
concern. However, since the Verdet constant in diamagnetic fibre will change very
little even over the high surface temperature fluxes expected in-vessel, the shifts
in Ag due to the compound effects of temperature and irradiation may be treated
as one. Given that the Bragg peak wavelength shift due to radiation will satu-
rate quickly and in a repeatable manner, its characterisation and isolation may

be possible during signal post-processing.

3.5.9 Summary of Irradiation Effects

From the above study of irradiation effects, the following practical recommenda-

tions can be made:

e The most appropriate wavelength range of operation will be the telecom-

munications band from 1530-1570 nm,
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e Of the solid-core fibres, the most radiation-hard will be pure silica core with

fluorine-doped cladding,

e Where possible, hollow-core PCF should be used in off-sensor regions to

minimise attenuation,
e Fibre protective coatings should be metallic,

e High-temperature grating fabrication should be performed in Ge-doped

photosensitive, non-hydrogenated fibre,

e Hydrogenated pure silica core gratings may offer greater radiation resis-

tance, but this has yet to be demonstrated,

e Appropriately-fabricated FBGs will experience negligible changes in reflec-
tivity and FWHM over the ITER lifetime,

e Radiation-induced Bragg shift will occur, however isolation will be possible

due to its saturation and repeatability over numerous irradiations,

e The inboard and behind blanket sensor regions will be suitable for a lifetime

fibre installation,

e Over a 20-year ITER lifetime, measurement resolutions in the inboard and
behind blanket regions will gradually worsen by factors of ~10 and ~200

respectively if no maintenance is performed,

e The blanket gap region is expected to be unsuitable due to the high neutron

flux and resultant fibre damage,

e The magneto-optical sensitivity (Verdet constant) in silica fibres will be

unaffected by irradiation.

3.6 Summary and Recommendations

In this chapter, the most appropriate basis for the technical solution to the mea-

surement problem has been determined. Additionally, the robustness of this
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technical basis to the expected environmental conditions of ITER was analysed
and found to be sufficient.

It was established in Section [3.2] through a review of potential magnetic
transducer mechanisms, that magneto-optics will be the only suitable basis for
magnetic field measurement under conditions of high field strength, irradiation,
and high temperatures. It was demonstrated that there exists two development
paths by which magneto-optical measurement of the magnetic field may be imple-
mented. These are: direct measurement of the magnetic circular birefringence, or
polarimetric measurement of the Faraday rotation. As discussed, neither of these
approaches has yet been sufficiently developed for in-fibre point measurement.

In Section the use of FBG point sensors to implement magneto-optical
sensing of magnetic field was shown to be desirable due to their small size and
spectrally-encoding nature. As such, the foundations of FBG-based implementa-
tions of both magneto-optical sensor mechanisms were described, both of which
have the potential to meet the performance requirements stated in the previ-
ous chapter. Chapters 4| and [5| will detail the research performed to technically
develop both of these approaches.

Additionally, the interrogation of FBG sensors was subject to a focussed dis-
cussion on combining multiplexing and high-resolution wavelength-shift detection
in Section (3.4, It was established that the detection technique should be inter-
ferometric, but that there is room for further development of the state-of-the-art
interferometric multiplexing systems. As such, contributions to this area will be
made in Chapter [6]

The effects of radiation on fibre waveguides and the selected measurement ba-
sis were analysed in Section [3.5] The causes of the most substantial effects were
established, leading to recommendations for the choice of fibre and for grating
fabrication. It was established that fibre sensors will be suitable for radioac-
tive environments, and that sufficient research has now been performed in this
area to support such an installation. Based on the performance of the preferred
sensors, fibres, and fabrication techniques at ITER-relevant radiation levels, it

was estimated that two of the three preferred sensor locations (behind blanket
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and inboard) will be suitable for the installation of fibre sensors over the ITER

lifetime.
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Chapter 4

Compound Phase-Shifted Fibre
Bragg Structures as Slow-Light
Magnetic Field Sensors

4.1 Chapter Overview

In the previous chapter, a distinction was made between the two potential imple-
mentations of an intrinsic magneto-optical fibre point sensor for magnetic field
strength—that is, the polarimetric or wavelength-encoded approaches. In this
chapter, the focus is on the former, where the azimuthal rotation of an incident
linear optical polarisation is the measured quantity.

Through simulation it will be shown that the Faraday rotation spectra of
phase-shifted gratings can be tailored by tuning the ratio of substructure lengths.
This leads to the characterisation of compound phase-shifted fibre Bragg struc-
tures for use as novel in-fibre magnetophotonic point sensors. A design process
for tailoring the magneto-optical spectrum is illustrated, and it is shown that a
general optimum structure exists for producing a region of total reflection that
incorporates magneto-optical Faraday rotation that is greatly enhanced, both in
strength and spectral width, relative to standard gratings or even those with a
single phase-shift.

Following the characterisation of these novel fibre transducers, a practical
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optoelectronic system is detailed that exploits the proposed distributed feedback
(DFB) structures to enable novel all-fibre sensors for the dual measurement of
magnetic field strength and temperature. The response of an optimum grating
structure is then simulated, allowing for calculation of the measurement resolution
achievable by this system.

The study is supported by laboratory fabrication of the proposed fibre DFB
structures, demonstrating the principle of enhancement in terms of tailored group
delay spectra. Based on this, a supplementary proposal for a novel optical delay
component for tunable wavelength-selective control of path delays is presented.
In both cases, the practical issues for sensor packaging—key to the performance

and reliability of the devices—are highlighted.

4.2 Introduction and Background

In the previous chapter, the concept of Faraday rotation enhancement in resonant
optical cavities was introduced. It was shown that the enhancement factor was
proportional to the finesse of the resonator, which is related to the number of
round-trips experienced by light within the resonant linewidth. It was also shown
that distributed reflectors such as Bragg gratings have the potential to incorporate
resonances, and that these may be deliberately induced by introducing defects in
the refractive index modulation profile.

In the field of bulk glass optics, magnetophotonic thin-film multilayers have
been shown to be capable of providing enhanced azimuthal rotation of a transmit-
ted linear polarisation by the insertion of magnetic defect layers[SLO00] [VABT06].
In such structures, light at the resonant wavelength undergoes magneto-optical
Faraday rotation that is strongly enhanced in relation to neighbouring spectral
regions by the principle outlined above. These devices are developed primarily to
enable small optical isolators, where the resonant Faraday rotation enhancement
is used to reduce the physical size required to produce a given azimuthal rotation.
In contrast to the present application, these bulk glass structures are inherently

magnetic—the inserted defect layers which induce the phase-shift are themselves
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ferromagnetic glasses or garnets and thus no external field is required for mag-
netisation. Additionally, the magneto-optical interactions in these structures can
be very large due to the high rare-earth dopant concentrations achievable in bulk
glass, the minimal linear birefringence, and the large refractive index step between
layers.

Phase-shifts in the UV-inscribed index modulation profile of the fibre ana-
logue of these structures—fibre Bragg gratings—are commonly used to produce
distributed feedback structures for use as spectral filters for wavelength division
multiplexers and as elements in DFB fibre lasers[CS94][ASK™95]. Standard pho-
tosensitive fibres do not contain rare-earth ion dopants and are therefore diamag-
netic, possessing weak magneto-optical interaction. In the previous chapter the
level of intrinsic linear birefringence present in conventional FBGs was discussed
and found to be far greater than that in bulk glass[CDSKO05]. For in-fibre devices
this may compromise both the ability to write precise phase-shifts into the grat-
ing profile (since the resonances will separate) and the ability of the structure to
process strongly polarised light without substantially altering the state of polari-
sation. Finally, the achievable index modulation depth in fibre Bragg gratings is
relatively weak (< 1073), and thus a greater physical length and number of lay-
ers (or modulation periods) will be required compared to bulk glass distributed
Bragg reflectors to produce a similar resonator finesse.

There has previously been interest in utilising the resonances induced by in-
serting phase shifts into the index modulation profile of FBGs for tailoring of
the reflection and transmission spectra. By inserting multiple phase shifts at
different locations within the grating, it was shown by Zengerle and Leminger
that the lengths between phase-shifts could be tuned at the design phase to pro-
duce rectangular filter characteristics in reflection and transmission[ZL95]. The
optimum substructure length ratio for such filters was confirmed by Wei and
Lit to be symmetric, taking forms such as A : B : A for two phase-shifts, or
A : B : B : A for three phase-shifts, where A and B are substructure lengths
or number of perturbations between phase-shifts (B > A such that substruc-

ture lengths reduce towards grating ends)[WL97|. This symmetrical approach to
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producing quasi-flat-top filters was also employed by Levy et al and separately
by Vasiliev et al to improve the transmission characteristics of bulk glass multi-
layer filters, including for magnetophotonic crystal applications where the defect
layers are ferromagnetic[LYSFOI[[VKAT08]. However, as shown in Figure [4.1]
the symmetrical approach does not yield optimal enhancement in the group de-
lay spectrum, which has implications for the dependent magneto-optical rotation
spectra. Additionally, the Kerr rotation of symmetrical magnetic multilayers is

very poor, even in bulk glass structures.
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Figure 4.1: (a) Kerr rotation via symmetrical 8.8 mm FBG with substructure
ratio 2/4/4.5/4.5/4/2 and (b) with addendum (relative length of 8) to force re-
flection of rotated wavelengths. (c) illustrates the quasi-flat reflection spectrum
of the symmetrical structure. These graphs were generated using the modelling
procedure described in Section 4.3

Building upon the research into symmetrical multi-defect Bragg structures

and photonic crystals, this chapter reports on investigations into magnetised fibre
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DFB structures possessing low linear birefringence in the interests of developing
a new type of magnetic field strength sensor based on in-grating containment
and enhancement of Faraday rotation. Section summarises the details of the
simulation procedure. The characteristics of magnetised asymmetrical m-shifted
grating structures are investigated in Section [4.4] where a design process for op-
timal compound phase-shifted sensor structures is described alongside guidelines
for structural dimensions. Section 4.5 documents the laboratory characterisation
of fabricated structures of the proposed type. In Section 4.6| a practical interro-
gation system design for the deployment of the tailored structures as novel sensor
elements is detailed, including simulation of the sensor response and a discus-
sion of achievable performance. Additionally, the use of such structures as highly
tunable optical delay elements for future optical communications architectures is

discussed in Section 4.7

4.3 Modelling Procedure

Phase-shifts in fibre DFB structures may be numerous and can be tailored in
position and magnitude. It is therefore of interest whether such structures can,
through such tailoring, yield magneto-optical rotations of useful magnitude and
bandwidth in reflection (Kerr rotation[[). In this thesis we will consider only 7
shifts in the index modulation, and tune the response through adjustment of
substructure lengths. This is due to the requirement for reflection-mode sensor
operation, which as will be shown is more straightforwardly enabled by this tuning
method.

To study the magnetic effects on compound phase-shifted fibre gratings, a soft-
ware simulator was written in C++/LabVIEW based on the 4 x 4 state matrix
analysis method for multilayer magnetophotonic media described by Inoue[IF97].
The software application, shown in Figure[£.2] is capable of simulating assemblies
of magnetised silica-based FBGs with arbitrary phase-shifts (magnitude and lo-

cation along the grating). This numerical multilayer approach was chosen since

IThe use of the term Kerr rotation is appropriate in this instance as only light that is
ultimately reflected by the structure is subject to azimuthal rotation.
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it allows for rigorous calculation of transmission, reflection, and Faraday/Kerr
rotations via any structure that can be appropriately described in terms of a
series of thin-films. Details on the theory and implementation of the simulation
software can be found in Appendix [A]

The finesse of resonators created in optical fibre by writing phase-shifted Bragg
gratings is proportional to number N of high-low evolutions of the grating refrac-
tive index n, and the grating’s strength, or modulation depth, dn. In this work,
an assembly of thin-films is first calculated to represent a single raised-sine index
perturbation on fibre. This perturbation matriz is then treated as one film that
is used to construct grating regions. Although phase-shifts may be induced in
fabricated FBGs by a number of methods, a step-change in the index modulation
phase is usually enabled by a rapid shift in the phase-mask position, resulting
in a gap or blurring of the modulation at the phase-shift location rather than a
true point phase-reversal. As such, the m-shifting region is realistically modelled
as an unperturbed region of fibre of length half the grating period A, which can
be placed at any points along the grating and whose locations define the lengths
N1—Nj, of k substructures. The general compound phase-shifted grating structure
that forms the basis of these simulations is illustrated in Figure [4.3]

Since the FBG’s UV-inscribed grating profile is comprised of a continuous,
sinusoidal modulation—as opposed to the discrete step changes that comprise
photonic crystals or bulk glass multilayer stacks—the fraction of light reflected
at each perturbation will be much less in an FBG than in multilayer structures.
A realistic model of the magnetised FBG will therefore need to incorporate this
continuous change in refractive index. Since the model used here utilises the
state matrix approach (see Appendix , the larger continuous change may be
approximated by a perturbation matrix comprised of a number of smaller discrete
layers with stepping refractive indices. During simulation, it was found that
as the number of such minor step-changes used to approximate the continuous
change increases from 1 to 50, the reflectivity of the grating as a whole decreases
in proportion, as would be expected. Beyond 50 step-changes, the reflection

and transmission characteristics of the structure do not change any further, and
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thus using any more than 50 minor step-changes will needlessly introduce further
processing demands. As such, 50 minor step-changes are utilised in this model to
construct the state matrix for the approximation of a single “continuous” (raised-
sine) FBG index change of width A.

For further efficiency, grating structures are built from blocks comprising 250
such raised-sine perturbations (each corresponding to approximately 0.25 mm in a
1550 nm FBG), which is therefore the spatial resolution of these simulations and of
the structural optimisation process. The model assumes zero linear birefringence
in the FBGs (discussed later) and simulates only the effects resulting from the
introduction of circular birefringence An, that is due to a magnetic field parallel to
the fibre core—mamely, the differential phase between circularly-polarised modes
that gives rise to azimuthal rotation.

A structural optimisation algorithm was written to identify the optimal grat-
ing structures for reflection-mode polarimetric sensing. As described in Ap-
pendix [A] the algorithm functions by evaluating the peak azimuthal rotation
of reflected light at a constant magnetic field strength (nominally 1 Tesla) for
different asymmetrical substructure length ratios. It also aims to maximise the
reflected intensity at the resonant wavelength, and to take into consideration the
linewidth of the resonant region by convolving the intensity spectra with a scan-
ning filter passband to represent the practical difficulty in utilising narrowband
rotary regions. This trade-off between the resonant spectral width and peak op-
tical rotation will be discussed in the next section. The algorithm enabled the

establishment of governing rules for optimal sensor structures for up to five defects
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Figure 4.3: Structural layout of uniform (a) and compound phase-shifted (b) fibre
Bragg gratings
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(six substructures).

4.4 Sensor Structure Design
The objectives of the sensor design may be summarised as follows:

1. Maximise reflectivity over the resonant region, such that light undergoing
a resonant enhancement of azimuthal rotation is ultimately reflected: This

will enable reflection-mode sensing,

2. Maximise the FWHM bandwidth of the resonant spectral region, in order
to reduce the difficulty of interrogating the structure with resonant wave-

lengths,

3. Maximise the peak Kerr rotation of the structure, in order to improve the
sensitivity (specific rotary power in rad/T') of sensors based on these struc-

tures.

To enable reflection-mode sensor operation, light undergoing large reflection
within these structures must return to the interrogation system. As discussed in
the previous chapter, resonant frequencies in conventional Fabry-Pérot resonators
will be transmitted and not reflected. Intuitively, this can be reversed by increas-
ing the reflectivity at one cavity boundary. As such, during this design process the
requirement for reflective operation is ensured by making the length Ny of the final
substructure sufficient to guarantee complete reflection over the FBG bandwidth.
This region would otherwise contain sharp resonant passbands corresponding to
the unwanted transmission of rotated wavelengths. The reflection-mode criteria
may therefore be met by use of asymmetrical structures.

The potential of phase-shifted FBGs to implement high localised rotations
may be illustrated by increasing the length N; of the entrance substructure in a
single phase-shifted asymmetrical magnetised FBG. From Figure [4.4] it is clear
that by increasing the reflectivity around the phase-shift, the rotary power at

the resonant wavelength is increased. Therefore, measurable rotations can be
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Figure 4.4: Peak Kerr rotation in single phase-shifted asymmetrical Bragg struc-
ture with increasing entrance substructure Ny (N = 12 x 103, dn = 1073)

produced by such structures. However, in the discussion of Fabry-Pérot cavity
theory, it was stated that cavity finesse is inversely proportional to the linewidth
of resonant regions. Therefore, when designing the structure to maximise the res-
onance FWHM, the peak rotation will be decreased, and vice versa. Figure [4.5
illustrates this trade-off between the number of round-trips and the full-width
half-maximum (FWHM) bandwidth of a grating resonance in terms of Kerr ro-
tation via the structure.

From Figure it can be seen that as the rotary power (considered as degrees
per Tesla) increases, the FWHM of the resonance rapidly scales towards the
sub-picometer. Due to the impracticality of interrogating light spectrum within
such a narrowband region, while temperature or strain may be causing the entire
spectral region to shift, the potential of this structure to act as the rotator element
in a polarimetric sensor is strongly limited. This key problem with the in-grating
resonator must be overcome by broadening the region to useful widths.

The solution proposed here relies on the introduction of further defects into
the asymmetrical structure. By introducing multiple phase-shifts into the grating
profile, a corresponding number of such resonances will appear in the grating re-
flection spectrum. Then, by tuning either the substructure lengths or the phase-

shift magnitudes, it is possible to tune the spectral position of each resonance
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Figure 4.5: (a) Kerr rotation spectrum with lengthening entrance substructure for
a single phase-shifted FBG at a field strength of 1 Tesla. Y-Z plane projection
illustrates the increase in peak rotation. (b) Clarification of the reduction in
resonance FWHM over the range. (N = 2 x 101, dn = 1073)

within the FBG bandwidth. Although it has been established that symmetrical
substructure ratios will enable quasi-flat top transmission spectra, these struc-
tures do not translate well to magneto-optical rotation spectra. A different type
of phase-shift layout over the grating will be required in this instance, and it is of
interest whether there are general rules that can be applied during grating design
and fabrication that will allow for the FWHM /peak trade-off to be overcome.

For this application, since we are concerned with reflection-mode operation, by
increasing the length of the final substructure N, we can enable >90% reflectiv-
ity over the entire grating bandwidth, such that the insertion and adjustment of
further phase-shifts will have no effect on the reflection spectrum. Under such con-
ditions, the resonant effects will only become apparent when the magneto-optical
rotation spectra (or group delay spectra) are measured or simulated. Therefore,
the reflection spectrum can be neglected for the remainder of this analysis, since
it is assumed to be close to unity over the resonant regions.

To illustrate the technique for overcoming the tradeoff between resonance

spectral width and rotary power, a second rotary region may be introduced by
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the addition of a third substructure positioned between N; and Ni. By increasing
the length Ny of this section, while keeping the entrance substructure length
N; constant, the rotary regions contributed by both defects can be combined
spectrally in order to effectively superimpose their contributions to the delay
of light at the merging wavelength. This effect of combination through tuning
the substructure length N, is key to the design procedure that follows, and is

illustrated in Figure [4.6]
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Figure 4.6: The combining of Kerr rotation peaks within a 2-shift asymmetrical
grating (structure: 3000 / N2 / 20000)

By the addition of further substructures prior to Vi, peaks in the Kerr rotation
spectrum may be successively combined in the manner of Figure in order to
produce a single enhanced peak that possesses both increased bandwidth and
increased peak rotation. By combining peaks in this manner, the resonant region
may be broadened by expanding the wavelength coverage of the resonant region.
Also, the peak group delay or peak Kerr rotation may be increased by co-locating
resonances such that the group delays at the common wavelength are summed. In

this way, such multi-shift structures are able to overcome the problems associated
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with the single-shift structure.

