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Abstract

This research project aimed to develop diagnostic options for in situ use within future

materials ageing experiments in complex engineering environments. The techniques

developed were required to be suitable for multi-decade deployment and have minimal

impact upon the experimental chemical ageing evolution.

Optical fibre based diagnostic options for measuring temperature, barometric

pressure, and gaseous concentrations were reviewed. The long-term suitability of fibre

Bragg grating (FBG) temperature sensors, fibre Fabry-Pérot (FFP) pressure sensors, O2-

sensing fluorescence probes, and optical fibre switches were assessed experimentally in

experiments that lasted up to 1 year. A bespoke fibre-coupled multi-pass spectroscopic

gas cell was developed for the detection of H2O with a path-length of (6.47± 0.05) m,

along with novel techniques to package FBG and FFP sensors, hermetically pass optical

fibres into the experimental volume, and route optical fibres. Custom optical fibre

connectors for use both inside and outside the experiment were designed and evaluated.

To support the diagnostics investigated, a bespoke interrogation system was created, with

a design focus on modularity, redundancy, and long-term support.

The research was evaluated against the project requirements, and together formed a

potential concept for future materials ageing experiments requiring comprehensive and

enhanced embedded diagnostic capabilities. The developed technologies were assessed

as ranging in technology readiness level (TRL) from 2 to 6. For use in an experiment,

further work would be required to mature the techniques up to TRL 9, and potential

maturation routes are presented.
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Chapter 1: Introduction

This research project aimed to produce functional technology concepts towards an

optically-interrogated diagnostic system suitable for long-term experiments. The scope

included the development of in situ diagnostic sensors, optoelectronic interrogation

hardware, and the optical fibre infrastructure to enable integration within an experiment.

The concepts produced would be used by the Atomic Weapons Establishment (AWE)

to inform further development towards potential deployment of optical diagnostics

supporting long-term materials ageing experiments. In situ optical sensors could provide

real-time measurement of material ageing parameters without perturbing the experiment.

As a nuclear weapon state, the United Kingdom maintains a credible nuclear deterrent,

but since ratifying the comprehensive nuclear test ban treaty in 1998 has committed

itself to underwriting the weapon stockpile’s credibility through scientific research, rather

than through nuclear testing [5]. As materials age, it is appreciated that their chemical

composition and physical properties are likely to change. The ability to predict these

changes forms an important part of underwriting a nuclear weapon stockpile [6]. A long-

term materials ageing experiment is one approach for collecting data to support such

material change predictions [7].

This work was based at AWE, and aimed to develop concept demonstrator hardware

covering the full diagnostic system design, including: optical diagnostics, interrogation

hardware, and fibre integration. The focus on optically interrogated techniques was due

to their potential for small size, chemical compatibility, remote sensing capabilities, and

ability to provide electrical isolation [7]. The project was conducted following a review of

objectives and technical requirements, and a review of literature and commercial products.

Laboratory experiments and evaluations were performed to assess both commercial and

bespoke optical sensing techniques. Engineering design of electronic circuits, printed

circuit boards (PCBs), mechanical enclosures, sensor assemblies, and optical systems

was performed; supported by mathematical simulations, where appropriate.

The practical aspects of the work described in this project commenced in May 2016,
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Chapter 1: Introduction

following commencement of the EngD in September the previous year and completion of

academic modules at St. Andrews, Strathclyde, and Glasgow Universities. The following

account of the project is not presented in chronological order, opting instead to arrange the

work by topic. Given the broad scope of the work, there were typically multiple streams

of work performed in parallel.

1.1 Materials Ageing Experiment Motivation

The diagnostics developed within this project were intended for use within a future

long-term materials ageing experiment. Such an experiment would typically impose

restrictions; the experiment may be hermetically sealed, temperature cycled, electrically

isolated, and operated over multiple decades. In situ sensing of materials ageing

phenomena, such as chemical and physical parameters, was considered advantageous [7].

However, any additions to the experiment would need to cause minimal impact, ensuring

experiments with diagnostics evolve comparably to those without. Therefore the

diagnostics located within the experimental volume were required to be chemically

compatible, meaning they would not cause chemical reactions, desorption, adsorption,

absorption, or ion exchanges, so that the chemical species and concentrations present

were not effected. The hardware was also required to fit within the geometry of the

experiment, therefore physically small techniques were more likely to be compatible with

a wider range of experiments. The hermetic seal of the experimental volume would need

to be maintained. An example of a conceptual configuration is shown in figure 1.1.

Optical Sensors

Experimental Environment

Hermetic
Seal

Optical Fibres

Interrogation Hardware

Figure 1.1: Example of a long-term experimental configuration containing optically interrogated
sensors, optical fibres, and interrogation hardware.

For the duration of the experiment the internal environment may not be perturbed,

meaning that access to the in situ diagnostics would not be possible until the experiment

was concluded. Equally, the interrogation hardware would be required to monitor the

sensors throughout the multi-decade duration; potentially up to 30 years [7]. Designing a

system to provide high quality data over such a time-frame, with no access for periodic
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Chapter 1: Introduction

sensor calibration, was one example of the challenges explored in this thesis.

1.2 Project Aim and Objectives

The aim of this research project was the conceptual design of a diagnostic system with

the ability, following further maturation and development, to support a future materials

ageing experiment. Production of hardware was considered advantageous by enabling

the experimental evaluation of the techniques, and to provide concept demonstration for

review and inform any potential further developments.

To deliver the project, three objectives were created which covered separate parts of

the diagnostic system. The three objectives were to:

1. Investigate sensor interrogation hardware solutions.

2. Develop optical diagnostic techniques.

3. Develop optical fibre integration technologies.

The sensor interrogation hardware investigation would ensure deployed optical

diagnostics could be consistently monitored throughout the experimental duration.

Optical sensor technique development for temperature, barometric pressure, and gas

detection, was to provide confidence in the long-term performance of the sensors and

diagnostics, and thereby ensure high quality data from the experiment. Optical fibre

integration technologies were considered vital to ensuring optical diagnostics could be

successfully included within a future long-term experiment.

1.3 Project Technical Requirements

The techniques and technologies investigated within the project were required to satisfy

technical requirements to ensure the outcome of the work would meet the needs of

AWE. Throughout the project, the requirements were used to enable technique evaluation.

Specific requirements are discussed as appropriate within this work, but below is a general

overview of the project requirements, separated into the three objective topics. The

concepts produced should provide:

1. Interrogation hardware

(a) An integrated interrogation hardware solution capable of measuring optical
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Chapter 1: Introduction

diagnostics supporting periodic (approximately hourly) measurements of each

sensor deployed.

(b) A strategy to maintain the system for approximately 30 years, with minimal

downtime.

(c) Hardware solutions to enable fibre Bragg grating (FBG) measurement by two

techniques.

(d) FBG wavelength detection sensitivity of ±5 pm in the region of 1550 nm with

a bandwidth of 100 nm (equivalent to a wavelength resolution of 200 pm).