This combination of peaks in magneto-optical rotation over the grating band-
width will therefore allow reflection-mode sensors to be designed which produce
large compound group delays to enable true slow-light sensors within traditional
FBG structures. Secondary applications for these structures may also be pro-
posed, such as that of Section [£.7], that will benefit from the production of large
group delays in grating structures. Indeed, it has very recently been suggested
that such structures (often referred to as slow-light structures when the group
delay is large) will enable novel sensing applications|ZZZ709]. However, due to
the non-reciprocality of the Faraday effect, the measurement of magnetic field in
the manner proposed here may be one of the clearest applications of slow-light
structures for sensing.

Building upon this resonance superposition process, the numerical optimisa-
tion algorithm discussed in Appendix [A] was used to identify common structural
characteristics between grating designs that yielded large, broad Kerr rotations,
while maintaining high reflectivity. From this analysis, the following general
guidelines were verified empirically over the complete range of substructure length

ratios:

1. Successive substructures should be greater in length than the preceding
substructure, i.e. N,, > N,,_;. This is always the case for structures that

yield superimposed Kerr rotation peaks.

2. The difference in length between consecutive substructures should reduce

with each additional substructure, i.e. (N, — N,,_1) < (N,_1 — N, _2).

The final substructure Ny is an exception to the second criterion, and should
simply be made long enough to provide total reflection as described previously.
Importantly, if the first guideline is adhered to, then further increases in N, will
not affect Kerr rotation. The general optimum structure that results from ad-
hering to the above rules is one in which the series of substructures preceding Ny
follow an approximately logarithmic growth profile as illustrated by Figure [4.7]

Where this is the case, the resonances contributed by each phase-shift will be
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tuned to superimpose on the spectrum, resulting in a giant Kerr rotation en-
hancement at a common wavelength. Where the phase-shift magnitudes are 7,

this common wavelength is simply a highly-precise value of the Bragg wavelength.
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Figure 4.7: Structural layout of the general optimal sensor grating, which adheres
to N,, > N,,_1 and (Nn — Nn71> < (anl — Nn72)

In order to clearly illustrate the multiple phase-shift design process for succes-
sive superposition of Kerr rotation peaks, Figure demonstrates the enhance-
ment of Kerr rotation at each stage during a tailoring process of 1-6 substructures
(5 resonances). During this design process, the two design criteria above have
been adhered to in order to ensure superposition of resonances and hence provide
large peak rotation. The properties of each curve in Figure are summarised in
Table It can be seen from the data that as the structure develops, the peak
rotation and FWHM are altered in such a way that the area under the curve is
increased. By increasing this area, both the ease of interrogation and the sen-
sitivity to magnetic field for measurement applications are improved. The area
under the curve can be understood to be a useful metric in this application, since
it incorporates both the increase in rotary power and the trade-off in terms of res-
onance spectral width. It is clear from Table that this trade-off is completely
overcome by utilising multiple phase-shifts that are logarithmically-spaced. For
comparison, the 6-section structure developed in Figure possesses a curve area
that is a factor of 5 greater than the 2-section structure of Figure (for similar
peak rotation).

Although the above design process allows for maximisation of peak Kerr rota-
tion and a substantial broadening of the enhancement region, it may be preferable
to compromise peak rotation in order to further broaden, and flatten, the Kerr
rotation region. With reference to the proposed interrogation technique for such

structures (Section {.6)), a broader, more uniform region of azimuthal rotation
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Figure 4.8: Enhancement of peak Kerr rotation within developing structure from
uniform grating to final 5-shift logarithmic grating. Final structure is 3000 / 7000
/ 8750 / 10000 / 11000 / 20000 (total length 31.72 mm). (B = 1 Tesla, V = 0.57
rad/(Tm), dn = 1073)

Structure Peak Rotation | FWHM | Area under curve
(N1/N3/N3/N,/Ny) (1000s) (deg.) (pm) (deg-m x 1073)
3/20 1.591 22.739 49.3
3/7/20 4.788 16.310 102.9
3/7/8.75/20 12.242 9.500 156.6
3/7/8.75/10/20 23.919 5.893 210.4
3/7/8.75/10/11/20 43.385 3.996 264.1

Table 4.1: Properties of enhanced rotary regions featured in Figure 4.8

would relax demands on the linewidth of scanning sources. This may be achieved
by allowing only partial superposition of the resonances introduced by each defect.

A broad magneto-optical Kerr rotation spectrum, with a quasi-flat-top re-
sponse reminiscent of the flat-top transmission filters designed by Zengerle and
Leminger, is illustrated in Figure 1.9, Here, an alternative design that yields a
widened quasi-flat-top Kerr region at the expense of peak rotation is shown. It
should be noted that the increase in Kerr rotation towards the edges of Figure 4.9
are simply due to the minor peaks in group delay that exist for all FBGs—these

minor peaks can be seen in greater detail in Figure where they surround
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the central resonance. Thus, in general, the slow-light structures proposed here
based on compound phase-shifted FBGs can be designed either for a small ro-
tary enhancement with good uniformity over a wide bandwidth, or purely for
maximisation of the rotary strength over a narrower bandwidth. This tailoring
is achieved by adjusting the degree to which the resonances are superimposed,

which is determined by the location along the grating of each defect.

Kerr Rotation (deg.)

1 section
b (uniform)

Wavelength (nm)

Figure 4.9: Production of a “flat top” Kerr rotation region by 5-shift logarithmic
grating. Final structure is 3000 / 7250 / 9000 / 10000 / 11250 / 20000 (total
length 32.11 mm). (B =1 Tesla, V = 0.57 rad/(Tm), dn = 0.3 x 107?)

It is an important feature of such structures that by keeping the ratio between
substructure lengths constant, both the bandwidth and peak of the Kerr rotation
regions can be tuned without affecting the general spectral shape—governed by
the degree of resonance superposition. This tuning can be achieved by adjusting
either the grating strength dn or total grating length. In this way, a reduction in
grating strength can be compensated for by a corresponding increase in length,
and vice versa. The fabrication of these structures can therefore be achieved using
a pre-determined substructure ratio for any suitable grating length by post-tuning
of the modulation depth. Additionally, it is important to note that since the

enhancement of group delay or magneto-optical rotation is dependant primarily
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on the substructure length ratio, the designs suggested here will be transferrable
to bulk glass multilayers and integrated optics devices (where physical dimensions
and refractive indices will differ) which may also benefit from dispersion tailoring

in this manner.

4.5 Fabrication and Characterisation

As Kerr rotation enhancement within the magnetised structures depends on the
increased containment and delay of light falling within the resonant region, the
effect is directly proportional to the group delay of reflected light. The magnitude
of this delay will therefore undergo an identical enhancement over the spectrum.
Thus, by monitoring the reflective group delay during fabrication of such gratings,
the enhancement factor can be verified at the time of inscription without the
use of test magnetic fields or polarimetric interrogation techniques. Using this
procedure, fibre Bragg gratings based on single-shift and 2-shift structures were
inscribed in order to demonstrate the enhancement simulated in the previous
section.

The multi-shift gratings were fabricated in standard boron co-doped ger-
manosilicate (B/GeQy) fibre by a frequency-doubled 244 nm Argon-ion laser using
direct writing through a phase mask, as described in Section [3.3.2.1] CW 244 nm
was chosen since it does not contribute significantly to linear birefringence[CDSKO05].

All gratings were written with a laser output power of 35 mW at a speed
of 1 mm/min. The gratings were then over-written in order to tune the index
modulation strength dn of the structures, since as discussed this enables the sim-
ulated responses to be approached even where total UV fluence is not accurately
known. The peak wavelength of all FBGs was approximately 1570 nm, placing
them within the telecommunications band recommended for use in Chapter [3
No apodisation was applied since, as established previously, this would reduce
the finesse of the resonators produced by phase-shifting.

Precise m phase-shifts in the index modulation were introduced during the

writing process at accurate locations by controlling the voltage applied to a piezo-
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electric stage supporting the phase mask. The driving voltage for this phase-mask
was determined by a central LabVIEW-based control programme, which gener-
ated the synchronous control signals for the optical shutters, and two piezoelectric
stages; for enabling slow scanning of the laser through the phase mask, and for
introducing step changes in the phase-mask location.

The transmission, reflection, and reflective group delay of each grating were
recorded at regular intervals during the writing process. Using a tunable laser
source controlled by the central LabVIEW control programme, the input wave-
length was scanned over the grating bandwidth to allow the acquisition of trans-
mitted and reflected photodetected signals at each wavelength step.

Measurement of the reflective group delay was performed by the phase differ-
ence method using an Agilent/HP 8753D network analyzer[SD79]. Group delay
measurement is based on a subcarrier technique, and relies on the detection of
the phase difference between the optical signal transmitted to the grating and
the optical signal detected after reflection from the grating. To implement the
technique, a fast intensity modulator based on a tunable Mach-Zehnder interfer-
ometer was used to modulate the optical source. The output of this modulator
was then coupled via a photodetector to the electrical network analyser to provide
a reference phase signal.

Upon reflection from the grating, the optical signal is photodetected and
passed to the signal input of the network analyser, which performs phase-sensitive
detection of the signal and reference inputs to determine their relative phase and
hence the time delay accumulated between them. This time delay is then taken to
be the group delay. It will, however, contain an offset corresponding to the time
taken to travelling to and from the grating region. This offset is compensated
for in the figures shown here by shifting the group delay spectra down in order
to zero the delay of off-grating wavelengths. The group delay measurement is
performed for each wavelength step as the tunable laser source is scanned over
the bandwidth of the grating. Within LabVIEW, a group delay spectrum is then
developed based on measurement information passed by the network analyser.

Using feedback from peak reflective group delay, incremental adjustments were
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made to grating modulation depths by repeated fast overwriting. In this way, the
structure can be tuned to approach the simulated optimum design, as indicated
by a peak in the growth curve of the reflective group delay, at which point there is
optimal superposition of contributing resonances. Importantly, this process may
be automated in future to be performed by the central control software so that
human monitoring during fabrication is minimal.

The measured and simulated reflective group delays are compared in Fig-

ures [4.10| and [4.11] for the fabricated single-shift and 2-shift structures respec-

tively. In both cases, the total exposure and hence grating strength dn is identi-
cal (0.4 x 1073) to within £2.5%, as are the total structure lengths (apertured to
10 mm during grating fabrication using steel razer blades). These strengths and
total lengths are replicated in the simulations to allow for comparison between

theory and practice.
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Figure 4.10: Simulated (dashed) and measured (solid) group delay for single-shift
grating of length 10 mm (dn = 0.4 x 1073, structure 6000 / 13000). Peak delay
is approximately 350 ps. Implied Kerr rotation is calculated for a parallel field
strength of 1 Tesla.

It can be seen that restructuring the 10 mm gratings from 1-shift to 2-shift
results in the expected enhancement of the group delay, and by implication the

possible Kerr rotation. There is also excellent agreement between the simulation
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Figure 4.11: Simulated (dashed) and measured (solid) group delay for 2-shift
grating of length 10 mm (dn = 0.4 x 1073, structure 1750 / 9000 / 11000). Peak
delay is approximately 600 ps. Implied Kerr rotation is calculated for a parallel
field strength of 1 Tesla.

and measurement in both cases. Comparing Figures 4.10| and [4.11] with the

corresponding 2-section and 3-section curves in Figure [4.8] it is clear that there is
a general agreement between simulation and fabrication in terms of the relative
improvement, indicating that the desired tailoring of dispersive and magneto-
optical characteristics is achievable in practice by the proposed techniques.

To illustrate the high reflectivity retained with such structures, Figure
shows the recorded reflection spectra for both the single-shift and 2-shift struc-
tures after fabrication. It can be seen that a reflectivity of >70% was achieved,
however it should be noted that this can be improved in future by extending
the final substructure length during the design phase, which will act to improve
reflectivity over the resonant regions.

The importance of birefringence-reduction within these structures was investi-
gated by measuring the effect on the group delay spectrum of introducing circular
and linear birefringence through applying twist and transverse strain. By mount-
ing the fabricated 2-shift grating between rotatable clamps, it was confirmed

that by increasing birefringence over the grating in either form it is possible to
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Figure 4.12: Reflection spectra of fabricated (a) 1-shift and (b) 2-shift slow-light
gratings (Figures and [4.11)). Reflectivities at resonance wavelengths may be
further improved by extending the final substructure length.

alter or remove the enhancement region by causing individual contributing peaks
to separate. This separation will undermine the mechanism of Kerr rotation en-
hancement. An example of this effect is shown in Figure where fibre twisting
has been used to adjust the resonance superposition such that the single peak
degenerates into multiple sharper peaks.

It is clear that the superposition of resonances in group delay or Kerr rotation
may be undermined even by minor twists over the grating region. In practice
therefore, the sensor must be packaged appropriately to reduce environmentally-
induced twist or transverse strain. This can be achieved using commercial pack-
aging techniques developed for DFB fibre lasers which are identically vulnerable
to these effects. However, in contrast to existing fibre laser packaging techniques,
the materials used for packaging these structures should be both diamagnetic and
dielectric in order to avoid distortion or diversion of the incident magnetic field

as a result of magnetisation or eddy current generation.
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Figure 4.13: Demonstration of the effect of twist and transverse strained induced
birefringence on the superposition of resonances. Nominal (pre-twist) (a) and
twisted (~ 360°) (b) are shown. The group delay peak can be either increased
or removed entirely by fibre adjustment in this way, highlighting issues for sensor
packaging.

4.6 Interrogation of Sensor Structures

In order to utilise the proposed compound phase-shifted Bragg structures as mag-
netic field strength sensors, a technique for measuring the Faraday rotation at the
resonance superposition wavelength is required. This will nominally be a precise
value of the Bragg wavelength if the design and fabrication procedures described
above have been followed.

By utilising polarisation-maintaining (PM) addressing fibre prior to the sensor
structures, the strong rotation at the resonance superposition may be harnessed
by illuminating sensors with a single linear polarisation. In this case, the spec-
trum will, upon reflection from the Bragg structure, contain a strong peak in
group delay and Kerr rotation. This will lead to a proportional re-distribution of
optical intensity onto the orthogonal PM axis in the returning signal. Figure|4.14]

lustrates this redistribution effect.
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By then either re-polarising the reflection from the structure on the original
polarisation axis or by interrogating only the orthogonally-polarised amplitude
component, which is nominally zero at all wavelengths, a traditional polarimetric
measurement of the magnetic field strength may be made. In this way, the peak
reflected wavelength may be used to measure either temperature or strain in
the standard fashion, while extra measurement capability is added in the form
of spectral features (notch or peak) that appear during—and are proportional

to—the level of magnetisation.
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Figure 4.14: (a) Simulated group delay and Faraday rotation of light reflected
from optimum sensor structure (substructure ratio 3/6.75/8/9/16, total length 23
mm) at a field strength of 1 Tesla. (b) Corresponding simulated reflection spec-
trum after re-polarising either on the input polarisation axis or on the orthogonal
axis, demonstrating measurable spectral features relatable to field strength.

Due to its simplicity, the repolarisation/redistribution technique for utilis-
ing the sensor structures is an attractive interrogation approach. However, in
this case the measurement of field strength has ultimately been reduced to an
intensity-based measurement at the local interrogator. As discussed in the pre-
vious chapter, this yields a poor measurement resolution when compared with

that achievable by interferometric techniques, such as the 3 x 3 interferometric
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wavelength-detection scheme (see Section [3.4.1)). If the sensor structures are to
be fully exploited, it will thus be preferable to directly measure the phase differ-
ence between the circularly polarised modes rather than the resultant azimuthal
rotation.

An optical fibre measurement system is illustrated in Figure that uses
the proposed compound phase-shifted structures as multiplexable transducers
for bidirectional magnetic field strength based on direct detection of the phase
difference accumulated between the orthogonal circularly polarised modes. By a
method similar to that proposed for fibre coil-based current sensors|BGKB04],
a reciprocal path may be constructed for two waves guided to the sensors, such
that only the non-reciprocal differential phase introduced by the magnetic field
is detected. Thus, the technique is immune to changes in linear birefringence or
vibration along the addressing fibre, and also to any magnetisation in off-sensor
regions.

For this application, the wavelength-detection technique described by Todd
has been adapted to measure a phase difference directly, rather than the incident
wavelength. Light from a broadband source, passed through a scanning Fabry-
Pérot filter to control and limit the interrogating bandwidth, is guided via the
3 x 3 coupler to linear polarisers aligned to the PM slow axis. Alternatively, a
tunable laser source may be used as the narrowband scanning source. A 90° splice
between one polariser and the 1 x 2 coupler ensures that the linear polarisations
are orthogonal during guidance to the sensor array. At the quarter-wave retarders,
the waves are converted to orthogonal circular polarisations within the multi-shift
grating. These orthogonal modes will experience a differential delay, which upon
reflection will manifest as a differential phase at the point of interference.

For wavelengths outwith the bandwidth of the immediate sensor, the waves
are converted back to orthogonal linear polarisations and guided to the next
sensor region, thus allowing the serial WDM multiplexing of such transducers.
These off-sensor wavelengths undergo only non-resonant levels of rotation over
the grating length, which are negligible in comparison to resonant rotations—

for example, a rotary power of < 1° per Tesla over a 30 mm grating region.
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Within the appropriate sensor, a phase difference of twice the Kerr rotation angle
is accumulated between the circularly polarised modes in the tailored fashion
detailed in previous sections.

Upon reflection from the gratings, the handedness of the circular polarisations
is interchanged, and they are converted by the quarter-wave retarders back to or-
thogonal linear polarisations. Compared to the forward-travelling linear waves,
the polarisation alignment of these waves has been interchanged. Then, at the lin-
ear polarisers, waves which have travelled non-reciprocal paths are blocked, while
waves that have travelled along reciprocal paths are transmitted and brought
to interference within the fused 3 x 3 coupler. To allow continuous phase de-
modulation, all outputs of the 3 x 3 coupler should be continuously monitored
by photodetectors while the scanning source is tuned over the bandwidth of the
source.

The non-reciprocal phase difference (nominally zero) can then be demodulated
using Todd’s robust method that is immune to variations in signal amplitude[T'SB02].
Simultaneous detection of the Bragg wavelength shift will be required due to the
Verdet constant’s variation with temperature and wavelength (see Section [3.2.3.1).
This may be achieved by a number of well-documented methods, such as calibra-
tion of the SFP driving signal[FNMO05].