(e) A hardware solution to enable optically isolated electronic sensors (OIES)

interrogation.

(f) A hardware framework considered able to support tunable diode-laser

absorption spectroscopy (TDLAS) with a minimum detectable absorption of

1× 10−3 Hz−1/2 (absorbance range of 0.01 to 3).

(g) A modular approach that supports hot-swapping of modules.

(h) Inclusion of system-monitoring sensors within the module designs.

(i) System-monitoring of temperature from −10 ◦C to 40 ◦C with an accuracy of

±1 ◦C (1 K).

(j) System-monitoring of humidity from 10 %RH to 90 %RH with an accuracy of

±5 %RH (from −25 ◦C to 25 ◦C dew point with an accuracy of ±2 ◦C dew

point).

(k) System-monitoring of barometric pressure from 900 mbar to 1100 mbar with an

accuracy of ±5 mbar.

2. Optical diagnostics

(a) Concepts that are based on mature technologies to reduce long-term

deployment risks.

(b) Concepts that are chemically compatible with materials ageing experiments.

(c) General chemical compatibility within this thesis focuses on minimal inclusion

of organics and metals which may interact with oxygen and water (e.g. copper).

(d) Concepts with the potential to be long-term stable over multiple decades.
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(e) Concepts that are interrogated from a distance (remote sensing) via optical

fibres.

(f) Concepts that are physically small and robust. Threshold longest dimension

< 160 mm; objective longest dimension < 20 mm.

(g) A technique to measure the in situ temperature at defined points within a system

using FBG sensors.

(h) Temperature measurement capability from −20 ◦C to 70 ◦C wih an accuracy of

±1 ◦C (1 K).

(i) A technique to measure the in situ barometric pressure.

(j) Barometric pressure measurement capability from 0 mbar to 1200 mbar wih an

accuracy of ±2 mbar to support both vacuum and atmospheric experiments.

(k) A technique to measure water vapour (H2O) concentration compatible with the

direct TDLAS interrogation method.

(l) H2O detection capability from 40 ppm (by volume) to 100 000 ppm with a

resolution of 40 ppm (from −54 ◦C to 44 ◦C dew point with an accuracy of

±0.5 ◦C dew point, and from 0.1 %RH to 100 %RH with an accuracy of

±1 %RH).

(m) A technique to measure gaseous oxygen (O2) concentration.

(n) O2 detection capability from 0 % to 25 % with a resolution of 0.1 %.

(o) A technique for supporting electronic diagnostic sensors remotely via optical

fibres (OIES) that provide both power and data comunications.

(p) The OIES system should be compatible with near infrared (NIR) optical fibres

(SMF-28 preferred).

(q) The OIES system should not pose a significant laser safety hazard (Class 2M

or lower).

3. Fibre integration

(a) Concepts that are chemically compatible with materials ageing experiments.

(b) General chemical compatibility within this thesis focuses on minimal inclusion

of organics and metals which may interact with oxygen and water (e.g. copper).

(c) Concepts with the potential to be long-term stable over multiple decades.
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(d) Concepts that are physically small and robust. Threshold longest dimension

< 160 mm; objective longest dimension < 20 mm.

(e) A technique to provide hermetic sealing around optical fibres entering an

experimental system with a helium leak rate below 1× 10−9 mbar l min−1.

(f) A technique to enable optical fibre connections both outside and inside the

experimental system.

(g) A technique to enable fibres to enter the sealed system.

(h) A technique to package the sensor technologies.

(i) A technique to encapsulate the optical fibres within an experimental volume.

(j) Components outside the experimental environment should be simple for a user

to use and provide environmental sealing capabilities.

1.4 Thesis Structure

The work is presented over ten chapters that, after the introductions and an initial literature

review (Chapter 2), separates the project into the three objective topics: interrogation,

diagnostics, and integration. A conclusions chapter and two appendices complete the

work. The content within these chapters is summarised below.

Interrogation hardware

Chapter 3 discusses the process of designing bespoke modular interrogation hardware for

interrogating diagnostic sensors over optical fibres with a focus on redundancy and long-

term maintenance. The design represents a novel solution for enabling multiple sensor

technique interrogation within a modular enclosure, integrating optical fibre routing, and

enabling stand-alone operation.

Chapter 4 provides an evaluation of miniature digital electronic sensors which were

integrated into each of the interrogation modules. The sensors were intended to provide

real-time condition monitoring data to assist in assessments of hardware health and

maintenance requirements. An experimental evaluation was conducted to compare the

sensor performance with the project requirements for temperature, barometric pressure,

and humidity measurements.
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Optical Diagnostics

Chapter 5 investigates optical temperature sensing techniques and selects FBGs for

evaluation. The sensors are rapidly tested over the period of a year in a novel systematic

study to provide confidence in their long-term performance.

Chapter 6 investigates optical barometric pressure sensors, selecting fibre Fabry-Pérot

(FFP) based sensors for evaluation. These sensors are also rapidly tested over the period

of a year within a novel experiment to provide confidence in their long-term performance.

Chapter 7 details gaseous chemical detection and quantification. TDLAS in the NIR

was chosen for development and a bespoke multi-pass spectroscopic cell was designed

and built for evaluation. The spectroscopic cell achieved a higher level of integration for

optical fibre coupling and long-term stability than previously reported. A commercial

off-the-shelf (COTS) oxygen chemical detection probe was also evaluated for long-term

stability.

Chapter 8 discusses a technique developed for remotely powering and communicating

with electronic sensors down a single optical fibre. The system was built and evaluated

and then further developed into a higher-efficiency system. A second system was also

constructed for evaluation. Both systems were created using COTS components and

operated using single mode (SM) NIR optical fibres.

Fibre integration and conclusions

Chapter 9 provides details on techniques developed to enable integration of the optically

interrogated diagnostics into an experiment. The techniques included investigation of

hermetic optical fibre feed-throughs, optical fibre routing and ruggedisation, sensor

housing, and multi-fibre umbilical connectors. Information regarding the assembly of

a complex experimental configuration is also provided, using the techniques investigated.

Chapter 10 discusses the work conducted within the project and draws conclusions

and suggestions for areas of further development, many of which are in progress at the

time of writing.

Appendix A provides a reference guide for the technology readiness level (TRL)

system, which is used in an assessment of an individual technologies readiness for

deployment.

Appendix B provides simulated gas absorption spectra which were generated using the

high resolution transmission (HITRAN) database. The specra were used as a reference
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for designing NIR gas absorption configurations.

9



Chapter 2: Literature Survey

A literature survey was conducted of commercial products and scientifically proven

techniques that may satisfy the project requirements for this thesis. As per the project

objectives and specification, detailed in Chapter 1, the review included optical diagnostic

techniques for temperature, pressure gaseous chemical detection, interrogation hardware,

electronic sensor technologies, optically powered electronic systems, and optical fibre

infrastructure components. Some technologies were pre-selected for this work by the

Atomic Weapons Establishment (AWE), as noted in Chapter 1. The review was conducted

to provide confidence an alternative technique did not exist with significant advantages.

2.1 Temperature Sensing

The project required, as discussed in Chapter 1, a technique for temperature sensing

within a materials ageing experiment. The technique was required to be optical fibre

based, chemically compatible with the experiment, suitable for long-term use, and enable

temperature measurement from −20 ◦C to 70 ◦C with an accuracy of ±1 ◦C.

Temperature measurement is commonly achieved in industry using thermocouples,

which are electronic sensors constructed from a bi-metallic junction, utilising the

Seebeck effect [8]. Other electronic techniques are also widely used, as discussed

further in Chapter 4, but optical techniques are typically reserved for more specialist

applications likely due to the typically higher cost. Optical temperature sensing has

been demonstrated using reflection, interference, fluorescence, scattering, absorption

spectroscopy, and thermally generated radiation techniques [9, 10]. Techniques based

on reflection, interference, fluorescence, and scattering were reviewed for their suitability

to this thesis.

Absorption spectroscopy has been demonstrated to provide temperature information

from the gas being measured through analysis of the absorption peak profile [10–12], but

this technique was discounted from the survey. The techniques accuracy is dependant

on the gaseous species and concentration being measured, but since the exact chemicals
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present within an experiment will vary depending on the exact configuration, a more

general technique was desired. Thermally generated radiation techniques are based on

measuring the black-body emission from a sensor probe. They were not reviewed since

they are inherently limited in their low-temperature use and typically cannot measure

temperatures below 100 ◦C [9].

Fibre Bragg grating (FBG)

The fibre Bragg grating (FBG) is a common and commercially available optical

component that uses an optical reflection, from a Bragg grating formed within an optical

fibre, to relay information about the sensor’s environment [13]. A temperature sensor can

be formed by isolating the sensor from other sources of measurement, such as mechanical

strain, resulting in a sensor that will reflect light at a temperature-varying wavelength [14].

Previous work at AWE using FBG sensors meant they were preferred as the optical

temperature sensor for this work [15].

The FBG is formed from a length of periodic refractive index variation, within the

fibre core, which reflects light at the Bragg wavelength, λB [16]. The FBG structure

and optical characteristics are discussed further in Chapter 5. FBGs are sensitive to

mechanical strain, as well as temperature. This cross-sensitivity usually requires FBG

temperature sensors to be housed in strain-isolating enclosures, ensuring the only external

influence on the sensor is temperature. A number of enclosure designs have been

reported [7, 14, 17] and are also available from commercial suppliers [18], but these

enclosures result in sensors physically larger than desired in this thesis (> 30 mm length).

Commercial FBGs are available from a number of manufacturers, such as Micron

Optics (USA), FBGS (Belgium), Advanced Optical Solutions (Germany), Technica

Optical Components (USA), and FemtoFiberTec (Germany). FBG temperature sensors

are often specified with accuracies in the range of ±1 ◦C [19], but the interrogation

system has a significant impact on the measurement uncertainty achieved. Commercial

interrogators with wavelength accuracies in the range of ±1 pm to ±5 pm are

available [20, 21]. Using typical sensor responsitivities in the range of 10 pm ◦C−1

to 29 pm ◦C−1 [19, 22], suggests interrogation accuracies between ±0.03 ◦C to ±0.5 ◦C

would be possible. It has been shown however that the response is not linear and could

deviate by 20 pm over the range −30 ◦C to 80 ◦C [23], so sensor characterisation is

typically required. FBG sensing has been widely demonstrated in literature [7, 13, 14,
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17, 23–52], over multiple decades, suggesting it is a well matured technique.

FBGs have been demonstrated to operate over the required temperature range, and

likely to perform within the accuracy requirements. They were considered a mature and

well understood technique, but studies of long-term drift or failure mode characteristics

were not found. Since the sensor is formed within fused-silica optical fibres, the chemical

compatibility will depend of the fibre coatings and strain-isolation enclosure used.

Fibre Fabry-Pérot (FFP)

An alternative temperature sensing technique, utilising optical interferometry, has been

demonstrated. A Fabry-Pérot cavity can be created within, or at the end of, an optical

fibre [53], defined by a pair of partially reflecting surfaces. The interferometer is

characterised by an approximately sinusoidal transfer function [54]; of the form:

I = I0R̄ (1 + V cosφ) , (2.1)

where I is the output signal intensity, I0 is the input signal intensity, R̄ is the mean mirror

reflectivity, and V is the interferometer visibility [55]. The interferometer phase, φ, can

be expressed as:

φ =
4πn

λ
L, (2.2)

where n is the refractive index within the cavity, λ is the interrogation wavelength and L is

the cavity length [54,56]. Changes in temperature can change the cavity length and/or the

refractive index, and thus the phase to wavelength relationship of the sensor [57–62]. This

relationship is typically measured as a change in free spectral range (FSR), the spacing

between adjacent interference peaks in the measured spectrum.

Commercially available sensors utilising this technique are available from FISO

(Canada) [63], and OpSens (Canada) [64]. The sensors are specified for use between

−40 ◦C and 225 ◦C with an accuracy of ±1 ◦C, and −40 ◦C and 250 ◦C with an accuracy

of ±1 ◦C respectively. The specified performance of the sensors met the requirements for

this project, and the sensors were coupled to multi-mode (MM) optical fibres. However,

the maximum fibre lengths specified are 15 m [63] and 5 m [64], likely due to inter-

modal and coherence length effects, which would significantly restrict the separation

distance between the interrogation hardware and experiment. Further investigation would
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be required to assess the use of such sensors over longer distances, to ensure flexibility

within the the ageing experiment design.

Wang et al. [59] demonstrate an air-gap fibre Fabry-Pérot (FFP) temperature sensor

where the end of the optical fibre is held within a capillary tube, spaced apart from

another section of optical fibre, as shown in figure 2.1. The reflections from the cleaved

Figure 2.1: Air-gap FFP temperature sensor formed using a short section of optical fibre as a
reflector, as demonstrated by Wang et al. [59].

surfaces and refractive-index contrast creates the low-finesse FFP. This same sensor

is also reported to have a significant pressure response, so the temperature sensor is

encased in an isolation tube to remove cross-sensitivity. Temperatures up to 200 ◦C are

demonstrated with a resolution of 0.02 ◦C. The temperature range and resolution would

satisfy the requirements for this project, but tube-based design and need for isolation

could make this sensor physically large, limiting its deployment within an assembly.