As discussed, depending on the measurement application, a transducer struc-
tural design can be selected to maximise either the peak value (Figure {4.8)) or
uniformity (Figure of the phase difference. An example sensor response ex-
pressed in terms of the measurable non-reciprocal differential phase, using the
final structure from Figure [4.8| is simulated in Figure for an SFP bandwidth
of 10 pm. To facilitate this simulation, the Kerr rotation curve associated with
the final structure in Figure [4.8is converted into a phase differential between the
two circularly polarised modes by scaling the azimuthal rotation by a factor of
two. A linear relationship between the peak differential phase and magnetic field
strength is observable, which is expected given the linear relationship between
magnetic field strength, magnetic circular birefringence, and accumulated phase

differences.
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Figure 4.16: Sensor response illustrated by the scanned non-reciprocal differential
phase increasing with applied magnetic field strength. Grating structure is 3000
/ 7000 / 8750 / 10000 / 11000 / 20000 (total length 31.72 mm). Scanning filter
bandwidth is 10 pm. (dn = 1072, V = 0.57 rad/(Tm))

The maximum measurable field strength for this system may be defined based
on the coherence length of the incident light, which in this interrogation system is
set by the bandwidth of the scanning filter. For an SFP bandwidth of 10 pm, the
coherence length is approximately 72 mm, which allows for maximum measurable
phase differences greater than could be produced by any practical magnetic field.
It should be noted that in place of the broadband source and tunable filter,
a tunable laser could be used for an increase in optical power and coherence
length. In this case, the substantial losses induced by such a narrowband filter
are removed and, excluding the impact of FBG reflectance, only coupler losses

(totalling 12.5 dB for a single reciprocal path in Figure will impact on the
power reaching photodetectors. The minimum resolvable magnetic field is set by
the resolution of the chosen phase demodulation technique, which is taken to be
under 50 prad/ V/H?z based on the laboratory system constructed in Chapter .
From the response simulated in Figure a linear sensitivity (6¢/0B) of 1.4

rad/T is apparent. The minimum detectable magnetic field strength may then
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be estimated to be

Gmin 50 x 1076
§¢/6B 1.4

Binin = ~0.05 mT (4.1)

A magnetic field strength resolution of better than 0.05 mT/+v/ Hz can thus
be estimated for this system, leading to a static resolution of 2.5 mT at a mea-

surement rate of 2.5 kHz without further noise reduction in the interferometer.

4.7 Dispersion-Tailored FBGs as Tunable, Nar-
rowband Delays

In addition to the immediate measurement application, the research presented
in this chapter is also directly applicable to modern optical communications net-
works. Optical tunable and static delay lines—often referred to as “slow-light”
devices when the group delay is large—are utilised in a number of communi-
cations applications, where a known delay is introduced to provide, for exam-
ple, phase modulation, dispersion compensation, or improved physical interaction
times[TBF97][OBST05].

A tightly-narrowband miniaturised delay line based on resonant cavities, such
as the type presented in the above sections, would be of benefit to potentially
any communications application requiring wavelength-selective delay. In particu-
lar, the emphasis on wavelength division multiplexing (WDM) and dense WDM
(DWDM) as a key element of future optical systems will pose new challenges in
applications where dispersion management is critical[DE05]. As such, it is likely
that variable delay and variable dispersion devices that are both spectrally and
temporally selective will become necessary.

In the preceding sections, a simple general optimum structure for production
of large, narrowband group delay over highly reflective spectral regions was il-
lustrated, in addition to an associated automatable fabrication technique for the
practical realization of these structures in standard photosensitive optical fibres.

Such devices, while being eminently suitable to many sensors applications, may
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also form the basis of compact all-fibre delay components possessing a large and
narrowband delay, low insertion loss, and tunability in both peak delay and op-
erating wavelength. Such compact devices could offer a highly-desirable solution
to the problems of these future networks by offering a method for flexible control
of the optical delay on a channel-by-channel basis.

It is clear from Figures and that the tailoring of dispersive charac-
teristics required for this application is achievable in practice using the proposed
technique, even where it is not possible to accurately predict the grating strength
dn produced by a single inscription—a common difficulty with most grating fab-
rication techniques. After inscription, the resulting FBG-based delay line is truly
narrowband since non-resonant light is immediately reflected back. The cus-
tomised dispersion characteristics of the device are therefore suitable for use as a
component of a DWDM wavelength-selective delay line.

To enable the tuning of the device, the wavelength of the resonant, delayed
light may be adjusted by strain or heat applied over the full grating, which will
act to wavelength-shift both the reflection and delay spectra over the entire Bragg
region. More specific adjustments to the spectral shape and peak magnitude of
the delay region can then be actuated through spot-heating or localised compres-
sion of the phase-shift regions which will reduce or strengthen the contribution
of each resonance, allowing distortion, enhancement, and reshaping of the de-
lay spectrum. Therefore, based on this laboratory demonstration of compound
phase-shifted slow-light grating structures, a compact delay line that is continu-
ally tunable both in terms of operating wavelength and magnitude of delay may
be developed using appropriate packaging that incorporates suitable thermal or

strain actuation techniques.

4.8 Chapter Summary

In this chapter it has been shown that compound phase-shifted DFB structures
can be tailored in order to enhance their dispersive and magneto-optical prop-

erties, which has implications over a wide range of optical measurement and
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communications applications. It was demonstrated that the structures could,
while retaining high reflectivities, overcome the trade-off between the Kerr rota-
tion peak and bandwidth. This was achieved by inserting multiple phase shifts
into the grating profile in order to tune the spectral location of group delay peaks.

Rules governing the structural dimensions of tailored fibre DFB structures
were investigated and it was shown that a structure incorporating logarithmically-
spaced 7 phase steps is optimal for combining peaks in the Kerr rotation and
reflective group delay spectra. The magneto-optical reflection spectra from these
structures can be widely tailored in peak rotation and bandwidth, and is robust
to elongation as long as the ratio of substructure lengths is held constant.

A method for laboratory fabrication of these structures was described that
uses group delay measurement to monitor the enhancement during writing. Using
this method, exemplary fibre gratings were successfully written and characterised,
and an excellent agreement with simulated group delay data was achieved for the
single-shift and 2-shift structures. The expected vulnerability of the gratings to
induced birefringence was confirmed experimentally, indicating the requirement
for appropriate packaging after fabrication.

A novel system and procedure for the interferometric interrogation of these
gratings as multiplexable point sensors for magnetic field strength was detailed.
A resolution of better than 0.05 mT/v/H z is expected for this system over a large
and linear measurement range, matching the static resolution achieved by present
inductive techniques deployed within the JET diagnostic system. The proposed
system and transducers are completely diamagnetic, dielectric, passive, and mag-
netophotonic, and will be directly applicable to fusion diagnostics. Further work
should be focussed on implementing the interrogation technique, and on fabri-
cating structures with greater than three substructures. Additionally, research
on packaging methods will be required to enable deployment of the sensors in
adverse conditions, which will be further discussed in Chapter [7]

Finally, a novel device for enabling wavelength-selective tunable delay lines for
use in DWDM communication networks was proposed based on the compound

phase-shifted FBGs fabricated in this study. Such compact devices may, through
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appropriate packaging, allow operators to adjust and even switch the optical delay
applied to DWDM channels on an individual basis, which may become an invalu-
able ability in future communication networks or in TDM sensor interrogation

schemes.
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Chapter 5

Polarisation-Switched
Interrogation of Magnetised

Fibre Bragg Gratings

5.1 Chapter Overview

In this chapter, the design and implementation of an optical fibre system for
the direct measurement of magnetic circular birefringence is described. In con-
trast to the previous chapter, which detailed a technique for making polarimetric
measurements of magnetic field that are localised to the fibre grating, the sys-
tem proposed in this chapter enables the absolute point measurement of the field
strength through active control of the optical polarisation within a fibre Bragg
grating.

The proposed technique utilises a polarisation switching subsystem which al-
lows control software to continually switch the polarisation at the FBG between
the two orthogonal circular states. This, in turn, allows for ratiometric process-
ing of the equal and opposite sensitivities inherent to each circular polarisation.
Common-mode signals such as temperature or strain may then be isolated and
measured independently of magnetic field, minimising the impact of the large
cross-sensitivity to temperature described in Section [3.3.2.6] In this way, a mag-

netophotonic measurement of the static or dynamic magnetic field is achieved

131



simultaneously with a temperature measurement.

A technique for adapting the polarisation switching interrogation system for
measurement of bend and longitudinal strain by a related measurement princi-
ple is also demonstrated, which may have applications in monitoring of flexural

changes in tokamak structural components during displacement events.

5.2 Introduction

In Chapter [3] it was established that if the differential refractive index that is
induced between circularly-polarised modes in a magnetised medium can be deter-
mined, then the strength of the magnetic field may be derived straightforwardly.

Three requirements for successful deployment of this measurement concept may

be identified:

1. A technique for measuring fibre birefringence that has sufficient spatial

resolution to better the measurement criteria in Chapter

2. A method for either determining or controlling the state of polarisation

within the sensor element,

3. A measurement procedure that is able to reduce the impact of the strong

cross-sensitivity to temperature described in Section [3.3.2.6]

In Chapter [3| fibre Bragg gratings were shown to exhibit peak reflection at
a wavelength proportional to the average refractive index along the grating. It
follows that FBGs may be used to detect changes in the fibre refractive index—in
fact, this is the mechanism by which FBGs commonly measure temperature.

In order to make the refractive index within the grating sensitive to magnetic
field strength, light within the Bragg structure must be circularly polarised. Ei-
ther of the orthogonal circular polarisations will sensitise the refractive index, and
hence the peak reflected Bragg wavelength, to magnetic field strength; however,
they will impart equal but opposite sensitivities to the magnetic field. As such,

for one circular polarisation the Bragg wavelength will be shifted to a shorter
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wavelength by the magnetic field, and for the orthogonal polarisation the Bragg
wavelength will be lengthened.

Thus, the reflections experienced by orthogonal circularly-polarised modes
propagating within a magnetised FBG will differ in wavelength, and this differ-
ential wavelength will be directly proportional to the parallel magnetisation. If
the state of polarisation (SoP) within FBGs can be suitably controlled or de-
termined in order to extract this differential wavelength, it may then be related
to the field strength to enable an FBG-based spectrally-encoded magnetic field
measurement.

Importantly, Bragg shifts that are due to strain or temperature fluctuations
will affect both reflected wavelengths in an identical manner. This introduces the
possibility of simultaneous, independent measurement of temperature that will
not affect the use of the wavelength differential for magnetic field measurement.
In fact, due to the temperature dependence of the Verdet constant, it will be ben-
eficial for the overall system accuracy to simultaneously measure the temperature
of the fibre at the grating location.

In this chapter, the measurement concept outlined above is implemented
by an optical fibre system utilising high-speed polarisation control within low-
birefringence FBGs. The technique enables high-resolution measurement of both
magnetic field strength and temperature within an array of serially-multiplexed
point sensors, while inherently suppressing drifts and cross-sensitivity to vibra-
tion. As with the polarimetric technique described in Chapter [, the sensing
mechanism is purely magneto-optical, allowing the transducers to retain their
passive, inert, all-glass characteristics that will be required for operation in the
fusion environment.

The principle of the magneto-optical measurement will firstly be described
in Section [5.3] and thereafter the the system design and operational procedure
will be detailed (Section . Following this, Section discusses the prac-
tical construction of the scheme. Its laboratory characterisation is reported in
Section [5.6, which includes determination of the current noise floor, resolution,

linearity of response, and robustness to drift. The scheme’s capability for inde-

133



pendent, simultaneous measurement of both magnetic field and temperature is
also demonstrated. Finally, an alternative implementation of the scheme that

enables bend and strain measurement is described in Section [5.7]

5.3 Switching Sensor Principle

A magnetic field incident on an optical fibre will induce a circular birefringence for
the optical component travelling in parallel with the field lines. From Chapter 3],

the magnitude of this magnetic circular birefringence may be expressed as

_ VBA

™

An

(5.1)

where An is the difference in refractive indices experienced by right and left cir-
cular polarisations, B is magnetic field strength (uoH) in Tesla, X is the optical
wavelength in metres, and V' is the Verdet constant with units rad/(Tm). The
value of the Verdet constant in conventional diamagnetic optical fibre is approxi-
mately 0.57 rad/(Tm) at 1550 nm, which was established in Chapter [3|to be the
most appropriate operational wavelength for this nuclear application. In addi-
tion, it was established previously that the transducer embodiment should utilise
pristine diamagnetic fibre to enable the system to take advantage of elevated
temperatures, and to avoid a strong adverse temperature sensitivity. In this case,
the weak temperature proportionality of the Verdet constant in diamagnetic fibre
will be approximately 4 x 10~° °C~'[WRD™91].

Peak optical reflection from FBGs is experienced where the wavelength is
equal to twice the grating period, i.e. at A\/n = 2A where A is the grating pitch
in metres. A change in refractive index caused by magnetically-induced circular
birefringence will cause this peak reflected wavelength to shift proportionally
with magnetic field if the incident light is circularly polarised. If light within
the grating is unpolarised or linearly-polarised, then both right and left circular
polarisations are contained and a splitting of the peak Bragg reflection will occur,

which can be expressed, using Equation |5.1} as
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Figure 5.1: An illustration of the degeneration of the FBG reflection spectrum
during magnetisation. The effect is greatly exaggerated. Minor peaks under
magnetisation correspond to the power distributed in the orthogonal circular
polarisations, with peak wavelengths A_ and \,.

Ay = 20V (5.2)

T

This splitting of the FBG reflection peak has very low sensitivity to magnetic
field in diamagnetic fibre gratings—separating by only 0.3 pm/T at a Bragg wave-
length of 1550 nm. This degeneration effect is illustrated in Figure [5.1] where
the strength of the effect has been greatly exaggerated for clarity. In practice,
the separation will only be noticeable (by using state-of-the-art commercial inter-
rogators) above field strengths of approximately 3 Tesla, prior to which the FBG
reflection spectrum will broaden but not degenerate into separate peaks. For this
reason, interrogation for the differential wavelength by directly comparing the lo-
cation of separating Bragg peaks will not be feasible. Interrogation for magnetic
field strength must therefore rely on changing the state of optical polarisation
at the FBG between right and left circular in order to imprint the field strength
information onto a wavelength or phase carrier, which can then be demodulated
at the interrogator. It is this approach that is developed in this chapter, since it
allows for a self-referenced measurement of magnetic field strength with the ca-
pability for static field measurement and an improvement in the signal-to-noise,

stability, and robustness of dynamic field measurement.
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The reflection guided from each magnetised FBG will carry information on
the magnetic field strength, temperature, and strain at the grating location.
Through modulation of the polarisation state, the measurement will contain a
signal at the modulation frequency with amplitude proportional to the magnetic
field strength. The quasi-static component of the phase signal at the interfer-
ometer is freed up, and can be used to measure either temperature or strain in
the well-documented fashion[Rao97]. In the proposed system, the strain response
is mechanically dampened such that the quasi-static component of the measure-
ment signal may be related to the temperature in the transducer. This is useful
not only to provide additional functionality to the magnetic sensor, but also for
making a more accurate estimation of the magneto-optical sensitivity V' before
the field strength is calculated.

By guiding the reflected wavelengths to an interferometer, the switching wave-
length is converted to a switching phase that may be demodulated by the tech-
nique described in Section The method for polarisation switching proposed
in the next section produces for each sensor a continually switching phase signal
at the interferometer that alternates between equal and opposite sensitivities to
magnetic field within the transducer. After photodetection and phase demod-
ulation, the interleaved signals corresponding to the opposing magneto-optical
sensitivities may be separated and processed to produce two measurement sig-
nals: the mean phase and the differential phase.

This dual measurement principle is illustrated by Figure 5.2 In the differ-
ential phase signal, common-mode noise that is primarily due to vibration and
temperature drifts in the transducer or the interrogation system components is
strongly suppressed. Simultaneously, the mean phase is sensitive only to common-
mode signals. Thus, the differential phase may be used to extract magnetic field
strength information, while the mean phase of the interleaved signals can be

utilised to determine the temperature at the sensor.
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Figure 5.2: The dual measurement principle for magnetic field strength and tem-
perature. In this illustration, the peak Bragg reflections A, and A_ correspond-
ing to orthogonal circularly-polarised modes are modulated by an ac magnetic
field. Their differential A\ and mean Ag are then sensitive only to magnetic field
strength and temperature (or strain) respectively, allowing both to be extracted
separately.

5.4 System Design

Figure [5.3| illustrates the full system used to implement switched-polarisation
measurement, of magnetic field. As in standard FBG WDM multiplexing archi-
tectures, each grating reflects within the range of the broadband source, which for
this application should be centred in the telecommunications band. Alternatively,
if hydrogen is not present in the fibres, the system may be designed for operation
at lower wavelengths for a corresponding increase in the magneto-optical sensitiv-
ity V[REW9T]; however, due to the radiation-induced attenuation the operating
wavelength should not be reduced below around 1300 nm. Each grating used for
the study is fabricated in such a way that the UV-induced linear birefringence is
negligible, as will be discussed further in Section [5.5

An athermal reference grating written in standard single-mode fibre may be
installed within the interrogator to allow temperature measurements to be refer-
enced to a stable wavelength. This component does not affect, and is not required

for, the drift-insensitive measurement of magnetic field—except for correct esti-
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mation of the Verdet constant value.

The core interrogation device is a Mach-Zehnder interferometer (MZI in Fig-
ure , which is an all-fibre construction made from 2 x 2 and 3 x 3 couplers as
described in Chapter 3] As established, by using this approach it is possible to
passively and immediately determine the absolute phase difference at the point
of interference, which changes with input wavelength and optical path difference,

by photodetecting all three outputs and applying the formula

(po — /~b3)‘7fl + (ps — Nl)‘:/2 + (1 — M2)I73
(2 = v3)Vi+ (3 —71)Va+ (11 — 72) V3

where ;1 and v are normalising parameters containing mean intensity level, fringe

tan ¢ =

(5.3)

visibility, photodetector responsivity, and the properties of both couplers used to
form the interferometer, and Vi, V5 and V3 are the outputs of photodetectors A,
B and C from Figure [5.3] Peak hold circuitry may then be used in conjunction
with a scanning Fabry-Pérot filter in order to extract the V| _3 corresponding to

each FBG prior to deployment of Equation [5.3

5.4.1 Circular Polarisation Switching Technique

Key to the operation of the magnetic field sensor system in Figure [5.3| is the
method for switching the optical polarisation at all gratings between left and right
circular. Although circular polarisation maintaining fibres have experienced ini-
tial development (by incorporation of a high twist-induced circular birefringence),
they are costly to fabricate and will require further development before they will
be suitable for this application. In particular, it is not yet clear whether circular
PM fibres will be capable of maintaining the input polarisation as well as conven-
tional linear PM fibre over long distances. Therefore, in order to reliably maintain
circular polarisations within the transducers, the proposed system guides orthog-
onal linear polarisations using conventional PM fibre (incorporating high linear
birefringence), and thereafter converts these to orthogonal circular modes within
the transducer package.

To provide a polarisation-switching mechanism, it is possible to utilise the
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source-side combination of a fast optical path switch and polarisation beam-
splitter (PBS in Figure . The fibre polarisation splitter acts to passively
separate signals on the slow and fast axes of a polarisation-maintaining input
fibre onto separate output fibres, and this functionality may be combined with
an optical path switch to create a polarisation switch. Then, path selection by
the switch determines which input linear polarisation (slow or fast axis) is guided
to the output fibre.

By placing the path switch immediately after the polarisation splitter, the
switch can be driven at fq,icn in order to select which axis is being guided to the
interferometer platform. By utilising hi-bi PM fibre over the complete path from
the first 2 x 2 coupler to the transducers, and from this coupler to the polarisation
splitter, this axial selection can thus be used to determine whether light on the
slow or fast axis is addressing the transducers.