Kilpatrick et al. [57] demonstrate a dual FFP temperature sensor which uses a zinc

selenide (ZnSe) layer between two mirror coatings fixed to the end of a single-mode

optical fibre. ZnSe is utilised because its thermo-optic coefficient is an order of magnitude

greater than fused-silica’s thereby increasing the sensitivity of the device. The sensor was

demonstrated over a measurement range of 20 to 180 ◦C with a measurement accuracy

of approximately 0.1 ◦C, which would also satisfy the requirements of this project. The

combination of multiple materials used to form the Fabry-Pérot cavity might need to be

evaluated for material compatibility and sensor lifetime requirements. Schneller et al. [60]

demonstrate an FFP temperature sensor utilising a Chromium layer as a partial reflector,

fusion spliced within the sensor head. This technique reports a sensor with resulting

high tensile strength, small size and an maximum operating temperature of 1000 ◦C, but

their implementation has a lower resolution, < 10 ◦C, meaning further work would be

required if such a sensor were to meet this project’s requirements. A multi-day high

temperature study of similarly constructed sensors has been demonstrated by Polyzos

et al. [62], which reports no drift once the sensor has been annealed. Bae et al. [61]

demonstrate a dual FFP sensor for pressure and temperature measurements. A polymer

cavity is attached to a silica fibre for the temperature measurement, which utilises the large
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coefficient of thermal expansion (CTE) of the polymer to provide temperature sensitivity.

The technique was evaluated from 26 ◦C to 50 ◦C and was demonstrated to achieve a

measurement uncertainty of 0.03 ◦C [61]. The temperature range demonstrated was not

sufficient to meet the requirements, but the measurement uncertainty was sufficiently low.

The long-term stability of the polymer material, and its chemical compatibility, mean this

approach is unacceptable for this thesis.

Temperature FFP sensors are commercially available and have also been

demonstrated, achieving measurement accuracies suitable for use within this project. The

specified sensing range of the commercial sensors satisfied the project requirement, but

the devices presented in the literature were evaluated from 60 ◦C to 200 ◦C [59], 20 ◦C

to 180 ◦C [57], 25 ◦C to 1000 ◦C [60], and 26 ◦C to 50 ◦C [61], not the required range of

−20 ◦C to 70 ◦C for this project. The multiple materials typically used within the sensor

design were not ideal, meaning the sensors would require material compatibility studies,

as well as long-term assessments, before being considered.

Luminescence

Luminescent probes have been demonstrated as temperature sensors, and are reviewed

extensively by Wang et al. [65]. A broad range of photoluminescent chemicals have

been demonstrated as being suitable for measuring temperature, and typically operate

by illuminating the material and measuring the longer-wavelength emission properties.

Further details of measurement techniques is included in Chapter 7, in a discussion on

fluorescence sensing. When fluorescent materials absorb photons, lower energy photons

can be emitted through multiple electron de-excitation routes [66, 67]. Measurement and

analysis of the emitted light can be used as an indication of material properties, such as

temperature.

Typically a photoluminescent chemical is located at the end of an optical fibre.

Both the illuminating and emitted light are contained within the optical fibre, which is

connected to an interrogator. Some chemicals, such as the florescent Yb2Ti2O7 [68]

and Eu(TTA)a3 in PMMA [69] have been shown to meet the project requirement for

temperature measurement range and accuracy, with resolutions reported of 0.08 ◦C [69].

Chromium(III)-doped yttrium aluminium borate (Cr3+:YAB), is demonstrated by

Venturini et al. [70] to operate over the range: 0 ◦C to 200 ◦C achieving a resolution

of 0.1 ◦C. This technique is reported to have a fast response and high stability when
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compared to alternative phosphors. It is also reported to have no cross-sensitivity with

oxygen which is a common cross-sensitivity for luminescent sensors [70].

(Photo)luminescent temperature sensors have been demonstrated with the potential

to satisfy the sensing range and accuracy requirements. For use within this project, the

chemical compatibility and potential decomposition of the analyte, especially if organic-

based, would need to be assessed.

Distributed sensing

Distributed optical fibre sensing, typically refers to scattering based sensing, which is

often demonstrated to measure temperature and strain [51,71–82]. The technique provides

values at all points along a fibre, thus the term distributed, and is often performed

in unmodified fused silica fibres or high-scatter speciality fibres. The most common

techniques measure the backscatter signal, which returns down the fibre to the light

source. The most common scattering sensing techniques, Rayleigh, Raman, and Brillouin,

have been demonstrated measuring temperature, strain, pressure, radiation dose, radiation

flux, light, electro-magnetic fields, and vibration [81–84].

Koyamada et al. [75] demonstrate Rayleigh-based temperature sensing using

a coherent optical time-domain reflectometry (OTDR) technique to record the

measurements. The technique is evaluated over an 8 km length of sensing fibre,

constructed from unmodified single-mode fibre, with a temperature resolution of 0.01 ◦C

and spatial resolution of 1 m. The temperature range evaluated (24.9 ◦C to 25.0 ◦C) was

significantly smaller than the required sensing range, but the low spatial resolution would

require potentially bulky coils of fibre to be included within an experimental configuration

to provide point-localised temperature measurements; likely not meeting the requirement

for small size.

Commercial distributed temperature sensing systems are available, such as the ODiSI

6000 Series from Luna (USA) [85] which specifies a measurement range of −40 ◦C

to 200 ◦C with a resolution of 0.1 ◦C. The system measures the Rayleigh backscatter

using an optically frequency-domain reflectometry (OFDR) [34,72] and achieves a spatial

resolution of 1.3 mm in a fibre up to 50 m long. The specification for sensing range and

resolution, suggest the system could satisfy the project sensing requirements.

Distributed sensing based on Rayleigh scattering was suggested likely to satisfy the

project sensing requirements, based on the provided measurement range and resolution
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values. The technique can utilise unmodified fused-silica optical fibres, resulting in

chemical compatibility being dependant on the fibre coating. The long-term stability of

the system was suggested to be high [85], since the fibre contained no sensor structure as

such, but a long-term evaluation was not identified.

Conclusions

The review of optical temperature sensors investigated FBG, FFP, luminescent, and

distributed (backscatter) techniques. A summary of the assessed likelihood of each

technique to satisfy the project requirements is shown in table 2.1.

Sensor Measurement Measurement Chemical Long-term
technology range accuracy compatibility stability

FBG ?
FFP ? ?

Luminescent ? ?
Distributed ?

Table 2.1: Summary of the assessed optical temperature sensing techniques against the project
requirements.

FBG sensors and distributed (Rayleigh) sensing were assessed as most likely to be

suitable for use within a future long-term materials ageing experiment. The long-term

stability of each technique was unknown, but the distributed technique was potentially

more stable, since there was no grating structure to change over time. However,

FBG sensors were considered to be a more mature technology, and supported by

greater availability, and lower technical complexity, of commercial interrogators. The

recommended optical temperature sensing technique for development was therefore

FBG based. If, after assessment, it was deemed unsuitable for use, future work was

recommended to investigate the potential of the distributed techniques. Controlled long-

term analysis of FBG sensors was not identified within the literature, so a novel study of

the stability of FBG temperature sensors was recommended, and detailed in Chapter 5.

FBG sensors are commercially available for measuring many parameters such

as temperature and strain from a number of manufacturers [19, 22, 86]. Studies,

applications, and novel sensing configurations utilising FBGs have been widely reported

in literature [13,14,23–52], demonstrating it to be a reliable, versatile, and well researched

technique.

Some of the published work has discussed the use of such sensors over long

time-frames and some application studies report on multi-year deployments of FBG
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sensors [42, 62]. However, no controlled study has been published which evaluates the

sensor performance for long-term deployments.

2.2 Barometric Pressure Sensing

In addition to a technique for temperature sensing, the project required, as discussed in

Chapter 1, a technique suitable for pressure sensing within a materials ageing experiment.

Barometric (atmospheric) pressure was required over the range 0 mbar to 1200 mbar with

an accuracy of ±2 mbar. As with the temperature sensors, the pressure sensors were

required to be optically fibre based, chemically compatible, and long-term stable.

Industrial barometric pressure measurements are typically achieved using electronic

resistance or capacitance transducers, as discussed later in this chapter. This survey

concentrated on optical techniques and both FBG and FFP based sensors are demonstrated

for use as pressure sensors [87], and are reviewed here. Use of absorption spectroscopy to

measure gas pressure has been previously demonstrated [88, 89], using a similar method

as with absorption gas sensing, but the technique was not reviewed in this work since a

gaseous chemical independent technique was considered preferable.

Fibre Fabry-Pérot (FFP)

FFP pressure sensors are typically constructed with an extrinsic cavity mounted on the

end of a fibre. A thin diaphragm typically acts as one of the cavity mirrors, and deflects

as the pressure difference between the cavity and environment varies, changing the

cavity length. This length change can be detected as a change in interferometer FSR,

previously described. FFP devices are commercially available from companies such as

FISO Technologies (Canada) and OpSens Solutions (Canada). FISO devices are available

with stated operating ranges from 0 mbar to 340 mbar, with an accuracy of ±2 mbar

(also available with higher pressure ranges, but with lower accuracies) [90]. OpSens

devices are available with operating ranges from 0 mbar to 1720 mbar, with an accuracy

of ±9 mbar [91]. These commercial options suggest the technique has the potential to

perform within the required measurement range, but the accuracy requirement may not

be satisfied. Following the commercial product search, a study of published literature

was performed, and a range of work has been reported [55, 56, 92–96], and are discussed

below:

Watson et al. [92] report a sensor that measures up to 8 bar with resolutions down to
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3 mbar. This work focused on a short response time rather than high sensitivity, achieving

a rise time < 4 µs. Wang et al. [93] demonstrate a high pressure sensor capable of

operating up to 550 bar with an accuracy of ±24 bar. Chavko et al. [94] demonstrate

a FFP sensor response from vacuum to 520 mbar that is highly linear. MacPherson et

al. [56] present a FFP sensor constructed with an extrinsic copper diaphragm attached

with adhesive. The sensor is demonstrated from vacuum to 4 bar and reports a sensitivity

of 5 mbar. The measurement range demonstrated would satisfy the project requirement,

but the accuracy achieved was not stated. The use of an adhesive to secure the diaphragm

would need to be evaluated for long-term reliability and chemical compatibility. Cibula

et al. [96] report an all glass FFP pressure sensor which is tested from vacuum up to

70 bar, with a cavity length response of 1100 nm bar−1. This was predicted to provide a

phase sensitivity of 8.9 rad bar−1, which, with a 10 mrad resolution interrogation system,

would equate to a pressure resolution of 1.1 mbar. This sensor design, constructed entirely

from fused-silica, could enable a chemically compatible pressure sensing technique. The

measurement range demonstrated would satisfy the range required, and if a suitable

interrogator was used would potentially satisfy the accuracy requirement.

FFP pressure sensors were reviewed and both commercial and literature sources

were identified. The technique appeared moderately mature, and had been demonstrated

multiple times up to higher pressures than required in this project. Temperature cross-

sensitivity of the presented FFP sensors were not reported, but due to the dependency

on physical distance a cross-sensitivity was considered likely. In an experimental

configuration it would therefore likely be required to co-locate an optical temperature

sensor alongside a FFP to provide temperature compensation. The measurement range

and accuracy were not demonstrated to satisfy the project requirement simultaneously,

and neither was the long-term stability of the technique known.

Fibre Bragg grating (FBG)

FBG sensors have been demonstrated to measure physical strains [44, 46, 97], but in

a novel study Maier et al. [98] demonstrate a barometric pressure sensor utilising two

orthogonally arranged FBG strain sensors. A mechanical arrangement forms a bellows-

based barometer that transfers and amplifies a strain to one of the FBG sensors in

response to pressure changes. The second FBG sensor is included to enable temperature

compensation due to the inherent temperature cross-sensitivity when using FBGs. The
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reported technique had an operation range from 800 mbar to 1100 mbar with an accuracy

of ±1.5 mbar.

The accuracy demonstrated would satisfy the requirement for this project, but the

measurement range was too small. It could be conceivable to increase the measurement

range by altering the physical configuration of the system, but the use of mechanical

bellows would likely introduce a fundamental limit on the minimum pressure measurable.

The moving mechanical parts, including a compression spring, would be a cause of

concern to meet the desired life-time for use within this research project. Due to the

mechanical design, the technique was also physically large, with a length of 70 mm, which

was not ideal for in situ measurements. The chemical compatibility of the technique

would also require review, given the number of components used and the potential for

lubricants to be required.

Conclusions

The review of optical pressure sensors investigated FFP and FBG techniques. A summary

of the assessed likelihood of each technique to satisfy the project requirements is shown

in table 2.2.

Sensor Measurement Measurement Chemical Long-term
technology range accuracy compatibility stability

FFP ? ( ) ?
FBG × ? ×

Table 2.2: Summary of the assessed optical pressure sensing techniques against the project
requirements.

Of the two optical techniques discussed, the FFP method was considered the more

mature and most likely to satisfy the project requirements. Experimental evaluation was

recommended to confirm the long-term performance of the technique.

Figure 2.2 shows a schematic of the type of sensor construction used in this work [4,

56, 90]. This sensor is attached to the end of a length of optical fibre and is composed

of a low-finesse Fabry-Pérot interferometer, with the cavity formed between the fibre end

and the diaphragm. The cavity length changes as the diaphragm moves in response to the

barometric pressure in the sensor environment, relative to the vacuum within the cavity.

Optical fibre based sensors have previously been evaluated for long-term use [62]

including real-time deployments [42], but these previous studies were using significantly

different configurations of optical fibre sensors than the one used in this work. Polyzos et
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Figure 2.2: Schematic of a fibre Fabry-Pérot barometric pressure sensor, not to scale. The fibre
has a diameter of 125 µm and the cavity length is typically 16 µm to 18 µm.

al. evaluate Fabry-Pérot temperature sensors, with a solid silica glass cavity, and Chan et

al. evaluate FBG sensors deployed in-situ on a suspension bridge. The lack of a study of

the long-term performance of Fabry-Pérot pressure sensors motivated this experimental

evaluation. This study and results were presented at the 26th international conference on

optical fibre sensors (OFS-26), Lausanne, by the author [4].