It is thereafter required to convert this switching between orthogonal linear
modes at the transducers into a switching between orthogonal circular modes,
such that the sensitivity to magnetic field may be modulated. Placement of fibre
quarter-wave retarders—aligned at 45° to the principle PM axes—immediately
before and after the lo-bi gratings will introduce a 7/2 phase-shift between or-
thogonal linear polarisations. This linear phase shift will act to convert light
that is linearly polarised on the PM axes into orthogonal circular polarisations.
In this way, the switch is able to choose which circular polarisation is incident
on all gratings, and therefore the state of polarisation of light undergoing Bragg
reflection. This results in the capability to detect FBG reflections from incident
light that is both left and right circularly polarised in turn, allowing both signals
to be processed separately at the interrogation system. In this application, this
functionality will be used to suppress noise and drift at frequencies lower than
the switching rate through cancellation of signals common to both polarisations.

The polarisation states produced within the sensor array and back are il-
lustrated in Figure for the case of two serially-multiplexed sensors. The
polarisation-conversion procedure illustrated by this figure may be summarised

as follows:
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Figure 5.4: Depiction of the state of polarisation at points within the sensor
array. Fibre quarter-wave retarders aligned at 45° to the PM fibre principle axes

are indicated by %)\. LP, and LPg are orthogonal linear polarisations, while C'P4

and C'Ppg are orthogonal circular polarisations.
e Each quarter-wave retarder transforms a linearly polarisation to a circular

polarisation;

e The handedness of each circular polarisation is changed only upon reflection

from an FBG;

e Where the wavelength is not reflected by an FBG, the individual circular
polarisations are re-converted to linear polarisations by the exit quarter-

wave retarder and are unable to affect measurements;

e The accumulated phase-shifts for the round trip journey to each sensor
always yield a linearly-polarised output signal aligned orthogonally to the

input signal.

It may be seen from Figure that this procedure can be extended to any
number of such sensors in series, enabling the switching interrogator to process

all peak wavelengths together even for large arrays of sensors.

5.4.2 Measurement Procedure

In order for the system to incorporate multiplexing, the scanning filter (SFP,

Figure should be driven by a sinusoidal or triangular voltage waveform with
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Figure 5.5: Synchronisation of wavelength scanning, polarisation switch oper-
ation, and sample acquisition in switched magnetic field measurement system.
Two multiplexed sensors are depicted, with Bragg wavelengths A\; and \y. The
subscripts + and - denote right and left handed circular polarisations.

frequency fowiten. Synchronously, the optical path switch may be driven using
a digital signal of identical frequency. In this way, during the up-scan of the
SEP, the switch guides one PM axis to the interrogator, and during the down-
scan of the SFP the switch guides the orthogonal axis. This synchronisation of
scanning, switching, and sampling, is illustrated in Figure [5.5] Commercially-
available optical switches presently have response times in the nanosecond range
and repetition rates over 100 kHz, making this synchronization of switch and
filter viable for kHz acquisition rates[Agill][Pholl]. However, for the laboratory
demonstration of this system an Agiltron Crystal.atch 5 kHz 1 x 4 optical path
switch was used.

For each grating encountered by the scanning filter passband, the peak volt-
ages Vi_3 at the photodetector outputs are recorded and used by the demodula-

tion algorithm to determine the phase difference at the interferometer. This may
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then be related to the Bragg wavelength. Prior to calculation of the magnetic
field strength, one of these phase values (either from the up-scan, the down-scan,
or their mean, given as

avg — #> (54)

may be used to extract the common-mode signal which comprises temperature-
induced Bragg shifts. Hence, the Verdet constant at the sensor may be derived
on the basis of its known variation with fibre temperature.

Following the derivation of V', the difference in phase between consecutive

scans (up and down),

Ap= ¢y — b, (5.5)

can be found in order to produce the difference term which is sensitive only to
magnetic field strength. With V' derived and A¢ known, the field strength can

be calculated using the expression

_ Mefy

which is obtained by differentiating the phase-wavelength relationship (¢ = 27nd/\)
in the interferometer with respect to A, substituting Equation for A\, and
finally by considering that 2A = Ag/n.ss, where n.s; is the mean refractive in-
dex over the grating profile and nd is the optical path difference (OPD) in the

interferometer.

5.4.3 Phase Demodulation Simulation

Since V' and n. s cannot be adjusted except through using non-standard or doped
fibres, an increase in measurement sensitivity may only be achieved by increasing
the optical path difference nd in the interferometer. Clearly, for this application,
it would be beneficial to maximise the OPD in order to increase sensitivity, es-

pecially since the proposed switching method is immune to error incurred from
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drifts in the interferometer paths (since such drifts are common to both polar-
isation modes). However, the OPD has a practical maximum that is dictated
not only by FBG coherence length, but also by demodulation errors introduced
by electronic noise and nonlinear distortion that are inherent to the preferred
interrogation technique. In this section it will be shown that these errors increase
proportionally, but non-linearly, with the OPD, and thus an optimum OPD to
maximise the signal-to-noise ratio of the measurement can be identified.

Aside from acoustic noise directly affecting the MZI via vibrational changes of
the path lengths, which is the principle source of noise in this system, there will
be a contribution from electronic noise in photodetector output voltages. Unlike
acoustic noise, the impact of this electronic noise on phase demodulation will
scale nonlinearly with the value of OPD.

With reference to Figure the origin of this noise source may be described
as follows. Peak voltage noise levels in the photodetector outputs V; are depen-
dent on the optical source power level and the range of optical power variance
at the photodetectors between fringe minima to maxima. Minimum V; levels
for this scheme are determined by how deeply the MZI can modulate the FBG
reflection, which becomes limited when the fringe spacing is less than the FBG
bandwidth. Increasing nd will therefore reduce the output voltage range, in-
creasing the susceptibility to electronic noise. This is a source of error that has
not been considered in publications by Todd et al, but that has the potential to
undermine the system performance entirely in applications such as this one, for
which the sensitivity should be maximised.

Since both sensitivity and error will scale proportionally with OPD, but non-
linearly in the latter case, an optimum path difference may be determined where
the ratio of sensitivity to error (effectively the signal to noise ratio) is maximised.
In order to determine the impact of photodetector voltage noise on the phase
demodulation algorithm for a range of practical OPD values, the movement of
FBG peaks across the MZI fringes was simulated. For each incremental move-
ment, the phase was calculated using Equation [5.3] Then, a small, constant

perturbation was added to the voltages V;_3 to simulate additive voltage noise,
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Figure 5.6: Simulation of the reduction in FBG spectrum modulation depth as
MZI optical path difference is increased. OPDs of 1 mm and 20 mm are illustrated
here. Both the minimum and maximum FBG modulation allowed in both cases
is shown. It is clear that as OPD is increased, the ability of the MZI to modulate
the FBG peak reflection becomes limited.
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Figure 5.7: Sensitivity, phase error, and their ratio over a practical OPD range
for a constant voltage noise level. Optimum performance is found at OPD = 5.5
mm, where the SNR is maximised.

and the phase was recalculated. A comparison of the demodulated phases with
and without voltage error allowed for the percentage error in phase demodulation
to be determined for a wide range of optical path differences.

In the simulation, a fringe modulation depth of 80%, an FBG FWHM of
0.4 nm, and an SFP bandwidth of 30 pm were assumed. With reference to
Figure[5.7] it can be seen that although measurement sensitivity increases linearly
in proportion to the increasing path difference (as would be expected), there is
also a nonlinear increase in the error in demodulated phase due to the increased
susceptibility to voltage noise.

Therefore, in order to optimise the performance of the measurement system,
the optimum OPD may be defined as that which yields a maximum measurement
signal-to-noise ratio. In this case, with reference to Figure 5.7 the ideal value for
nd is 5.5 mm. This is therefore the path difference that should be incorporated
into the all-fibre MZI during interferometer fabrication. It should be noted that
optimum path difference due to this source of error is independent of the peak
voltage noise level in Vj_s—i.e. although the optimum SNR will decrease with
increasing noise levels, it will remain the optimum while noise is increased. As

such the optimal path difference determined here will remain the optimum choice
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even with changeable noise levels.

5.5 Construction

5.5.1 Low-Birefringence Grating Fabrication

A key requirement of this system is the elimination of linear birefringence within
the gratings, due to the magneto-optical sensitivity’s dependence on specific states
of polarisation. To fabricate the lo-bi FBGs used in this work, fibre gratings were
inscribed in standard Hs-loaded boron co-doped germanosilicate (B/GeOs) fibre
by a frequency-doubled 244 nm Argon-ion laser using direct writing through a
phase mask. As before, CW 244 nm was chosen since it does not contribute
significantly to linear birefringence[CDSKO05].

All gratings fabricated for this system were written with a laser output power
of 35 mW at a speed of 1 mm/min, and the peak reflected wavelength of all FBGs
was approximately 1560 nm. In order to verify the very low level of birefringence
in these structures, gratings incorporating a single central 7/2 phase-shift in the
index modulation profile to produce a sharp transmissive resonance were fabri-
cated. After annealing all gratings for 10 minutes at 300 °C to accelerate hydro-
gen out-diffusion and promote relaxation of internal stresses, spectral analysis of
the phase-shifted gratings indicated no observable splitting of the phase-shift’s
sharply transmissive feature at a measurement resolution of 1 pm. By implication,

using the relationship

AnLB ~ AN

N Ao

(5.7)

where AN is the spectral separation of the resonance wavelength, and ng and Ag
are the nominal grating mean index and resonance wavelength respectively, it
was established that the linear birefringence Anyp within the gratings used in

this study was less than 10~%—the same order of magnitude as with un-written

fibre.
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5.5.2 Mach-Zehnder Interferometer Fabrication

The interferometer fabricated for this work was an all-fibre construction, cre-
ated between the output pigtails of 2 x 2 and 3 x 3 couplers by fusion splicing.
The overall lengths of the interferometer arms were approximately 20 cm to al-
low for splicing. An optical path difference of 5.5 mm was introduced between
these arm lengths, in order to implement the optimum sensitivity determined in
Section [£.4.3l

During fabrication of the interferometer, the exact OPD was measured by
viewing the interference fringes on a spectrum analyser in order to determine the
spacing between adjacent fringe maxima. The true OPD can then be calculated
by noting that to move from one fringe maxima to the adjacent fringe maxima, a
change of 27 rad is required in the phase at the point of interference. Then, the
OPD can be found from

2

A
PD =nd = -2 .
O nd y) (5.8)

where A\ is the separation between a pair of adjacent fringe maxima, \,,4 is the
mean wavelength between the two fringe maxima, and n is the refractive index
of the fibre core. To view the interference fringes for the purpose of verifying the
OPD, the source was coupled directly through the MZI to the optical spectrum
analyser. For determining the OPD, the input and output ports of the MZI
(couplers) were used. To avoid changes in the modulation depth, the source light
was depolarised prior to entering the interferometer.

In future implementations, the interferometer may be fabricated on an inte-
grated optical chip in order to facilitate better vibration isolation and temperature
control. In the present implementation described in this chapter, this component
makes the largest contribution to noise in the phase demodulation scheme since

it is particularly sensitive to acoustic noise.
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5.5.3 Phase Demodulation Calibration

For this study, a partially-automated calibration procedure was developed in or-
der to extract information regarding the fringe maxima and minima and coupler
parameters that are required for effective deployment of the phase demodula-

tion algorithm. The procedure for calibration, from a user’s perspective, can be

described as follows with reference to Figure [5.8;

Figure 5.8: User interface procedure for partially-automated calibration of the
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1. User is prompted to turn photodetectors on, while keeping the optical source

offsets are stored and subtracted from all future measurements.

MZI phase. System continuously samples on all three channels, displaying

a 2 second visual history of each. When the user is satisfied that the strain

. User is prompted to switch the optical source on and manually modulate the




modulation has produced at least 27 rad modulation in the interferometer,
as evidenced by at least one maxima and minima in the channel histories,

the user selects the control Stop to calibrate.

3. System stops acquiring and uses features extracted from the history data

to determine the algorithm parameters (A,,, B, 0,—see Section [3.4.1]).

Although the MZI modulation and source delivery are steps that the user must
perform manually in the present embodiment of this scheme, the above proce-
dure can be automated using a second optical switch and either a scanning filter
or a piezoelectric actuator to provide wavelength scanning. This would remove
the requirement for direct path length modulation, since the phase modulation
required for calibration would instead be provided by the wavelength shift in the

interferometer.

5.5.4 Tuning Method for Fibre Retarder

In this work, a variable waveplate was used to provide the quarter-wave phase
shift, however it is considered that in future embodiments a permanent fibre
waveplate may be fabricated using techniques established in the field of optical
current sensing. As described by Bohnert et al, a section of birefringent optical
fibre of known beat length may be used to fabricate a temperature-insensitive all-
fibre quarter-wave retarder for the conversion of a linear polarisation to a circular
one[BGKBO4]. The length of this section of fibre may be very short (~1 mm), as
illustrated in Figure 5.9 Elliptical-core fibre retarders are an excellent choice for
this particular application since the change in their retardation with temperature
is relatively small. The retardation of a phase retarder made from such a fibre
was found by Bonhert et al to decrease essentially linearly at a rate of —0.35
mrad/°C at a wavelength of 816 nm, while the temperature dependence of fibres
with stress-induced birefringence has been shown to be larger by around an order
of magnitude[ZL93].

In the laboratory implementation, the fibre waveplate was kept at room tem-

perature. However, the phase error resulting from this mild temperature depen-
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Figure 5.9: Fabrication of a fibre quarter-wave phase retarder using elliptical core
birefringent fibre. By applying the required 45° twist between clamps, a fusion
splicer may successively heat and relax a location 1 mm from the splice to tune

the retardance.[BGKBO04]

dence will lead to a maximum error of —0.1 rad in phase over a full-scale tokamak
temperature flux of 300 °C, which would cause the orthogonal polarisations in
the FBG to diverge slightly from purely circular states. The orthogonal elliptical
polarisations that will result from this effect will possess slightly reduced sensitiv-
ities to the magnetic field, since a component of the light is now linearly-polarised.
In a practical system, this may be compensated for at the design stage in two
ways: By fabricating the retarder to provide a precise m/2 phase retardation at
the most likely operating temperature; or by adjusting the initial room temper-
ature retardance such that the change in sensitivity due to SoP error is exactly
offset by the mild positive temperature dependence of the Verdet constant.
When fabricating the retarder or making adjustments to a variable waveplate,
a circular SoP at the point of reflection (within the grating itself) must be ver-
ified. With reference to Section this was achieved by linearly polarising
the broadband source, and then monitoring the reflected power returning using
the polarisation switching scheme. In this work, this was achieved by configuring

monitoring software to switch between orthogonally-polarised reflections and ex-
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tract only the intensity from each. Then, if the source is polarised on the PM slow
axis, for example, the retarder should be tuned to maximise power returning on
the orthogonal axis. As illustrated by Figure [5.4] a slow axis LP input returning
on the fast axis implies that the SoP at the point of reflection must be circular,
since it is precisely at the mid-point of this half-wave conversion. In practice, this
calibration scheme may be automated in order to periodically measure the SoP

within the FBG.

5.6 Characterisation

The measurement system illustrated in Figure [5.3] was constructed using the
described components and techniques in order to establish the performance of
this technique under laboratory conditions.

To provide both the test magnetic field and the heat source, an air-core
solenoid with a known responsivity of 12.5 mT/A was used. The solenoid was
suspended from the bench by a layer of vibration dampening materials to sup-
press acoustic noise in the FBG—primarily at the vibration signal that occurs at
twice the frequency of applied current due to magnetic force between the paral-
lel wires. Throughout testing, care was taken to ensure that the measurement
was indeed one of magnetic field and not of electrical pickup or vibration. This
was achieved using the known frequency characteristics of the magnetic force vi-
bration signal induced in the coil, and by using the technique in Section [5.5.4]
to force a circular polarisation at the grating. It should be noted that as the
variable waveplate was tuned the magnitude of the measurement signal could be
readily adjusted from maximum sensitivity to a state of complete insensitivity
to magnetic field, illustrating the dependance of the measurement scheme on the
state of polarisation. As illustrated by Figure [5.10] the lo-bi grating, fabricated
as described in Section [5.5.1] was attached to a quartz rod to allow the grating
to be suspended in the air core of the solenoid such that the magnetic field was
parallel to the fibre core.

In order to reduce noise levels, the present system utilises hardware oversam-
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Figure 5.10: Construction of switched-polarisation magnetic field probe. QWP
is quarter-wave plate.

pling in order to enable software filtering of the signal after sampling, since—due
to the switched interleaved signals—hardware anti-aliasing prior to ADC is not
appropriate. This allowed for a substantial reduction in high-frequency noise

contributions during testing.

5.6.1 Common-Mode Isolation: Temperature Sensing

In the proposed system, the separation of magnetic field strength from the common-
mode signals (strain and temperature) is made feasible by the polarisation switch-
ing scheme. As described previously, the system is able to separate the interleaved
phase signals constituting the orthogonal circularly-polarised FBG reflections,
which possess opposing polarities of magneto-optical sensitivity. Subtracting the
de-interleaved signals results in the signals as recorded in Figure [5.11] Here,
CP,4 and C Pg constitute the de-interleaved orthogonal polarisations, with their
differential also shown.

To generate the data in Figure [5.11] both the Mach-Zehnder interferometer
plate and the FBG’s quartz rod were subject to bending and heating in order to
produce strong common-mode signals. It can be seen from the data that both
polarisations possess identical sensitivity to strain and temperature, rendering

their differential virtually immune to these forms of interference. Within the dif-

153



0,35
0.3
0.25 . .
Differential
0.2-
z
0,15
g
S 01+
-
@ 0.05-
o CPa
o
=
O g0s-
a1 CPs
0,15 -
-0'2 _I ] 1 1 ] ] ] ] 1 1 ] ] ] 1
26119 26500 26750 ZF000 27250 2S00 EFFS0 ZBO000 28250 28500 Z87S0 29115
Samples

Figure 5.11: Sensor response to bending and heating of both the MZI and the
FBG, demonstrating the principle of separation of temperature and magnetic
field. C'P4 and C'Pg are orthogonal circular polarisations. The sample interval
is 2 ms for both polarisations.

ferential signal remains the information on magnetic field strength. It should be
noted that while the subtraction of signals possessing random noise (contributed
by photodetection and quantisation stages) will double the noise power, the mag-
netic field signal’s amplitude will double, resulting in a 3 dB increase in the SNR
overall, in addition to the clear suppression of interference due to strain or heat-
ing.

By isolating either of the orthogonal polarisation signals or their mean, the
temperature of the transducer can be monitored (given that the strain response
is sufficiently dampened). In this work the test solenoid provided a method for
testing this simultaneous detection of temperature by acting as an ohmic heat
source for the transducer during application of relatively large solenoid currents.
The temperature response shown in Figure was recorded during a 1 min

heating period by isolation and calibration of the de-interleaved signal C'Pj,.

5.6.2 Magnetic Field Sensing: Noise Floor and Linearity

After processing the de-interleaved signals to produce the differential signal il-
lustrated in Figure [5.11] the measurement of magnetic field strength can be per-
formed using the procedure in Section[5.3] From Figure[5.13] the noise floor of the

present embodiment of the magnetic sensor can be estimated to be approximately
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Figure 5.12: Temperature rise in transducer measured during solenoid pulsing.
Measurement acquired simultaneously with magnetic field strength information
via isolation of C' P, phase signal. A temperature resolution of approximately
0.05 °C was observed. The sample interval is 2 ms.