2.3 Gaseous Chemical Detection

The project required a technique to measure H2O and O2 concentration within the internal

environment of a materials ageing experiment, as discussed in Chapter 1. The techniques

were required to support the use of optical fibres between the interrogation hardware

and the experiment, be long-term stable, and chemically compatible with the chemistry

within the experiment. Detection of H2O was required from 40 ppm to 100 000 ppm with

a resolution of 40 ppm. O2 detection was required from 0 % to 25 % with a resolution of

0.1 %. These resolutions were also stated as a being satisfied by an interrogation system

with a minimum detectable absorption of 1× 10−3 Hz−1/2.

The optical detection of gaseous chemicals can be achieved in multiple ways, but

one of the most common is absorption spectroscopy [99]. Absorption spectroscopy does

not chemically alter, consume, or adsorb the gas during measurement, which is ideal for

a long-term in situ technique. Over a multi-decade experiment, even low levels of gas

consumption or reaction from a sensor could contribute to a significant perturbation in the

resulting environment. This survey focuses on the techniques for performing absorption

spectroscopy in order to recommend the most likely technique to satisfy the project

requirements.

Absorption spectroscopy is an optical technique which can be used to both identify

and measure the concentration of chemicals. The measurement of gas absorption lines

has been demonstrated in the ultraviolet (UV), visible, near infrared (NIR) and mid-

infrared (MIR) [99]. Optical arrangements for the UV are more complex than those for
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the visible and NIR since typical silica glasses are absorbent in the UV. MIR optical fibre

components, while available, are again more specialist, less mature, and more costly when

compared to those in the NIR. For use within this project, a technique operating over NIR

was investigated, in order to enable integration within the materials ageing experiment

and compatibility with the interrogation hardware (Chapter 3).

Techniques suitable for performing absorption spectroscopy in the NIR were surveyed

and two of the most common, tunable diode-laser absorption spectroscopy (TDLAS) and

cavity ring-down (CRD) spectroscopy [99], were reviewed. The direct absorption variant

of TDLAS was preferred by AWE over the wavelength modulation spectroscopy (WMS)

variant, due to the significantly simplier analysis techniques, but at the cost of additional

required path-length within the experimental configuration [100].

Each technique was summarised, and the requirements for deployment within

materials ageing experiments were discussed, to enable an assessment for suitability in

satisfying the project requirements.

Tunable diode-laser absorption spectroscopy (TDLAS)

TDLAS is a technique for recording the optical transmission spectrum, through a gas

of interest, over a narrow wavelength range, typically less than 1 nm. The wavelength

is chosen specifically to coincide with absorption lines of the gas to be measured, and

typically one or more are resolved. As a spectrum is recorded, the absorption line-shape

can be assessed, as well as peak height and area; which can prove useful during result

analysis [15].

Demonstrated wavelengths and chemicals detected with the technique were discussed

earlier within this chapter, in table 2.4, alongside a description of typical interrogation

techniques. Gas was measured using a direct path from source to detector (or between

a launch and collection lens) [10, 101–103], or using a multi-pass cell [104–107]. The

use of a multi-pass cell enables an optical gas interaction path length longer than the

length of the cell [99], in some cases just two passes are used [104, 107], and in others

many more [106]. For a given interrogation configuration, the longer the path length, the

greater the measurement sensitivity that is achievable, which is especially advantageous

when detecting trace concentrations. Satisfying the project requirements for chemical

measurement ranges and resolutions would depend on the path length used, and the

technique has been demonstrated with path lengths from cm to km [99]. The impact
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of path length on the gas concentration measurement including saturation, and multi-pass

cell designs, are discussed further in Chapter 7.

The use of NIR optical fibres within the interrogation hardware of the TDLAS

configurations has been demonstrated with detection limits reported down to

2.82× 10−3 Hz−1/2 [10, 102, 105], suggesting the technique was likely to satisfy the

fibre compatibility and 1× 10−3 Hz−1/2 detection limit requirements, following further

development.

Cavity ring-down (CRD) spectroscopy

CRD spectroscopy detects the presence of gas by measuring the optical decay time of a

resonant high-finesse cavity (cell). Optical loss, or absorption, within the cavity reduces

the decay time, and is detected. The technique was demonstrated in 1988 [108] and has

been subsequently developed, incorporating a number of detection techniques, including

continuous wave, pulsed, and phase-shift [99, 109–113].

The technique is demonstrated with mirror separations from cm to m, but due to

the high-finesse design, the equivalent path length can be many km. The detection of

oxygen [108] and water vapour [112, 113] is presented. Optical fibre based techniques

have presented utilising evanescent wave cavity ring down spectroscopy [114,115], where

a ring-cavity is formed using the optical fibre, with an input and output coupler and a

tapered region of fibre. In the tapered region the evanescent wave of the propagating light

can interact with the surrounding gas, providing the sensing element [114].

CRD spectroscopy may not be well suited to use within a long-term experiment and

within a sealed system, since particulate contamination, either to mirrors or tapered fibre

surfaces, could be envisioned. During the experiment such an effect could reduce the

cavity finesse, which would result in a reduction in cavity decay time and could be

incorrectly interpreted as an increase in gas concentration, or decrease the evanescent

field interaction with the environment resulting in interpretation as a decrease in gas

concentration. Reductions in finesse could also be caused by a change in optical

alignment, or reduction in mirror reflectivity [99].

Conclusions

A survey of optical gas sensing techniques was conducted and TDLAS and CRD

spectroscopy were reviewed. Based on work demonstrated in the literature, TDLAS was

22



Chapter 2: Literature Survey

likely to satisfy the requirements for NIR optical fibre compatibility, and measurement

ranges and resolutions. The measurement range and resolution of the technique was

largely dependant on path length, but the technique has been demonstrated using lengths

spanning four orders of magnitude, suggesting a suitable length could be selected. The

ability of the technique to resolve the absorption line-shape was considered advantageous

for long-term use, since it could provide additional measurement parameters, and

therefore confidence in the results. CRD spectroscopy was reviewed and has been

demonstrated to enable measurement of both O2 and H2O. The use of a high-finesse

optical cell was considered disadvantageous for use within this project, since variations in

optical alignment and mirror reflectivity could be anticipated within an experiment lasting

multiple decades.

Based on this review, TDLAS was recommended for further development since it was

considered likely to satisfy the project requirements and yield high confidence results.

The technique has been demonstrated incorporating optical fibres, but this thesis required

a higher level of integration than previously presented, as detailed in Chapter 7.

2.4 Interrogation Hardware

The search for interrogation hardware and measurement techniques was separated into

three parts: an integrated hardware system, FBG measurement, and TDLAS interrogation.

The optically isolated electronic sensors (OIES) system review is included later within

this chapter.

Integrated hardware system

The project required a sensor interrogation solution which would enable the measurement

of FBGs, OIESs, and the ability to support TDLAS, within a single device, with

confidence it could remain operational over the multi-decade duration with minimal

down-time.