20 mT rms /v/Hz at frequencies above 1 Hz. This noise level constitutes an order
of magnitude improvement over embodiments that do not utilise the techniques
of oversampling or common-mode noise suppression by orthogonal polarisation
switching]ONI0]. The strong dc term is due to the existing phase difference
between the orthogonally polarised modes in the present embodiment (see Fig-
ure , which can be removed by automatic offset calibration. In Figure m
a small 100 mT rms signal is applied by an ATPS3 current injection unit[Lim].
It should be noted that unlike extrinsic techniques the magnetophotonic point
sensor does not require calibration either for sensitivity or offset—given that the
Verdet constant of the chosen fibre is known, an absolute measurement of the
magnetic field may be made.

Since the response of the magnetophotonic sensor is linear over its entire
operational range, its performance at large (> 1 T) fields can be extrapolated
from its response to smaller applied fields. In the test solenoid the ac current
was ramped from 0-9 A to produce a maximum test field of 112 mT. Figure |5.14
illustrates the raw data response curve to an increase in magnetic field strength,

indicating a good agreement between the simulated and experimental responses.
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Figure 5.13: Response of magnetic sensor to application of a small (100 mT rms)
signal at ~62 Hz, demonstrating the signal-to-noise ratio. Above 1 Hz the noise
floor of the laboratory system is approximately 20 mT rms /v H z.

The present embodiment is therefore capable of measuring a wide range of field
strengths at a resolution of 20 mT and with a linear response.

In the present embodiment, measurement noise is contributed for the most
part by acoustic noise in the interferometer, by fluctuations in the modulation
depth at the interferometer (due to temperature and vibration-induced changes
in the SoP), and by the remaining degree of polarisation after the depolariser. As
will be discussed in the next chapter, temperature and vibration isolation of the
interferometer will be achieved more easily in future embodiments by constructing
the MZI in planar waveguide form. Additionally, Section [7.2.2] of Chapter [7] will
discuss in detail how the switching interrogator may be constructed to avoid
SoP discrepancies within the interferometer. Therefore, it is considered that in
future it will be possible to greatly improve the measurement resolution through

elimination of these primary sources of noise.
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Figure 5.14: Comparison of simulated (square) and raw experimental (circle) data
of response to increasing ac current in the test solenoid. No averaging has been
applied. Error is due to the inherent noise equivalent to 20 mT.

5.6.3 Quasistatic Magnetic Field Measurement

As will be described in detail in Chapter [7] the system demonstrated here may
undergo a straightforward adaptation to enable measurement of quasi-static mag-
netic fields, since in its present embodiment it readily provides a method for mod-
ulating the magneto-optical sensitivity. Although not demonstrated in this thesis,
it is envisaged that the system could allow operators to select between detection
of ac or dc magnetic fields simply by altering the rate of the polarisation switch
and removing the de-interleaving stages of the interrogation scheme.

In this way, the static magnetic field strength becomes amplitude modu-
lated at the switch frequency, allowing for immediate detection of the static field
strength with a true measurement resolution of 20 mT. Alternatively, this ca-
pability can be exploited by a lock-in amplifier (LIA) technique to provide a
phase-locked measurement of the static magnetic field with excellent resolution

(<0.5 mT) by driving the polarisation switching scheme at the LIA reference
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frequency|BCD™95].

5.7 Measurement of Bend and Longitudinal Strain

5.7.1 Introduction

In this section, a technique is proposed—based on conventional FBGs—that pro-
vides a robust independent measurement of longitudinal strain and bend using
a polarisation conversion mechanism. The technique utilises the polarisation-
switching interrogation scheme detailed earlier in this chapter in order to demod-
ulate strain and bend signals separately at kHz acquisition rates with interfero-
metric resolution. By removing the fibre quarter-wave phase retarder used in the
magnetic measurement scheme, the system becomes sensitive to the difference in
reflections from orthogonal linearly-polarised modes. It will be shown that this
differential may be adjusted by subjecting a section of SM fibre to bending.

A bend sensor may be developed based on this principle that will be applicable
to measurement of the large flexural changes in tokamak structural components
that are subject to magnetic forces. In particular, the possibility of providing de-
tailed information to operators on structural movement and any potential damage
during plasma displacement events (described in Chapter [2]) is highly desirable.
Since the transducers described here are interrogated by the same fundamental
scheme, bend sensors may be incorporated into the sensor array without any

further changes in the interrogation hardware.

5.7.2 Existing Fibre Bend Sensors

Optical fibre bend sensors offer a number of advantages over conventional elec-
tronic flexural measurement techniques, including high accuracy and repeata-
bility, the freedom to measure bend in every direction, and their capability
for deployment in adverse conditions. Bend sensors have been proposed util-
ising bend loss (commonly with plastic optical fibres)[GRI7][KCS02], two-path
interferometry[MGM™01], long-period gratings|SCTT07], and etched fibre gratings|[YZZ"04].
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Figure 5.15: Multiplexable fibre transducer for bend and strain. PM is
polarisation-maintaining, SM is single-mode, FBG is fibre Bragg grating.

However, the performance of such techniques is limited either in terms of their
serial multiplexing capability or their robustness to attenuation and power fluc-
tuations. A narrowband wavelength-encoding optical bend sensor would address
these limitations by providing a transducer that is easily multiplexed using exist-

ing techniques while being completely insensitive to optical power fluctuations.

5.7.3 Measurement Principle

Figure illustrates the multiplexable bend transducer. In this arrangement, a
standard FBG sensor is preceded by a short length of conventional single-mode
(SM) fibre. This SM region forms the bend-sensitive transducer, and is addressed
by the interrogation scheme via high-birefringence polarisation-maintaining (PM)
fibre in precisely the same manner as the magnetic sensors.

As discussed, fibre Bragg gratings conventionally exhibit a level of linear bire-
fringence An in the core of the order of 1075-10~* which is dominated by the
asymmetry introduced by UV-inscription. Previously in this thesis, we have
sought to reduce this level of linear birefringence to minimise interference with
an induced circular birefringence. For the bend sensor, however, the existing level
of linear birefringence in conventional fibre and FBGs will be utilised.

In accordance with the Bragg equation (Ap = 2n.ssA) there will be two
separate peak reflected wavelengths corresponding to the two orthogonal axes
of birefringence. By adjusting the bend-induced linear birefringence within the
SM region (effectively a fibre waveplate), the peak reflections experienced by
orthogonally-polarised modes exiting the PM fibre can be shifted between two
extremes, where orthogonal modes are polarised linearly within the FBG and

hence there is the greatest difference between Bragg wavelengths. At the cross-
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over point, where the peak reflected wavelengths are equal, the two modes are
orthogonally circular within the grating with both experiencing the same mean
refractive index.

Applying longitudinal strain to the transducer arrangement produces a shift
in Bragg wavelength common to both polarisations. Thus, by interrogating sepa-
rately for the reflected wavelengths experienced by orthogonally-polarised modes,
their strain-insensitive difference can be used to determine flexural changes over
the SM region, while their sum can be used to determine either longitudinal strain

or temperature.

5.7.4 Measurement Scheme

The single-transducer interrogation scheme implemented for this work is illus-
trated in Figure [5.16] In terms of optical and electronic components, the inter-
rogation system is identical to that of the magnetic field sensor system. In this
case however, the permanent quarter-wave retarders are replaced by conventional
fibre and the gratings must not be lo-bi.

As in the magnetic sensor system, the polarisation splitter separates off sig-
nals returning from the illuminated sensor on the slow and fast PM axes. The
acquisition of photodetector voltages is synchronised with the optical switch such
that software phase demodulation for both outputs of the polarisation splitter
may be performed after the separation of interleaved signals.

In the interrogation software, processing is performed separately for the two
linearly-polarised modes in order to generate their sum and difference signals.
These are exclusively sensitive to longitudinal strain and bending, respectively. To
enable the serial multiplexing of transducers, PM fibre may be deployed between
measurement regions in order to facilitate zero cross-sensitivity by “resetting” the

bend-induced polarisation conversion of previous transducers.

160



PM PM y PM
~1550 nm 3% = Q Hh— Q.
SM
transducer
PS ressssssssssssssasasassasass
1
V,
Ay i | Photodetector A |—A‘
:|Phtdt orB |2
| otodetector B —
! Vv
Photodetectors ! | Photodetector C I c
JA 1
B i | Switch driver Dig CH1 Analogue
St : CHs 1-3
gﬁ c | DAQ /DSP
1
Optics : @
Electronics
PC
(LabVIEW)

Figure 5.16: Interrogation system for single bend /strain transducer, incorporating
a polarisation beam splitter (PS), an optical path switch, a depolariser (D) and
an all-fibre unbalanced Mach-Zehnder interferometer (MZI)

5.7.5 Preliminary Tests

A transducer arrangement incorporating a 5 cm bend-sensitive region (SMF-28e
fibre) preceding a standard FBG was fabricated in order to demonstrate the bend
measurement scheme. The FBG region was bonded by epoxy to an aluminium
cantilever beam, while the immediately-preceding bend-sensitive region was al-
lowed to hang freely. By manipulating both the flexural region and the cantilever
beam, the independence of the strain and bend measurements using the pro-
posed technique and system could be demonstrated as shown by the waveforms

of Figure [5.17]

5.7.6 Discussion

By providing a wavelength-encoded technique for bend measurement, the pro-
posed scheme enables the serial multiplexing of sensors while eliminating errors
due to power fluctuations that are common with existing fibre-based techniques.

In future embodiments, the bend sensitivity and measurement range can be in-
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Figure 5.17: Sensor response to (a) manual bending and (b) a small 2.5 ue rms
signal applied by cantilever beam, demonstrating the principle of separation of the
two measurands. LF, and LP; are orthogonal linear polarisations. The sample
interval is 1 ms for both polarisations.

creased by utilising greater birefringence in the flexing and FBG regions respec-
tively.

It is clear from this demonstration that the polarisation-switching interroga-
tion scheme developed for magnetic field measurement may be adapted to incor-
porate transducers for fibre bending and longitudinal strain. Thus, the function-
ality of the system may be expanded to provide additional useful information on
structural deformation or transient flexing which may assist operators in predict-

ing or diagnosing damage to tokamak components.

5.8 Chapter Summary

In this chapter, a multiplexable, all-fibre technique for point measurement of
magnetic field strength has been proposed and demonstrated. The technique in-

corporates a polarisation switching scheme that enables the isolation of common-
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mode signals such as strain and temperature—improving the performance of the
sensor and allowing simultaneous, independent measurement of temperature in
the transducer. The scheme utilises conventional PM fibre in combination with
fibre quarter-wave plates in order to provide well-determined circular polarisation
states at the transducer over long interrogation distances.

In addition, details have been provided of the fabrication technique for low-
birefringence FBGs which are required for use in this system, an automatable
technique for the tuning of the quarter-wave retarders in order to produce the
correct state of polarisation within the sensor elements, and the phase demodu-
lation calibration procedure.

The sensor’s response to applied ac magnetic field and heating was demon-
strated, indicating resolutions of 20 mT rms / V' Hz and 0.05 °C respectively with
the present embodiment. In future implementations it will be possible to greatly
reduce this noise level by acoustic isolation and improved polarisation stability of
the MZI module. Additionally, it will be possible to enable measurement of static
magnetic fields using the incorporated polarisation switching technique in order
to modulate the magnetic field strength information upon a carrier of known
phase and frequency.

A technique for adapting the scheme to measure fibre bend and longitudinal
strain was described, based on an alternative transducer package. This capability
may be incorporated into the overall scheme to provide additional functionality.

Importantly for use in the fusion environment, the system retains the FBG’s
capability for serial multiplexing and its all-glass structure. As such, the tech-
nique satisfies the criteria for environmental robustness demanded by tokamak
applications, while providing monitoring of magnetic field strength over large

measurement ranges.
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Chapter 6

High-Speed, High-Resolution
FBG Interrogation and
Multiplexing System

6.1 Chapter Overview

In Chapters [4] and [5, two ways by which point measurement of the magnetic field
strength may be achieved by purely magnetophotonic means were developed. The
requirement for very high resolution interrogation and large-scale multiplexing
is apparent in both cases. However, it was shown in Chapter [3| that present
schemes for multiplexing and interrogation of FBG-based sensors possess a trade-
off between their achievable resolution and multiplexing capability.

In this chapter, a novel interferometric multiplexing scheme is proposed and
demonstrated which overcomes this trade-off and enables high-resolution wave-
length detection and high-speed, large-scale multiplexing. Two fundamental ap-
proaches will be detailed—wavelength-switched WDM and pulsed TDM—and a
preliminary laboratory demonstration of the former will be reported. A hybrid
design is also divulged that merges the beneficial characteristics of both the WDM
and TDM schemes.
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6.2 Introduction

As discussed in Chapter [3] existing interrogation schemes for FBG sensors pos-
sess a trade-off between their extensibility (number of sensors the scheme can
interrogate) and the quality of the measurement (in terms of accuracy, resolu-
tion, and rate of measurement). This is due to the high-resolution technique
(interferometry, see Section being unsuitable for combination with existing
multiplexing methods. Hence, the high-quality technique is usually limited to a
single sensor per system, which is impractical.

The most pertinent prior research was carried out at Naval Research Labora-
tories (Washington DC, USA) by Todd et al, who have developed a technique to
break this trade-off[TJAOI]. However, as discussed in Section , this technique
is limited in speed and resolution by its requirement for a scanning filter and for
several electronic processing stages prior to phase demodulation. It would there-
fore be desirable to develop an alternative implementation of the instantaneous
phase demodulation technique in [TSB02] that circumvents these limitations.

The first fundamental solution presented here makes use of a fast optical path
switch in combination with a course wavelength division multiplexer (CWDM) in
order to select at very high rates (potentially up to 1 MHz) which sensor signal is
guided to the interrogation platform. In an second embodiment a pulsed source
is used in order to ensure reflections from serially-multiplexed sensors return to
the interrogator in a staggered fashion, enabling the sequential demodulation of
vast sensor arrays. The core interrogation platform is an interferometric phase
demodulation scheme that can produce a measurement of the guided sensor signal
instantaneously.

The combination of these elements produces a system that can interrogate
many sensors simultaneously at interferometric resolution and a measurement
rate limited only by the performance of optical path switches, which may switch
between sensors at rates of up to 1 MHz[Pholl]. Presently, all required compo-
nents can be sourced commercially and possess performances that will allow the

proposed techniques to outperform existing interrogation schemes.
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Section will begin by detailing the designs and operation of the proposed
fundamental and hybrid schemes. Following this, Section reports on the lab-
oratory implementation and characterisation of the fundamental switched WDM
interrogation scheme. Finally, a discussion on the calibration procedure is pro-

vided in Section [6.5]

6.3 System Designs

6.3.1 Demodulation Platform

The proposed embodiments of this system utilise the wavelength demodulation
technique detailed in Section [3.4.1] where a Mach-Zehnder interferometer is con-
structed between the arms of 2 x 2 and 3 x 3 couplers. This may be realised by
fused optical fibre couplers, or as part of an integrated optics planar waveguide.
Both the all-fiber and integrated optics versions of the core wavelength demod-
ulation component are illustrated in Figure [6.1] where photodetectors have been

included such that the input is optical and the outputs are electronic.

%2 3%3
A — V,
UMZI ? %
@) S v,
— V;

Figure 6.1: The core wavelength demodulation platform in (a) all-fibre and (b)
planar forms. The contents of this figure are referred to in future figures by
the block labeled 2 x 3 UMZI + PDs where UMZI is unbalanced Mach-Zehnder
interferometer and PD is photodetector.

By the physical properties of the 3 x 3 coupler it is possible to derive the

absolute phase at the point of interference of the two beam paths. This may then

167



be related directly to the wavelength at the input to the interferometer if the
optical path difference is known. For further detail on the phase demodulation
technique, refer to Section [3.4.1 Based on this demodulation scheme, the input
optical wavelength may be determined immediately from a single sample of each
photodetector output voltage (Vi_3). This capability for immediate calculation
of the reflected wavelength from an FBG sensor is key to the operation of all

embodiments described in the following section.

6.3.2 Core Scheme 1: Switched Wavelength Division Mul-
tiplexing

The first fundamental scheme utilises a wavelength switch, constructed from a
CWDM and a fast optical path switch, to fully exploit the immediacy of the phase
demodulation technique by selecting, at rates limited only by switching speeds
and processing capacity, which sensor reflection is guided to the interferometer

for detection.
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Figure 6.2: Switched wavelength division multiplexing interrogator

As illustrated by Figure[6.2] a continuous wave (CW) broadband source (BBS)
illuminates a wavelength range covering the reflection wavelengths of all sensors
within the sensor array. Reflected wavelengths from all sensors return simulta-
neously and continuously to the CWDM unit, which separates off signal from

each sensor onto independent output fibres. This is achieved by using FBGs and
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CWDM channel passband centre wavelengths which are matched specifically for
this purpose. Therefore, every FBG wavelength must be unique and must cor-
respond to a single CWDM channel. In effect, this scheme is a combination of
the positive aspects of both [KB96] and [JTACO0], such that the wavelength-shift
detection is passive and there are no tuned components.

An optical path switch, driven by the ADC/Processor unit, is then used to
guide the reflected signal of each sensor in turn to the demodulation platform
where the voltages V;_3 may immediately be sampled by an ADC unit and there-
after processed to determine the FBG wavelength.

The wavelength switch can select between sensor signals in any order. In ad-
dition, the ADC sampling rate may be set to any integer multiple of the switching
rate to enable oversampling for the purposes of electronic noise filtering and hence

further improved measurement resolution.

6.3.2.1 Parallel-Processed WDM

In a similar vein to the parallel-processed WDM multiplexing proposed by Kersey
in [KB96], instead of selecting and guiding to the demodulation platform each
sensor reflection in turn, all sensor reflections may be processed in parallel by the

processing unit. This concept is illustrated in Figure [6.3]

50/50 A Ay Ag ANy e A
CW BBS @4ttt —HHHH—
4—
FBGs
CWDM

AL sz \Zl A
A 4 y

umMzIi uMZIi UMZI umMzi
+ PDs + PDs + PDs + PDs

1 1! A N 11

ADC + Processor

Figure 6.3: Parallel-processed wavelength division multiplexing interrogator
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With this embodiment, the switching element has been removed entirely. In-
stead, the ADC/Processor unit processes the set of three voltages V_3 for every
sensor in parallel, which may be preferable for future embodiments given the
rapid progress in development of planar optical components to construct low-
cost, compact multi-UMZI units and multicore processing platforms. In this
case, measurement rate is limited only by the capability of the ADC/Processor

stage.

6.3.3 Core Scheme 2: Time Division Multiplexing

The second fundamental scheme utilises an alternative and complimentary tech-
nique for guiding one sensor reflection at a time to the demodulation platform,
building upon previous work in TDM interrogation of FBG sensors[ZCW™02][WKB94].
In this embodiment (Figure , in place of the wavelength switch, a pulsed
broadband source (PBS) is used in conjunction with delay lines (DLs) between
sensors to ensure that after pulsing the source the sensor reflections return in
temporal series to the demodulation platform in the order that they are illumi-
nated.

As the optical pulse triggered by the ADC/Processor unit travels out towards
sensors, each is illuminated—and will produce a sensor reflection—in turn. The
delay lines ensure that the time difference between the arrivals of consecutive
sensor signals at the demodulation platform is sufficient for one to be recorded
and processed before the next arrives.

In order to capture the crucial voltage levels V;_3 as they briefly arrive, ADC
units can be employed with a corresponding threshold detector which would com-
mand data acquisition on the reception of each returning pulse. Depending on
the sampling speed of the ADC unit, several samples can be acquired per single
pulse to enable signal averaging for noise reduction.

With the time division multiplexing (TDM) embodiment, the Bragg wave-
lengths of each sensor are not required to be unique or specified accurately since
the system is not multiplexing by way of wavelength division. This allows greater

freedom during system design and in applications in two respects:
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Figure 6.4: Time division multiplexing interrogator

e Sensors can be fabricated to be absolutely identical, simplifying manufac-

turing, replacements, and the modular nature of installations.

e The number of sensors can be very large (100s), owing to the TDM nature
of the system. This is in contrast to the WDM embodiments where sensor
numbers are limited to the amount that can fit within the bandwidth of the

source (usually 16).

6.3.4 Hybrid Design: Time and Wavelength Division Mul-
tiplexing

As with many large-scale monitoring applications, to facilitate the monitoring
of vast sensor arrays it is often required to combine a number of different mul-
tiplexing techniques to provide further means of differentiation between sensor
responses|[NHOS)[GEFVMO09]. In this case, using the fundamental techniques de-
scribed in Sections and it is possible to combine TDM and WDM
elements to produce a system that is capable of interrogation multiple sensor
arrays (Figure [6.5)).

Here, a pulsed broadband source (PBS) is used in a similar fashion to the
TDM interrogator of Figure [6.4] At the sensors, arrays of FBGs similar to the
array from Figure [6.2] are separated by delay lines such that a set of reflections

from arrays return simultaneously, with a time difference between the arrivals of
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Figure 6.5: Hybrid time and wavelength division multiplexing interrogator

array reflections. Upon arrival of the sensor array reflections, a WDM module is
used to split sensor wavelengths A\;—\,, onto individual output fibres for selection
by the optical path switch. This technique is identical to that deployed in the
fundamental WDM scheme (Figure [6.2)).

The delay between the arrivals of sensor array reflections should be long
enough to allow interrogation of all sensors within the array using Section [6.3.2[s
switching technique before the arrival of reflections from the next array. In or-
der to synchronize the switching WDM with the arrival of TDM reflections, the
processor may wait for illumination at A\; before proceeding to interrogate other
wavelengths.

With this technique, there is a merging of the benefits of both the TDM
and WDM techniques. The fast WDM switching interrogation technique may
be implemented over not only one but multiple identical sensor arrays, each of
which are illuminated in turn by the travelling broadband pulse. In this way,
a very large number of sensors may be interrogated potentially faster than with
the pure TDM technique of Section Additionally, each array of wavelength
multiplexed sensors A\;—\,, may be used for monitoring of smaller components of
a larger system or plant where the mounting of additional delay lines between
individual sensors may be restrictive but placing delay lines between the arrays

that are spaced farther apart may not pose the same restriction.
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6.3.4.1 Parallel-Processed WDM /TDM

The hybrid TDM/WDM approach may alternatively be implemented with the
switch removed such that all sensor array reflections must be processed in parallel
(Figure . As sensor array reflections return during illumination from the
pulsed source, the WDM unit separates the reflections of individual sensors within
the array onto separate output fibres, as in previous embodiments. Then, as
in Section [6.3.2.1] before the reflection from the next sensor array arrives, the

processor must interrogate all sensor reflections A\;—\,,.
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Figure 6.6: Parallel-processed hybrid time and wavelength division multiplexing
interrogator

6.4 Laboratory Implementation

In order to demonstrate the fundamental technique described in Section [6.3.2]
the system shown in Figure |6.7] was constructed in the laboratory. Optical
path switching was provided by an Agiltron CrystaLatch 5 kHz switch, while
the CWDM unit was a passive 1 x 4 configuration with 10 nm channel spacing
and 5.5 nm channel passbands.

The three CWDM and FBG centre wavelengths were matched (1535 nm, 1545
nm, 1555 nm). Each FBG was bonded to a piezoelectric stack to allow straining of

the FBGs by application of voltage. A three-phase voltage transformer was then

173



CW BBS
4_
FBGs

CWDM
}\‘1 v }“2\ v 7“3
Switch \
\ 4
2x3 UMZI > A?C
+ PDs >
Processor

Figure 6.7: Laboratory demonstrator based on the wavelength-switched inter-
rogator described in Section [6.3.2l The demonstration system interrogates three
FBG sensors.

used to drive all sensors simultaneously. The ADC/Processor unit was configured
for 3 kHz switching/sampling rate, allowing for 1 kHz acquisition rate per sensor.
Figure shows the signals of each sensor during 50 Hz ac voltage application.
The expected 120° shift between voltage phasors can be clearly seen.

To illustrate the excellent single-to-noise ratio achievable even without anti-
alias filtering or sample averaging, Figure shows the frequency domain trans-
form of the signals after phase-to-strain conversion. Similarly, to illustrate the
independence of measurements and lack of cross-talk while using this scheme,
Figures (a)—(c) were recorded during application of a single voltage signal at
one sensor (Figure (a)). It can be clearly seen that there is no trace of cross-talk
between sensors on the spectra of either other sensor (Figures (b) and (c)).

From Figures[6.9and [6.10] the excellent resolution of the interferometric tech-
nique is demonstrated to be approximately 10 ne rms v/ H z before application of
filtering or sample averaging. This contrasts with the 1 e resolution of higher end
commercially-available interrogation systems, demonstrating an improvement of
two orders of magnitude. Though not demonstrated here, with sample averaging
or filtering this resolution can be improved by a further order of magnitude by

reducing high frequency noise contributions.
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Figure 6.8: Simultaneous interrogation of three FBG sensors ((a) 1535 nm, (b)

1545 nm, (c) 1555 nm) measuring 3-phase ac 50 Hz voltage using the switched
CWDM technique
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Figure 6.9: Spectra of the three sensor signals ((a) 1535 nm, (b) 1545 nm, (c¢) 1555
nm) acquired at 1 kHz each. Units are microstrains. Measuring 3-phase ac 50 Hz
voltage using the switched CWDM technique. Difference in signal amplitudes is
due to difference in piezoelectric stack characteristics.
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emonstration of robustness to cross-talk between multiplexed sen-

sors during application of strain signal to one sensor (a). From (b) and (c) it can
be seen that there is no trace of the applied signal.
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6.5 System Calibration

The transfer function (wavelength to phase conversion) of the unbalanced Mach-
Zehnder interferometer as described in Section will drift slowly over time
with changes in the environmental temperature. Such drift will alter the sensitiv-
ity of the measurement system to changes in measurands. In addition, the device
will pick up unwanted acoustic noise and vibrations which will contribute to the
noise level of all sensor signals. In practice therefore, the interferometer module
must be made robust to the external influence of both temperature and vibration.
This can be most easily achieved by miniaturisation of the interferometer, for ex-
ample by fabrication of the device in a compact, monolithic, planar form rather
than using fibre couplers. Fabrication of the device in planar form would allow
it to be easily potted in vibration-dampening gel, and thereafter mounted on a
thermoelectrically-cooled platform, thus ensuring the robustness of the device to
both forms of interference.

After fabrication of the interferometer (either in fibre or planar form) the de-
vice must be calibrated to determine the constants required for deployment of
the phase demodulation algorithm. To do so, the phase difference ¢ must be
modulated by at least 27 rads, thus driving the interference patterns on all three
outputs through at least one maximum and minimum. Then, using a straightfor-
ward procedure for determining the optical power splitting ratio and the phase
angles between 3 x 3 outputs—such as that described in [SHS93]—the required
parameters A,, B, and 6, may be recorded.

The 27 phase modulation required for this calibration procedure can be achieved
either by stretching one or both arms of the interferometer, which is feasible
for both fibre and planar embodiments of the interferometer. In the fibre em-
bodiment, a piezoelectric stretcher can be employed to stretch the interferom-
eter arms; in the planar construction, a suitable modulation technique can be
used, for example by utilising electro- or thermo-optic effects or MEMS (micro-
electromechanical systems) actuation. Planar MZI modulators are commercially

available and similar techniques could potentially be adopted in this application.
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Alternatively, calibration can be achieved through the modulation of the input
wavelength. Input wavelength modulation does not require manipulation of the
interferometer itself in any way. There are a number of ways by which this may
be achieved, the simplest of which may be to guide a strain-modulated FBG
reflection through the interferometer temporarily.

In general, system calibration would be required very infrequently, and could
be automated to perform during system “start up” or when demanded by the user.
To further improve stability, a temperature-controlled athermal FBG can be used
as a stable wavelength reference (connected in series or in parallel with the sensor
gratings) that can be checked periodically to ensure long-term accuracy of the
measurements. Adjustment for changes in measurement offsets (gradual apparent
Bragg shifts) over long periods of time as determined by these periodic checks
can easily be automated and would form a component of the ADC/Processor

platform.

6.6 Chapter Summary

In this chapter, a multiplexing, interferometric interrogation scheme for FBG-
based sensors has been described. The scheme, based on an instantaneous phase
demodulation technique, may be implemented through a number of embodiments
that utilise either wavelength or time division multiplexing, or a hybrid combi-
nation of both. In this way, the invention will allow the installation of sensor
arrays of previously unachievable scope and performance, further improving—in
terms of achievable resolution and measurement rate—the magnetophotonic sen-
sor designs of Chapters [4] and [5] As such, the next chapter will illustrate how
the schemes described here may be integrated into the magnetophotonic sensor
systems described thus far in order to enhance their performance.

A laboratory implementation of the fundamental wavelength-switched mul-
tiplexing interrogator was performed, demonstrating the extremely high perfor-
mance that may be achieved by this approach in the three key areas of speed,

resolution, and multiplexing flexibility. With present commercially-available com-
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ponents, it will be possible to produce, based on these designs, a multiplexing
FBG interrogation system—with nanostrain resolutions and measurement rates

over 100 kHz—that is solid-state with minimal electronics.
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Chapter 7

Distributed Measurement of
Quasistatic Poloidal Field: An

Illustrative System

7.1 Introduction

The previous chapters have described and demonstrated techniques for creat-
ing viable in-vessel optical fibre sensors for magnetic field and their associated
interrogation and multiplexing. In this chapter, these systems and methods are
consolidated to produce a single unified design for quasi-distributed measurement
of both magnetic field and temperature in a tokamak.

From the two transducer designs described in Chaptersid|and || the polarisation-
switching technique (Chapter [5)) is chosen to enable the magnetic field measure-
ment due to its minimal requirements for bespoke grating design. This sensi-
tisation technique is combined in a synchronised manner with the wavelength-
switched embodiment of the high-performance interrogation system described in
Chapter [6] to produce a switch-based multiplexing system for intrinsic fibre mea-
surement of magnetic field strength.

To illustrate a potential sensor installation, an in-vessel sensor loop is pro-
posed that enables the quasi-distributed measurement of poloidal magnetic field

strength around the inner diameter of the vacuum vessel. Sensor packaging re-
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quirements for this installation are analysed, and the expected performance of
the proposed installation in terms of quasi-static measurement resolution and

rate—based on a proposed lock-in amplifier technique—is discussed.

7.2 System Design

A comparison of fabrication procedures for the switching and resonant trans-
ducers (Sections and respectively) illustrates the greater difficulty in
manufacturing resonant grating structures compared to standard uniform grat-
ings. Therefore, although the resonant polarimetric approach of Chapter {4 is
immediately applicable to measurement of static magnetic fields, in light of the
present status of grating fabrication technology it may be preferable to employ the
polarisation-switched technique for sensitisation of “simple” (uniform or apodised
single-structure) FBGs to magnetic field. In the present chapter the illustrative
installation will therefore utilise the technique demonstrated in Chapter [5, which
will undergo adaptation to allow for measurement of true dc magnetic fields.
Based on Chapter [(f's description of the possible implementations of the pro-
posed multiplexing interferometric interrogator, it will be convenient in this in-
stance to utilise the fundamental wavelength-switched approach—described in
Section and demonstrated in Section [6.4 By synchronisation of the 1 x n
wavelength switch with the 1 x 2 polarisation-selection switch required for the
polarisation-switched measurement of magnetic circular birefringence, a single
clock (either hardware or software based) may be used within the control system

to derive the driving signals for both switches.

7.2.1 Electronic and Photonic System Components

A demonstrative full measurement system for one segment of the poloidal field
is illustrated in Figure [7.I] It should be noted that a single interrogator of the
type described here would be capable of interrogating a large number of sensors
(limited by the bandwidth of the source and the wavelength shift requirements of

each sensor), which may be distributed in any manner around one or numerous
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Figure 7.1: Proposed full measurement system for quasi-distributed measurement
of poloidal field strength around tokamak inner diameter using low-birefringence
intrinsic fibre transducers. Note that the size of transducers is greatly exag-
gerated. UMZI is unbalanced Mach-Zehnder interferometer, CWDM is course
wavelength division multiplexer, PS is polarisation splitter, and S1 and S2 are
optical path switches.

in-vessel poloidal loops. In Figure [7.1] the illustrative single-loop poloidal field

measurement system is separated into three regions. These are:

e The interrogator side, situated in the benign environment outside the torus

hall;

e The addressing region, comprised of a single radiation-hard polarisation-

maintaining fibre that penetrates the torus hall;

e The tokamak side, which represents an in-vessel sensor location experiencing

intense fluxes of heat, radiation, and magnetic field.
The diagram is also divided into three subsystems:
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e Subsystem 1 is comprised of a telecommunications-band (~1550 nm) broad-
band CW optical source, a CWDM module, and an optical path switch
(S1). This subsystem implements the wavelength-switched FBG multi-
plexing scheme detailed in Section [6.3.2] For a measurement system with n
unique sensors, the CWDM module must have n channels with centre wave-
lengths corresponding to the nominal Bragg wavelengths of the sensors. The
channel passbands must be broad enough to enclose the largest movement
of each sensor, which in this application will be dominated by the Bragg
temperature shift. The channel passbands should therefore be at least 3.9
nm to correspond to thermal changes of 300 °C (see Section [3.3.2.5)).

o Subsystem 2 is an illustrative poloidal sensor loop, comprised of PM fi-
bre linking serially-multiplexed transducer packages. Each grating is fabri-
cated for low-birefringence—as described in Section [5.5.1}—and reflects at a
unique wavelength corresponding to CWDM passband centres. Within the
transducer package, the grating is flanked on both sides by fibre quarter-
wave retarders. Since the transducers are sensitive only to parallel-aligned
magnetic fields, this looped architecture is well suited to quasi-distributed
measurement of the poloidal or toroidal fields. However, it should be noted
that the tokamak may be instrumented with a number of alternative sensor

network topologies.

o Subsystem & is comprised of a polarisation beam splitter, a second (1 x 2)
optical path switch (52), and an unbalanced MZI. This subsystem receives
the optical reflections from all transducers and converts the optical signals
to a ratio of three output voltages representing the phase difference in the

interferometer.

In this system, the processing unit must perform two key operations: switch
driving and signal processing. For measurement of the magnetic field frequency
spectrum with a noise floor of approximately 20 mT/ VHz (see Section ,
both switches must be driven in a synchronous fashion such that switch S2 op-

erates at twice the rate of switch S1. This ensures that the processing system,
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which must continuously sample at the S2 switching rate, receives consecutively
the reflections from each transducer polarisation. After both polarisation reflec-
tions have been received for a single grating, the wavelength-switch directs the
next sensor to the interrogator.

In this way, the synchronous control of two switches allows the system to
process both circular polarisations for all sensors in turn, yielding a magnetic

field measurement rate of

fs2
2Nrpa

(7.1)

fmeas =

where fg9 is the switching rate of the polarisation switch S2 and Nppg is the
number of sensors. Using a commercially-available 1 MHz optical path switch,
the magnetic field measurement rate would therefore be 25 kHz for a scheme of
20 serially-multiplexed sensors. For 20 sensors to match the 2.5 kHz measure-
ment rate that is achieved in presently-installed JET diagnostics systems (see
Section , a polarisation-switching rate of 100 kHz would be required, which

is achieved straightforwardly by commercial switch modules[Phol1].

7.2.2 Component Birefringence and Polarisation Control

The polarising and polarisation-maintaining properties of system components will
be key to the correct operation of this installation. If the broadband source is suffi-
ciently depolarised—which is a natural characteristic of certain sources, or may be
introduced by placing a broadband depolariser directly after the source—then the
components in Subsystem 1 from Figure [7.1] are not required to be polarisation-
maintaining. This simplifies the selection of the CWDM and S1 modules since
fluctuations in the waveguide birefringence in this region will have no effect on
system operation, sensitivity, or measurements. At the first coupler (C1 in Fig-
ure , the optical power of the unpolarised source is distributed evenly over
the two principal axes of birefringence, and both are guided orthogonally and
independently to the transducers.

At each transducer (Subsystem 2), the orthogonal linear polarisations in the
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PM fibre are converted by the quarter-wave retarders into orthogonal circular
polarisations, as described in Section [5.4.1] Over the grating regions, the linear
birefringence is sufficiently low that the polarisation mode conversion of the or-
thogonal circular modes is negligible. As a result, light at the Bragg wavelength
is circularly polarised during reflection. For light with wavelengths outwith the
Bragg FWHM, the orthogonal circular polarisations are re-converted into or-
thogonal linear polarisations during transmission through the exit quarter-wave
retarder. In this way, all gratings reflect only circularly-polarised light, sensitis-
ing the Bragg wavelengths to parallel magnetic field strength via the magnetic
circular birefringence (see Section , while in the regions between trans-
ducers the orthogonal linearly-polarised modes are immune to any polarisation
fluctuations. In this way, only the magnetic field strength at the grating location
is detected, and the off-sensor introduction of birefringence—due to, for example,
fibre bend, twist, compression, or electromagnetic fields—is unable to influence
measurements.

Unlike Subsystem 1, the components in Subsystem 3 that receive the highly-
polarised Bragg reflections must be polarisation-maintaining. This subsystem
must separate the two orthogonal linear polarisations, and have both in turn
generate a phase difference at the point of interference within the UMZI. Thus,
the switch module S2 should incorporate highly-birefringent waveguides in order
to retain aligned input polarisations. For effective utilisation of the interferom-
eter, the two interfering rays must not possess orthogonal polarisations, since in
this case no interference can take place. For differential polarisation azimuths
between 0-90°, the modulation depth of the interference pattern will be partially
compromised, which will translate to a large error in the measurement of phase.
To avoid this, for the region following the switch there are two design options
that will allow a constant, high-contrast interference pattern to be generated by

the MZI:

1. Light may be depolarised prior to entering the MZI. In this case, a fibre
depolariser should be placed between the switch output and the interferom-

eter input. This ensures that light within the interferometer is unpolarised,
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and that fluctuating birefringence in the MZI paths will not affect the mod-
ulation depth. In this case, the MZI is not required to be created from PM

components.

2. If the polarisation splitter outputs are aligned such that both output on
the same PM axis, then the interferometer may be fabricated using PM
components and waveguides. In this case, a depolariser is not required since
the polarisation alignment of the interfering beams at the 3 x 3 coupler is

ensured by design. It is this approach that is illustrated in Figure [7.1}

Passive depolarisers function by decoupling the orthogonal polarisation states
of an input beam and allowing them to lose coherence over a long distance, usually
over a packaged coil of hi-bi PM fibre. Upon recombination at the depolariser
output, the polarisation state of the resultant beam from one point in time to
another has minimal correlation, such that the polarisation state at any one time
is effectively random. Since such commercially-available passive fibre depolarisers
will depolarise only 95% of the light, it will be preferable to avoid this approach
and instead fabricate Subsystem 3 entirely from PM components as described by
option 2 above. In this case, error resulting from fluctuations in the modulation

depth will be kept to a minimum.