A search was conducted for commercial diagnostic systems designed to measure

multiple types of sensor, intended for use in material ageing experiments, or for long-

term in situ chemical analysis. No systems were found, since the preference among

manufacturers appeared to be delivering specialised solutions. The most modular system

that was found was the PRO8 platform from Thorlabs (USA) [116], which is a modular

system able to support distributed feedback (DFB) lasers, optical fibre switches, and
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the electronics to control constant current (CC) lasers with thermo-electric coolers

(TECs) and amplify photodiode currents. As a modular system it offered flexibility in

configuration, and a clear maintenance strategy; substitute replacement modules into the

system to maintain uptime. However, the limited range of available modules would

not enable FBG or OIES interrogation, and supply of replacement modules over the

required experimental duration was unknown. The PRO8 system would also require

additional electronic components, such as signal generators, and fibre routing, to create

an experimental system, resulting in a non-integrated system and complex maintenance.

It was accepted that no commercial solution would enable OIES interrogation, due

to its bespoke design, but the lack of a suitable system for FBG and TDLAS resulted in

the recommendation to develop an in-house interrogation hardware solution. The use of

modules was considered an advantageous feature of the PRO8 design, and it was noted

that internal fibre routing would be beneficial.

Fibre Bragg grating (FBG) interrogation

Interrogators for FBG sensors are available from a number of commercial manufacturers,

and a range of devices is shown in table 2.3. To satisfy the project temperature sensing

accuracy requirement of ±1 ◦C, an interrogator accuracy of approximately ±10 pm is

required [19]. The values are based on the available product specifications, and the

Manufacturer Model Wavelength Resolution Accuracy
Ibsen Photonics I-MON 256 [117] 1525 - 1570 nm 0.5 pm ±5 pm
Prime Photonics
Micron Optics
Smart Fibres

VectorLight 300 [118]
SM125 [21]

W4 [119]

 1510 - 1590 nm 0.5 pm ±1 pm

Micron Optics SI155 [120] 1510 - 1590 nm 2 pm ±1 pm
Smart Fibres SmartScan [20] 1528 - 1568 nm 0.4 pm ±1 pm
Smart Fibres SmartScope [121] 1528 - 1568 nm 0.2 pm ±2 pm

Table 2.3: Typical performance of commercially available FBG sensor interrogation systems,
specifying their wavelength scan range and FBG measurement resolution and accuracy.

interrogators are intended for FBG sensors in the region of 1550 nm which was the

preferred operating range for AWE based on previous work [15].

The Ibsen Photonics (Denmark) I-MON 256 [117] is an optical spectrum analyser

(OSA) intended for use in one of the two most common interrogation methods, which

consists of: a broadband source, such as a superluminescent light emitting diode (SLED),

which is used to illuminate the fibre containing the FBG under interrogation. The reflected
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light returns down the optical fibre and is diverted to a OSA for analysis using an optical

fibre circulator or directional coupler. The I-MON 256 is a dispersive spectrometer which

features a 256-pixel indium gallium arsenide (InGaAs) line-camera and a diffraction

grating. This interrogation method is resolution limited by the OSA system used, and

wavelength range limited by the SLED source. The Micron Optics (USA) SM125, also

sold under a few other names [21,118,119], uses the second method: a swept laser is used

to illuminate the FBG, constructed from a tunable Fabry-Pérot filter and a semiconductor

optical amplifier (SOA) [122]. The reflected light is again diverted but measured using

a photodiode. The resolution of this technique is limited by the control electronics and

Fabry-Pérot filter, and the tuning range is limited by the bandwidth of the SOA. When

using either technique peak fitting techniques can be applied to increase the measurement

resolution achievable. For instance, the I-MON 256 [117] has a detector pixel spacing

corresponding to approximately 180 pm, yet its stated resolution is ±0.5 pm suggesting

use of an internal peak fitting algorithm using intensity values from a number of pixels.

A wide wavelength range enables multiple FBGs to be measured on a single optical

fibre, via wavelength-division multiplexing (WDM). This can reduce the number of

optical fibres required, and reduces the need to use optical fibre switches. Alternative

multiplexing techniques have been demonstrated, such as those utilising time and phase

demodulating detection systems [36,123]. These techniques are improvements to the two

common interrogation schemes, and such improvements can produce higher accuracy

measurements. The accuracies specified by the commercial equipment were considered

within the project requirements, as discussed later in this chapter. Therefore it was

recommended to investigate development of FBG interrogation based on the two most-

common techniques.

Tunable diode-laser absorption spectroscopy (TDLAS)

TDLAS is a technique often used for gaseous chemical detection in the NIR [99,124] and

based on previous work at AWE was the selected gas measurement technique [15]. The

technique uses a tunable diode laser in conjuction with a photodiode to measure one or

more molecule-specific absorption lines, to provide chemical speciation (identification)

and concentration measurements. More details on absorption spectroscopy is included in

Chapter 7.

Commercial products utilising the TDLAS technique are available [125], and details
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on the typical hardware configurations are readily available in the literature [10,101–106].

The most common configuration uses a DFB laser whose light is passed through the

environment of interest. The light is then collected and measured with a photodiode

for analysis. The laser wavelength is chosen to align with absorption line(s) targeted

for the gas of interest, typically requiring a laser for each gas of interest, but dual-gas

measurements have been demonstrated [106]. The laser wavelength is modulated to

tune over an absorption line, typically by varying the drive current to the DFB using

a sawtooth, or more complex, waveform. Techniques have been demonstrated where

additional higher-frequency modulation, typically sinusoidal, is superimposed on the saw-

tooth. WMS enables a reduction in measurement system noise, and therefore higher

sensitivity measurements [101–103]. The disadvantage of the technique is increased

complexity in the driving of the DFB and in the demodulation of the photodiode signal,

which is typically achieved using a lock-in amplifier [102]. The use of WMS was not

considered desirable within this thesis due to the increased demodulation and analysis

complexity. For repeated gas measurements in an industrial setting, the verification of the

analysis software is an important but time-consuming task. As a result, it was chosen to

focus on demonstrating direct TDLAS before potentially investigating the WMS variant in

the future [100], even though longer optical path-lengths would subsequently be required

in the experimental system for the same measurement sensitivity.

A summary of presented TDLAS systems, which were performed using DFB lasers,

is shown in table 2.4 detailing typical gasses and wavelengths used with this technique.

Ref Gas Wavelength
Seidel et al. [104] H2O 1370 nm
Zhang et al. [10] H2O 1395 nm
Knox et al. [105] H2O, CH4 1358 nm, 2004 nm

Pogàny et al. [106] H2O, CO2 2700 nm
Sur et al. [101] H2O, CO2, CH4, CO 1350 nm, 2020 nm, 2290 nm, 2330 nm

Chighine et al. [102] CO2 1997.2 nm
Li et al. [103] CH4 1654 nm

Table 2.4: Gases and wavelengths where TDLAS is demonstrated in the reviewed literature.