7.3 Switch-Based Measurement of Quasistatic
Fields

Due to the noise floor achieved by the technique in Chapter |5} the basic switched-
polarisation method will not be immediately applicable to the measurement of
static magnetic fields, which, as discussed in Chapter [2| will ultimately be re-
quired in ITER and in future steady-state fusion reactors. However, as mentioned
briefly in Section the polarisation switching method lends itself to the use
of lock-in amplifier techniques, which when deployed as part of Figure [7.1]s Pro-

cessor block will enable true measurement of static magnetic fields.
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7.3.1 Requirement for Phase-Sensitive Detection

Lock-in amplifiers (LIAs) are able, through a process of frequency-locked phase-
sensitive detection, to extract signals that are buried in noise that is thousands of
times more powerful than the signal amplitude[Sys11]. In effect, the LIA creates
a narrow filter at the signal frequency. To operate, the LIA must be provided
with a reference signal of precisely the same frequency as the signal, and which
differs in phase from the signal by an arbitrary but constant angle. The LIA
module is then able to produce a dc voltage to represent the amplitude of the
relevant component extracted from within a signal dominated by noise.

In the proposed system, a method is readily available to switch the trans-
ducer’s sensitivity to magnetic field between equal and opposite extremes—by
controlling the polarisation switch S2, which alternates the polarisation within
the FBG between left and right circular. By driving the switch S2 at f,.f, the
magnetic field information is wavelength-modulated by the Bragg reflection, and
this is then converted to a phase modulation at the interferometer. Thus, af-
ter calculation of the interferometer phase, the phase signal will contain a small
signal at f,.; with an amplitude proportional to the magnetic field strength.

The amplitude of this alternating phase component can be derived based on

the expression for d\g/dB developed in Section |3.3.2.6;

g = NAsp. (7.2)
m

This expression must be increased by a factor of 2 for d\g to represent the splitting
of the Bragg wavelength, rather than the shift experienced by a single circular
polarisation in isolation. It was previously stated that the phase difference at the
point of interference in the MZI may be expressed as

2mnd

56 = 50 (7.3)

where nd is the optical path difference. Combining the above expressions (and
scaling Equation by 2) results in an equation for the change in phase difference
with respect to the magnetic field strength:
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Since Ap = 2n.s¢/\, this may be re-expressed as

0¢  2ndV
0B N Nefs

(7.5)

where n is the refractive index in the interferometer paths and n.sy is the mean
refractive index over the FBG. Equation [7.5]is therefore the exact expression for
the relationship d¢/d B—however, if the MZI is fabricated in silica waveguides
then n ~ n.sy and the exact expression simplifies to

0¢

— =~ 2 .
5B Vv (7.6)

where d is the physical path difference in the MZI and V' is the Verdet constant
within the FBG. Equation is a particularly interesting result, since it illus-
trates that only changes in the Verdet constant or the physical path difference of
the interferometer will substantially affect the sensitivity to magnetic field. More
precisely, from Equation a change in the ratio of grating and interferometer
waveguide refractive indices will also affect the magnetic sensitivity, but this ef-
fect will be minor. For a path difference of 5 mm and a Verdet constant (at 1550
nm) of 0.57 rad/(Tm), the sensitivity will thus be 5.7 urad/mT, which will be
stable during Bragg wavelength shifts. The validity of this approximate equation
was confirmed experimentally using the laboratory implementation detailed in
Chapter [5]

The preliminary implementation of the switched magnetic sensor in Chapter
achieved a noise floor of 20 mT/ V'Hz, which equates to a phase noise floor of 115
prad/ V/Hz. As discussed, this may be improved by better acoustic isolation of
the interferometer paths. Based on the present noise floor, a static magnetisation
of the FBG of 1 mT will produce a phase modulation amplitude at f,.¢ of only
5.7 urad—a factor of 20 less than the noise power within the same bandwidth.
Using a simple FFT to extract magnetic field information from the relevant fre-

quency band will therefore not be feasible, and thus the use of LIA techniques will
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be required. However, based on the noise floor associated with the interferom-
eter’s present embodiment, sub-1 mT static magnetic field levels will be readily

detectable using the lock-in technique.

7.3.2 Implementation of Multiplexed Lock-In Amplifica-
tion

To implement the magnetic field LIA technique, the TTL driving signal used to
determine the path switch state of the polarisation switch S2 may also be used
as the LIA reference signal, from which the LIA—which may be implemented in
software—extracts the frequency and phase information of the dependent mea-
surement signal. The LIA measurement signal is generated by the processing
unit after using all photodetector voltages to determine the phase difference ¢ by
Todd’s algorithm, detailed in Section [3.4.1 Due to the processing time required
for signal de-interleaving and phase demodulation, a phase difference will be in-
troduced between the reference signal and the measurement signal, which must
be kept constant by real-time control of the processing loop timings.

For the case of multiple sensors, care must be taken to design a synchronous
switching regime that allows the continuous acquisition of interleaved samples of
each sensor’s phase signal. By Nyquist’s theorem, the software-based digital LTA
will require samples from each sensor at a rate greater than twice the reference
frequency f..; (polarisation switching frequency) in order to perform the phase-
sensitive detection. Additionally, to detect a maximum magnetic field frequency
of fBmaaz, the reference and S2 driving frequency f,.y must be greater than twice

this, i.e.

fTef = fSQ >2X meax- (77)

The wavelength-selection switch S1 must then be driven at

fgl = fS2 X NFBG X m (78)
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Figure 7.2: Timing diagram of multiplexing magnetic field measurement scheme
for quasistatic magnetic fields. The first three de-interleaved signals are shown.
fs1 and fgo are the switching frequencies for S1 and S2 in Figure De-
interleaved sensor signals have a sample rate of 2 X fgs.

where Ngpg is the number of serially-multiplexed FBG sensors within the scheme,
and m is an integer > 2 such that the Nyquist criterion for detection of a signal
at the reference frequency is satisfied. At illustrative timing diagram for a scheme
of 10 FBG sensors and a maximum magnetic field frequency of 1 kHz is shown
in Figure [7.2] With reference to Figure [7.2] and Equations [7.7] and [7.8] switches
S2 and S1 should be driven at 2 kHz and 40 kHz respectively.

With reference to Figure [7.2] the Processor’s sample clock should be driven
at fs = fs1 (90° out of phase) such that interleaved signals from each sensor
are acquired continuously. These may then be continuously de-interleaved at the
Processor unit in a fashion similar to that employed in Sections and [5.7]
After de-interleaving and phase demodulation, the Processor may perform phase-
sensitive detection on all signals separately to extract the component at f..¢. The
amplitude of this component is then the measured quantity, which may be related
to the magnetic field strength by Equation |7.6, Thus seen, the LIA technique will
allow for absolute measurement of static magnetic fields with a resolution of better
than 1 mT—set primarily by acoustic noise in the interferometer. Limitations in
the measurement rate and sensor count will be set by the maximum switching
rate of commercial optical path switches and by the Processor’s capability to

perform lock-in amplifications in a parallel architecture.
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7.4 'Transducer Packaging Considerations

The multiplexed transducer modules in Subsystem 2 of Figure|7.1| will require ap-
propriate packaging to isolate the FBG and fibre waveplates from bend and strain.
Without sufficient isolation, longitudinal straining of the FBG will produce an
error in temperature measurements which will affect magnetic field measurement
accuracy to a lesser extent via the temperature-derived Verdet constant. Addi-
tionally, transverse strain, bend, or twist will introduce or vary the birefringence
of the waveplate and the grating regions. Changes in the waveplate birefringence
in this manner will alter the beat length of the section, resulting in a corruption
of the circular polarisations that are required in the grating. Similarly, the intro-
duction of birefringence in the grating itself will corrupt the circular polarisations,
affecting the sensitivity to magnetic circular birefringence.

Such grating packaging requirements are mirrored in the commercial DFB
fibre laser industry, where fibre in the grating region must be protected from
acoustic interference that will modulate the laser frequency. A common solu-
tion is the use of acoustic-dampening gels within which the fibre grating may
be potted. For this application however, the non-standard requirements, such
as operation at 300 °C and minimal distortion of the magnetic flux density, ne-
cessitate the use of dielectric packaging materials whose structural integrity is
maintained under combined heating and radioactive dosing. As such, materi-
als research will be required in order to identify appropriate materials for the

packaging and acoustic/mechanical isolation of waveplate and grating fibres.

7.5 Chapter Summary

In this chapter, an optical fibre system for quasi-distributed measurement of the
tokamak poloidal magnetic field has been proposed. The system is based on
a combination of the switched-polarisation sensitisation technique demonstrated
in Chapter 5| and the wavelength-switched WDM interferometric interrogation
system demonstrated in Chapter [6] Using a multiplexing lock-in amplifier archi-

tecture, the proposed technique enables static magnetic field measurement using
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the switched-polarisation concept, which may be preferable to the resonant po-
larimetric approach of Chapter [4| due to the simpler transducer architecture.
The resulting system is capable of measuring bi-directional magnetic field
strength at a number of discrete points along an optical fibre. The spatial resolu-
tion of the technique is governed by the dimensions of the FBG-based transducers,
yielding measurement dimensions of 10 x 0.01 x 0.01 mm. A true dc field reso-
lution of 0.5 mT may be achieved by the method, based on a noise floor of 20
mT/ V/Hz, bringing the resolution of the switch-based approach in line with the
simulated resolution of the resonant polarimetric approach. This measurement
resolution allows the switched-polarisation method to compete with the resolu-
tion achieved by present inductive techniques for poloidal magnetic field, while
surpassing inductive techniques in all other aspects, including spatial resolution,
measurement rate, measurement range, and performance under sustained static

field strengths.
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Chapter 8

Conclusions and Further Work

8.1 Conclusions

Condition monitoring of tokamak fusion reactors via the circulating magnetic
fields requires measurement systems that can survive and operate in this harsh-
est of environments for the duration of the machine’s lifetime. Present rugged
electrical sensors are able to operate in this environment; however, their inability
to measure static magnetic fields has been identified as a key problem for the
diagnostic set of ITER and future commercial fusion reactors. Additionally, as
reactors grow in size and the extent of the required instrumentation increases, the
wiring and placement of inductive sensors will become prohibitive. As such, alter-
native non-electronic techniques for point measurement of the magnetic field will
be required to supplement, and ultimately replace, the core inductive diagnostic
schemes.

The objective of this thesis has been to demonstrate that passive optical
fibre sensors—which have an excellent record of high performance in adverse
conditions—can meet both the operational and environmental criteria for in-
vessel tokamak magnetic diagnostics. It was firstly shown that the state of the
art in optical fibre magnetic sensors will not perform sufficiently well at the levels
of temperature, magnetic field strength, and radioactive fluxes expected in next-
generation reactors. The relatively undeveloped field of intrinsic magnetophotonic

point sensors was identified as the only sensing mechanism that will be suitable
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for this application, and on this basis two approaches for point measurement of
magnetic field were proposed: measurement of magnetic circular birefringence,
and polarimetric measurement of the Faraday rotation.

Both these novel approaches were developed, resulting in the demonstration of
two viable techniques for multiplexable point measurement of magnetic field and
temperature using fibre optic systems. The first of these approaches—in-grating
resonant polarimetry—demonstrated the capability of FBG group delay tailoring
to facilitate the enhancement and localisation of magneto-optical Faraday rota-
tion within an optical point sensor, thus circumventing the need for extended
optical paths to achieve measurable rotations. This enhancement of group delay
was confirmed experimentally using a bespoke procedure for grating fabrication.
Through simulation, the structures were shown to be capable of producing suf-
ficiently large Faraday rotations within the grating region to enable their use as
novel polarimetric magnetic field sensors.

The second approach—direct measurement of magnetic circular birefringence—
was realised in an FBG-based spectrally-encoding embodiment. In order to ex-
tract magnetic field strength information from the Bragg grating reflection, a
polarisation mode switching scheme was developed that allowed for the sepa-
rate interrogation of orthogonal linear or circular optical polarisations within the
grating. Using this technique, the system was able to detect the Bragg shift due
only to magnetic circular birefringence, differentiating this from the far larger
common-mode shifts resulting from temperature and strain. Thus, the minimal
sensitivity allowed by the small Verdet constant in diamagnetic silica fibres was
overcome by the ratiometric processing of orthogonal polarisations having oppos-
ing sensitivities to magnetic field.

In the laboratory implementation, measurement resolutions of 20 mT/ VHz
and 0.05 °C were demonstrated for magnetic field and temperature respectively
using the polarisation switching technique. For the resonant polarimetric ap-
proach, a noise floor of 0.05 mT/ VHz was predicted through simulation. In
both cases, passive interferometric techniques were proposed for phase difference

measurement and Bragg wavelength shift detection.
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A key requirement exists in both cases for high-resolution interferometric in-
terrogation. Due to the large potential bandwidth of magnetophotonic sensors,
measurement rate limitations are imposed primarily by the chosen sensor inter-
rogation technique. Thus, in order to maximise the performance of the proposed
sensors, designs and the laboratory demonstration of a novel high-performance
FBG interrogation system were disclosed. The proposed system breaks the long-
standing trade-off between measurement resolution and rate in a manner which
simultaneously delivers interferometric accuracy and unprecedented measurement
rates for high numbers of sensors. An alternative scheme was also proposed that
allows for vast FBG sensor arrays to be interrogated based on a pulsed TDM
approach that retains interferometric accuracy.

Blending the proposed FBG interrogation scheme with the switched-polarisation
magnetic field sensor, the design of a switch-based system for measurement of
quasi-static static magnetic field was described. In order to illustrate how such a
scheme may be deployed in practice as a component of a tokamak diagnostic set,
a distributed measurement scheme for a segment of the tokamak poloidal mag-
netic field was outlined. Importantly, it was shown that by employing a disclosed
scheme for multiplexed lock-in amplification, the magnetic field information en-
coded at a grating polarisation modulation frequency may be extracted. In this
way, static field measurement may be enabled for multiplexed intrinsic fibre sen-
sors down to a resolution of 0.5 mT, such that both the resonant polarimetric
approach (which is inherently capable of static field measurement at this level)
and the switched polarisation approach may be used for dynamic and static field
measurement.

In practice, selection between the two techniques will be dependent on the
relative difficulties in transducer fabrication and component availability. In terms
of static magnetic field measurement, the resonant polarimetric transducers will
require a simpler supporting system, while the fabrication of the transducers is
an involved process that will not be straightforward to automate. Conversely, the
polarisation switching technique employs simple transducers that may be batch-

produced, but will require complex signal processing to deliver quasi-distributed
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measurement, of static fields.

Ultimately, both developed approaches provide spectrally-encoded quasi-distributed
reflection-mode measurement of parallel magnetic field strength using only intrin-
sic magneto-optical interactions. Measurement of temperature at the transducer
locations is achieved simultaneously with the magnetic field measurement in both
cases. A new class of intrinsic fibre-optic magnetic point sensors has thus been
successfully demonstrated that retains the inherent flexibility, small size, and ro-
bustness to harsh environmental conditions that are oft-cited benefits of optical
fibre transducers, but which were undermined by the transduction mechanisms
used by prior-art fibre magnetic sensors.

In terms of the environmental demands placed on the sensors, it was predicted—
based on studies on the effects of combined gamma-neutron fluxes on fibres and
fibre sensors—that the proposed approaches will be suitable for use in the ITER
machine. However, of the three desirable in-vessel measurement locations, only
two will be appropriate for the lifetime deployment of sensors. The harshest
measurement region—situated in the gaps of the vessel’s neutron blanket—was
deemed unsuitable for a fibre installation due to the extremely high neutron flux
in this area.

Both proposed sensors have been shown to meet and, in most cases, far sur-
pass the operational demands of the ITER magnetic diagnostics. In particular,
the measurement rate, spatial resolution, maximum operating temperature, and
measurement range of present inductive sensors are exceeded by the fibre sys-
tems proposed in this thesis. Of the performance criteria, only the measure-
ment resolution—Ilimited by the ability of the interferometric Bragg-shift detec-
tion scheme to overcome the low magneto-optical sensitivity—remains problem-
atic. The desired static field resolution of 0.1 mT may be achieved by the reso-
nant polarimetric approach through further noise reduction at the interferometer
platform—however, the switching polarisation technique does not yet meet this
criterion. Since the resolution of the polarisation mode switching system may be
improved through the use of lock-in methods described herein, it is reasonable to

suggest that the required measurement resolution may be achieved in future by
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both proposed techniques after further development.

8.2 Further Work

Due to the relative under-development of intrinsic fibre magnetophotonic point
sensors prior to the work described in this thesis, a number of avenues of fur-
ther work may be recommended. In particular, the further development of cer-
tain techniques and concepts described here will be required before the proposed

technologies may be considered ready for industrial deployment.

8.2.1 Compound Phase-Shifted FBG Sensors
8.2.1.1 Automated and Repeatable Transducer Fabrication

For practical deployment of the resonant polarimetric approach proposed by
Chapter [, automation of the fabrication technique for fibre Bragg gratings in-
corporating multiple phase-shifts will be required. The technique should utilise
a characteristic feature of these structures, as discussed in Section 4.4 which
states that the structures may be designed for any core index modulation depth
and grating length. Importantly, if the substructure lengths ratio is kept con-
stant, differences in the modulation depth at the design phase and as achieved in
practice may be compensated for by adjustments in length.

During writing, the modulation depth is proportional to the total laser fluence,
UV wavelength, and chemical composition (photosensitivity) of the fibre. An
active grating writing system may thus be developed that uses feedback of the
reflected intensity and reflective group delay spectra to monitor the overlapping of
peaks in group delay, which will proceed in a manner similar to that illustrated by
Figure From the growth curves of the peak group delays, it will be possible
to view in real-time the growth in group delay, and combination of individual
peaks, as substructures are added and extended.

A suitable automatable fabrication technique for compound phase-shifted

gratings possessing large reflective group delays will be of use not only to the
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proposed measurement application, but also for manufacturing of the tunable de-
lay components discussed in Section 4.7, The key objective of this project should
be to enable the determinate, repeatable fabrication of structures incorporating

a desired peak in group delay.

8.2.1.2 High Static Field Testing

The proposed Faraday rotation enhancement of resonant polarimetric sensors was
demonstrated by implication through the experimentally-confirmed enhancement
of group delay at the Bragg wavelength due to resonance superposition. It remains
to demonstrate explicitly the expected enhancement of Faraday rotation in such
structures, and thus to provide laboratory confirmation of the potential of these
structures to be used as magnetic field sensors.

To enable this demonstration, multi-shifted gratings of the type fabricated for
Chapter {4| will be required that incorporate superimposed resonances and high
reflectivity over the resonant region. A partial implementation of the system
illustrated by Figure may then be used to detect the differential phase at
the Bragg wavelength that is developed by strong magnetisation. The simplest
approach may involve a strong permanent magnet, and a laser that is tuned, or
preferably locked, to the Bragg wavelength.

By constructing the reciprocal path architecture described in Section[4.6] a dif-
ferential phase at the interferometer should appear, with magnitude proportional
to applied field. As the laser is tuned away from the superimposed resonances, a
magnetically-induced phase difference should no longer be detectable, confirming

the localisation of the field measurement.

8.2.2 Switched Quasistatic Field Measurement

It remains to demonstrate the lock-in technique proposed in Chapter [7| for mea-
surement of quasi-static fields using the polarisation switching technique of Chap-
ter[p} Initially, this technique should be demonstrated for a single sensor where no
multiplexing—and hence no sample de-interleaving at the receiver—is required.

In this case, a software implementation of a lock-in amplifier should be developed
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that incorporates compensation for, and stabilisation of, the time delay (hence
phase shift) imposed by phase demodulation processing.

When magnetised by a static magnetic field, the grating will produce a switch-
ing phase signal at the interferometer output as detailed by Section [7.3.1 The
switching component will be at precisely the LIA reference frequency, and will
thus be extractable by the software lock-in technique. This project will primarily
require the design and optimisation of substantial bespoke software and elec-
tronics that perform the de-interleaving, phase-shift compensation, and parallel

lock-in amplification for multiplexed sensors.

8.2.3 DFB Fibre Laser Sensor for Magnetic Field

In Chapter 5], the possibility of detecting the splitting of a Bragg reflection directly
was discussed briefly. It was considered that, due to the bandwidth of FBGs, this
approach would be unfeasible for field strengths less than 3 Tesla. However, if
the reflection bandwidth of the sensor structure can be reduced then the splitting
effect due to magnetic circular birefringence will become apparent at smaller field
strengths.

By writing a single central 7/2 phase-shift into an active fibre Bragg grating
(one doped with rare earth elements such as erbium), it is possible to achieve
lasing within the grating. The FWHM bandwidth of DFB fibre lasers (DFB-
FLs) can be extremely small compared to FBGs: usually less than 1 fm. Due to
the structural similarity between FBGs and DFB-FLs, their spectrum will shift
in an identical manner with changes in grating strain and temperature, and thus
fibre lasers may be used as reflection-mode sensors in the same manner as FBGs.

Initially, two lasing modes will appear in the DFB-FL spectrum correspond-
ing to the two axes of linear birefringence. As discussed in Chapter [3] this linear
birefringence may be compensated for by introducing twist-induced circular bire-
fringence. It is therefore common practice when packaging commercial DFB-FLs
to apply a permanent twist such that only a single lasing mode remains.

Since a parallel magnetic field will vary the level of circular birefringence

in the grating, the magnetic field may be used to tune the differential between
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lasing modes. This differential may be detected and used to directly calculate the
magnetic field strength. In particular, a beating of these two modes—which are
circularly polarised in this instance—will occur, giving rise to a beat signal in the
radio frequency range. Using a photodetector with appropriately-high bandwidth,
this beat frequency freq: may be monitored and related to the magnetic field B

by the equation

TCNeff
B=—_<1
V)‘2beeat

where n.¢y is the grating refractive index, V' is the Verdet constant, and Ap is the

(8.1)

Bragg (lasing) wavelength. This expression is obtained based on Equation [5.2| by
considering that fye, = ¢/AN at the photodetector. In this instance, the linear
birefringence has been assumed to be compensated for prior to magnetisation.
Thus, an appropriately packaged DFB fibre laser may provide a means for
directly measuring magnetic circular birefringence without the requirement for
active polarisation control or modulation. The measured beat frequency would
be proportional only to magnetic field, allowing the measurement to incorporate

immunity to common-mode interference from heating or strain.

8.2.4 Rigorous Irradiation Testing of Fibre Sensors

It is clear from Section [3.5s review of fibre irradiation effects that present knowl-
edge of the mechanisms governing the influence of radiation on the performance
and failure of optical fibre devices is still immature. This sentiment has been
expressed previously by the ITER Physics Basis[PP99].

An exhaustive, comparable round-robin trial of all fibres (including photonic
bandgap fibres) and fibre sensors proposed for use in radioactive conditions will
be required. These experiments should be constructed so as to take into con-
sideration irradiation conditions such as dose rate, total dose, recovery times,
pre-irradiation, and cycled irradiation. The differing chemical composition of
fibres must always be noted.

Ideally, a standardised test set should be adopted that may be applied to
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candidate fibres and sensors in order to facilitate the comparison of different fibre
compositions, sensor architectures, and protective coatings. In contrast, present
literature makes no attempt to replicate the irradiation conditions employed by
others—Ilikely due to the range of different facilities and sources available. As a

result, currently-published studies are often difficult to consolidate.

8.2.5 In-Vessel Trial Installation

A key milestone in the future development of the technology described in this
thesis will be an in-vessel industrial trial. Experimental fusion reactors such as
MAST (Mega-Ampere Spherical Tokamak) and JET will be the most appropriate
test beds for this new technology in the interim period before ITER is operational.
During this period it will be desirable to trial the magnetic measurement tech-
nique for extended periods of time on either MAST or JET in order to prove
the concept and test the durability of selected materials under fusion-relevant
radioactive conditions and pulsed or cycling operational regimes. Although ma-
terials may be tested separately and in isolation, only a full trial installation will
be sufficient proof that the operational and structural integrity of the proposed

systems will be maintained over extended periods under fusion reactor conditions.

8.2.6 Implementation of Interferometric TDM Interroga-

tor

Of the two core interrogation schemes proposed by Chapter [6] only the wavelength-
switching approach has been demonstrated experimentally. It remains to imple-
ment the design in Section [6.3.3], which described a pulsed TDM scheme for FBG
interrogation that retains the accuracy provided by interferometric wavelength-
shift detection. The development of this scheme will require a technique for
capturing the transient, staggered FBG reflections as they are incident at the in-
terferometer. An electronic sample-and-hold approach similar to that employed
in [TJAOI] may be sufficient for this. Electronic and software development of the

control system will be required to synchronise the broadband source pulsing with
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the retrieval of the three photodetector voltages. The system may thereafter be
trialled for the interrogation of vast sensor arrays, demonstrating its applicability
not only to fusion diagnostics but to other large scale operations such as wind

farm condition monitoring or sub-sea hydrophone arrays.

8.2.7 Other High Magnetic Field Measurement Applica-

tions

Although the tokamak magnetic diagnostics system for nuclear fusion reactors is
the most appropriate long-term application for the technology described in this
thesis, the techniques will be applicable to all high field strength applications. In
particular, Magnetic Resonance Imaging (MRI) scanners and large particle ac-
celerators such as the newly-constructed Large Hadron Collider (LHC) at CERN
would benefit from the proposed robust, passive, and dielectric approach.

The vacuum flux density in both MRI machines and the LHC—the relevant
areas of which are essentially superconducting solenoids with an air or vacuum
core—is usually far above 1 Tesla. Flux densities of over 3 Tesla are common
in hospital MRI facilities, while the LHC pushes superconducting magnets to
their limit to produce fields of between 8-10 Tesla—very similar to the fields
that will be produced in ITER. As such, both these applications will experience
the problems with inductive techniques that were described in Chapter [3, such
as saturation of the ferromagnetic response and the inability to measure static
fields.

In the case of MRI machines, the environment is medicinal and hence entirely
benign. A superconducting solenoid is set up to produce a constant large magnetic
field, which is retained thereafter by maintaining the superconductivity through
cooling. In this case, it may be relatively straightforward to measure the flux
density by electronic techniques, such as the Hall effect, or to derive the field
from the solenoid current. However, this application may still benefit from the
passive, flexible, multiplexing nature of optical fibre sensors—which, based on the

work in this thesis, will be capable of measuring the large flux densities.
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While MRI machines require field measurement under benign conditions, the
LHC solenoids—which are used to divert, capture, and detect particles created by
the collider—will require measurement of giant magnetic fields and fluxes within
an environment that may be vacuous and possess sources of ionizing radiation.
These conditions are thus similar to, though less harsh than, than those in fusion
reactors—in general, high temperatures will not be as common, and the radiation
fields will be milder. There have recently been trial installations of optical fibre
sensors for strain and temperature at the LHC due to their suitability under such
conditions[CBIT10]. As such, the trialling of optical fibre magnetic sensors will

be an appropriate next step.
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Appendix A

Magnetophotonic Simulation of

Stratified Periodic Structures

A.1 Theory of Simulation

A succinct approach to the simulation of magnetised stratified periodic media
was described and demonstrated by Kato et al in [KMT™03|. This procedure—
originally used to simulate multilayer stacks with ferromagnetic layers—may be
adapted for simulating magnetised dielectric media—such as fibre Bragg gratings—
as follows.

The fundamental equations for electromagnetic waves are given by Maxwell’s

equations

V x E(F,t) = iwpoH (7, 1) (A1)

and

V x H(F,t) = —iweoeE (7, t) (A.2)

where E and H are the electric and magnetic field vectors. The specific dielectric

tensor € in Equation is given by
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when the medium is dielectric, and by

€1 ’iég 0
€= —i€2 €1 0 (A4)
0 0 €3

when the medium is either inherently magnetic (a net magnetic moment is pro-
vided through doping) or is magnetised by an external field, where off-diagonal
components appear in the tensor.

These transverse components are generally given in their complex form, as

€1 =€) + i€} (A.5)

and

€o = € — i€y. (A.6)

The elements are related to the refractive index n = (ny +n_)/2, the extinction
coefficient k = (k4 +k_)/2, and their differences An = n, —n_ and Ak = Ky —K_

for right (+) and left (—) circularly polarised light, where

r 2 2
61 —_— n_/'i,

€ = 2nk,
(A.7)
e, = nAk+ kAn,

and € = —nAn+ KAK.

The above expressions can be simplified for simulation of silica fibre FBGs,
where the absorption is negligible and hence the extinction coefficient x can be

treated as zero for short propagation lengths. In this case it follows that
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and € = —nAn.

From these, we have the simplified expressions

and

€2 = inAn. (A.10)

The difference An between refractive indices due to magnetic circular bire-

fringence was shown in Chapter [3] to be

_ VB

™

An=n, —n_

(A.11)

where B is the strength of the magnetic field (uoH) in Tesla, A is the optical
wavelength in metres, and V' is the Verdet constant with units rad/(Tm). As
discussed in Chapter [3] the Verdet constant is dependent on wavelength and
the dispersion curve dn/dw which changes with temperature. The temperature
dependence of V' is more pronounced in paramagnetic materials and almost neg-
ligible in diamagnetic ones. For the purposes of these simulations, V' is assumed
constant with wavelength since its value changes only a negligible amount over
the spectral width of the model.

In [KMTT03], a suitable technique for simulating magnetophotonic effects in
thin film magnetic multilayers is described. In this technique, the state of light
at any point in one-dimensional space (sufficient for modelling propagation in
fibre) is represented as a state vector 7(Z), comprising the sum of the forward

and backward travelling orthogonal circular polarisations by
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€x 1 1
e —1 : —1 .
T(Z) — Y = A . . GZkPZ + B . . eilkPZ
hx i/& —i\/&
hy N V&

(A.12)

+C - cethnZ 1 D . e~knZ

where k, = (w/c),/€, and k, = (w/c) /€, are the wave numbers, €, = ¢ + € and
€, = €1 — € are the permittivities for right and left circular polarisations, and
A, B, C, and D are the coupling coefficients. At this stage in the model, these
values for wave numbers and permittivities are readily calculated using the input
wavelength, parallel magnetic field strength, and initial refractive index.

When a single layer or thin film occupies the spatial region 7, < Z < Zs, the

state vector can be written from Maxwell’s equations as

T(Zy) = ®(Zy — Z1)7(24) (A.13)

where ® is a 4 x 4 state matrix.
The sixteen elements of the matrix ®, using phase factors 6, = k,d and

0n = kypd, where d is the film thickness, are given by
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gboo—%(cosé + cosdy) , 10 = %(COS(S — cosdy),

do1 = % (cosd, — cosb,) ¢11 = —3 (cos d, + cos dy,)
qbog_%(\/%sinép—fsinén), P12 =—1% % sin 0, +\ﬁsm5>
¢03:%(% sin d,, —|—rsm(5> ¢13:%(\/Lgsin5p—fsm6n),
620 = =3 (V& sindp — \/Ensindn) , b0 = 5 (/G sindp + /G sindn) ,
¢21:—% (\/_smé +\/§sm5) ¢31:—% (\/e_sm(S —\/asmén),
Pas = 3 (080 + €O y,) P30 = —% (cos 0, — cos by)

Po3 = % (cosd, — cosb,) ¢33 = 5 (cos by, + cosdy) .

(A.14)
In the special case where there is no incident magnetic field, using the phase

factor 6 = (w/c)\/€pd, the state matrix simplifies to

cos 0 0 \/}D i
0 cos 0 L 0
o = vep (A.15)
0 —i\/€psin o cos 0 0
i\/€p sin § 0 0 cos

but in general the complete description of ® is used to construct the state matrix
for any film of arbitrary thickness, initial refractive index, incident magnetic field,

and Verdet constant.

A.2 Solution for Reflectance, Transmittance, and
Rotation Angles

Since tangential components of the electromagnetic field are continuous at all
boundary surfaces, so too is the state vector 7(Z). Thus, the state vectors at the
front (where Z = Zj) and the back (where Z = Zy 4+ D) of the structure of thin
films can be related by

7(Zy + D) = @r7(Zp) (A.16)
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where ®7 is the product—taken in the order of exit film to entrance film—of
each film’s state matrix. In the simulation software developed for this thesis, a
subsection of 250 such films is calculated and used as a building block to evaluate
without approximation the larger structure, reducing processing time but limiting
the spatial step size of the model.

In order to find the optical transmission, reflection, and azimuthal rotation
through the structure, we may define the input light to be linearly polarised.
Either TE or TM modes may be used for the input vector—here the TM mode
has been used. Therefore in the region before the light enters the structure, the
state vector is given by the sum of the ingoing TM light and the reflected TM
and TE light as

1 1 0
0 ik(Z—Z O ik(Z—Z, 1 ik(Z—Z
T(Z) — etk(Z— 0)+C’1 e~ tk(Z— 0)+02 e~ k(Z—20) (ZS ZO)
0 0 n
n —N

(A.17)
where (' and (5 are arbitrary amplitudes of the reflected TM and TE modes
respectively, and the refractive index n has been added to describe the non-unity
index of refraction of the external regions—in this case, the regions of fibre core
immediately prior to and following the grating structure.

The state vector in the exterior space on the exit side of the structure is given

by the sum of the outgoing TM and TE light as

1 0
0] . 1 ,
7(Z) = Cy eth(Z=20=-D) 4 (O, e~ R(Z=20=D) (7 > Zy+ D) (A.18)
0 -n
n 0

where C3 and Cy are arbitrary amplitudes of the outgoing TM and outgoing TE
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modes respectively.

A set of simultaneous equations can then be constructed, since we now have

the system
Cs; 0 0 0 1 ¢ 0 0
0 0 Cy O 0 0 0 O
= (A.19)
0 0 —nCy O 0 0 0 nCs
C; 0 0 0 n —nCy 0 0

where ® is defined in its complete form. By performing standard matrix opera-

tions on Equation [A.19] the system can be restated in the form

Yoo — NPo3  Go1 + Nz —1 0 Cy ®oo + NPo3
—-n +n 0 -1 C +n
®10 o13 dn b12 2| _ ®10 O13 (A.20)
G20 — NP2z Po1 + e 0 n Cs ®20 + N2
O30 — NP3z P31 +ngze —n 0 Cy $30 + N33

and solved for the coefficients C1—Cy4. These amplitude coefficients are the re-

flectance R and T transmittance waves as follows:

RT™ — |Cy 2, RTE = |02,
TT™ — |Cy?, TTE — |Cy)?,
(A.21)

R = RTM + RTE T = TTM —|—TTE.
Also, based on the amplitude coefficients, the azimuthal rotation angles 6, and
Or via the structure are given, using the ratios yr = C4/C5 and xgr = Cs/C4, by

1 2R

5 T Ixral (A.22)
where Re {} denotes the real part and the subscripts 7" and R denote rotation in-
curred upon transmission (Faraday rotation) and upon reflection (Kerr rotation)
respectively.

The phase delay of light may then be back-calculated from the azimuthal
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rotation by considering the duration required for light to undergo a rotation of

(QT’RZ

tdelay = 7 (A23)

where ¢/n is the velocity of light within the structure in m/s and VB is the

specific rotary power in rad/m.

A.3 Software Implementation

The programming language C++ was chosen to implement the simulator code,
while LabVIEW was used to provide plotting functions and a graphical user
interface for parameter input and simulation control, as shown in Figure of
Chapter [4 The user may specify all grating and material parameters, and the
magnitude and location of up to 5 phase shifts along the grating. Apodisation
may also be specified.

The user specifies the wavelength step and range for the simulation, and Lab-
VIEW then calls the main C function which performs the analysis described in
the above sections, returning a four-element solution vector containing the reflec-
tion, transmission, and Faraday and Kerr rotations for each wavelength. These
are then used by LabVIEW to construct the four spectra to display.

The sinusoidal index modulation in fibre produced by scanned UV inscription
via a phase mask is modelled by selecting the number of step films used to ap-
proximate the perturbation. The resultant state matrix for a single perturbation
is then used as a building block to construct a true representation of the UV-
inscribed FBG. Similarly for each wavelength, prior to calling the main function,
the programme calculates the state matrix of a region of unperturbed fibre of
specified length to represent each phase shift.

Unwrapping of the azimuthal rotations—calculated via the tan™! function—is
achieved post-calculation by automatically scanning the rotation spectrum arrays
to locate step changes > /2 between consecutive elements. If a step up is found,

it is corrected and a counter is incremented to record the current unwrapping
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state. Upon locating a step down, the counter is decremented. Each time a step
is found, the counter value is consulted to determine the current unwrapping
state.

To implement a scanning Fabry-Perot filter, the user may select the FWHM
of the filter, which is modelled by a Gaussian curve of identical bandwidth. This
array is then convolved with an input array such as FBG reflectance to produce

the filtered spectrum.

A.3.1 Numerical Optimisation of Substructure Ratio

As established in Chapter [3, common resonant structures do not reflect the res-
onant light. Therefore, an objective of the multi-shift structures is to guarantee
high reflectivity over the bandwidth of the resonant region. The second objective
of these structures is to ensure that the resonant region is spectrally wide—
overcoming the trade-off between FSR and resonance FWHM in basic Fabry-
Perod6t structures. Finally, the peak of the resonance, expressed either in terms
of peak group delay or peak azimuthal rotation, should be as large as possible to
amplify the sensitivity of these structures to magnetic field, without compromis-
ing the first two objectives.

An algorithm was constructed in order to establish the rules for substructure
lengths that yield the optimal reflection mode response for polarimetric sensing.
To facilitate this, the algorithm multiplies the reflectivity spectrum by the cosine
of the Kerr rotation angle spectrum for each structure to provide a third spectrum.
This output spectrum is then convolved with a scanning filter function. The
output spectrum then contains the notch that would be developed in the reflection
spectrum (nominally totally reflective) if light reflected by the Bragg structure
were re-polarising on the original input polarisation axis. By expressing the
notch depth as a percentage of the nominal reflectivity at that wavelength, a
convenient metric is produced that takes into consideration all three objectives
of these structures: high reflectivity, wide resonance, and large peak rotation.

A maximum of three phase-shifts was simulated by the algorithm in order

to reduce the processing time. The algorithm calculates the above metric for
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every combination of substructure lengths, given some user-defined minimum and
maximum substructure lengths and step size. From the results of this analysis,

the optimum (logarithmic) structures could be identified and verified.
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