Seidel et al. [104] demonstrate a TDLAS configuration using a 1.98 meter path-length,

a 1370 nm DFB laser tuned across an H2O absorption line at 5039.8 Hz. Zhang et al. [10]

present H2O measurement using a 1395.6 nm DFB laser, tuned across two absorption

lines at 1 Hz and an optical path-length up to 0.6 meter. Knox et al. [105] demonstrate

both H2O and CH4 detection at 1358 nm and 2004 nm respectively. A path-length of
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0.69 m was used to achieve a minimum detectable absorption of 2.82× 10−3 Hz−1/2.

Pogàny et al. [106] present H2O and CO2 detection using a 76 m path-length achieving

a minimum detectable absorption of 2.82× 10−3 Hz−1/2 operating at 2700 nm. Sur et

al. [101] demonstrate the detection of H2O, CO2, CH4, and CO using DFBs at 1350 nm,

2020 nm, 2290 nm, and 2330 nm. The WMS variant of TDLAS was utilised using

an 0.08 m path-length. No minimum absorption was stated, but the short path-length

was likely achievable due to the use of WMS. Chighine et al. [102] presents a WMS

technique utilising an field-programmable gate array (FPGA) demodulation scheme for

CO2 detection using a 1997.2 nm DFB laser. A 5 Hz ramp modulation signal with

superimposed 50 kHz sine wave is used with a 0.055 m path-length. No minimum

absorption was reported. Li et al. [103] report a technique for CH4 detection using a

1654 nm DFB and a path length of 0.4 m to achieve a detection limit of 29.52 ppm.

The reported use of TDLAS for the detection of multiple gaseous species at

wavelengths compatible with NIR optical fibres, supporting such detection within

this work. H2O detection was demonstrated using FBG lasers at 1350 nm [101],

1358 nm [105], 1370 nm [104], 1395 nm [10], and 2700 nm [106].

Alternative tunable laser sources have been demonstrated, such as distributed Bragg

reflectors (DBRs), vertical cavity surface-emitting lasers (VCSELs) and external cavity

lasers (ECLs) [126]. For example, Chen et al. [107] demonstrate O2 WMS using a

VCSEL operating at 763 nm. However, DFB laser diodes are commercially available

covering a wide range of the NIR, and operation in the NIR is advantageous since

telecommunications technology can be leveraged, such as optical fibres, detectors, lasers,

and optical switches. TDLAS has been demonstrated in systems using optical fibres and

components such as optical switches and couplers [10, 101, 105].

From this review, a TDLAS system would require the interrogation hardware to

support a tunable laser, such as a DFB, which can be modulated using either a sawtooth

wave, or a more complex waveform to achieve WMS. A photodiode is required to measure

the return signal, potentially coupled to the hardware to support WMS demodulation.

Both the laser and the photodiode could be optical fibre coupled, to enable the use of

optical switches and couplers within an interrogation system.
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Conclusions

A search for commercial integrated interrogation systems was conducted, along with a

review of FBG and TDLAS interrogation techniques. The development of a bespoke

interrogation solution was considered the most effective method of achieving the project

requirements whilst reducing system complexity, and a modular based design was

recommended. Two techniques for FBG interrogation were identified for development,

and were considered likely to satisfy the project requirements, based on their common

use within commercial systems. Developing two techniques, one utilising a swept-

laser source and photodiode detector, and the other a broadband SLED source and OSA

detector, would provide redundancy and increase the diversity of techniques investigated.

The required components and infrastructure to perform TDLAS were identified to inform

the development of the interrogation hardware. An integrated modular interrogation

system, designed for the measurement of multiple sensing parameters, was not identified

as being available from commercial companies nor as being presented in the scientific

literature.

2.5 Electronic Sensor Technologies

A survey was conducted to review common commercially available electronic sensor

techniques for measuring temperature, humidity, and barometric pressure. The techniques

were evaluated for suitability for integration into the interrogation hardware modules and

OIES sensor node, focussing on minimising additional components and measurement

complexity, while delivering the project requirements.

Temperature

Electrical techniques for measuring temperature commonly rely on measuring a

resistance or voltage, but techniques utilising changing capacitance or piezoelectric

oscillation frequency are also available [9]. The more common commercially available

techniques were chosen for review, which included: thermistors, platinum resistance

thermometers, thermocouples, and semiconductor junction sensors. Each technique is

briefly summarised and reviewed for its suitability against the requirements.

A change in temperature can vary the resistance of some conductive materials, and

therefore be used as the basis of a temperature sensor. Both thermistors and platinum

resistance thermometers (PRTs) utilise this method and are interrogated by measuring
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their resistance. The resistance is commonly measured using 2-wire, 3-wire, or 4-

wire techniques [9], which all pass current through the device while monitoring the

voltage drop. The additional complexity of the 4-wire technique over the other two

typically results in higher accuracy measurements since it negates the resistance of the

leads connecting to the sensor [127]; an example of a 4-wire configuration is shown in

figure 2.3.

Figure 2.3: Schematic of a typical thermistor or PRT 4-wire measurement configuration.

Temperature dependant resistors are generically referred to as thermistors, and

are available in either positive temperature coefficient (PTC) or negative temperature

coefficient (NTC) types depending on whether resistance increases or decreases with

a rise in temperature. The resistance response is typically non-linear with respect to

temperature. Thermistors are available in many shapes, sizes, nominal resistances,

operating ranges and tolerances. Due to the vast array of types and configurations,

thermistors typically require individual characterisation before use, but commercial off-

the-shelf (COTS) devices with a nominal resistance of 10 kΩ are available [128] which

offer device to device consistency within ±0.1 ◦C. Such devices are specified for

operation over the required temperature range with an accuracy of ±1.4 ◦C [128]. This

accuracy exceeded the project requirements, suggesting thermistors were not suitable for

use within this project.

PRTs are similar to thermistors, but are standardised to use a thin wire or coating

of platinum as the variable-resistance material [9]. As a result they are typically

more consistent between components than thermistors, thus not requiring individual

calibration [127]. The conversion from PRT resistance to temperature is typically

achieved using the Callendar-Van Dusen equation [127, 129]. Industrial class PRTs are

available with specified accuracies down to ± 0.03 ◦C [130]. Commercial equipment

such as the Isotech (UK) TTI-22 and the National Instruments (USA) NI-9216 are

intended for PRT measurement. Their stated measurement uncertainties were ± 1 m◦C

and ± 0.4 ◦C respectively, in 4-wire configuration [131, 132]. The TTI-22 unit was not

specified to operate over the ambient temperature range required, which may in part

account for the difference in uncertainties, since the NI-9216 was specified to operate
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within the required range [132]. The NI-9216 uncertainty dominated compared to the

PRT sensor uncertainty, but the combined measurement uncertainty would still be within

the project requirements. A PRT was therefore considered able to meet the project

requirements for temperature sensing range and accuracy, but would require a number of

additional components to integrate onto an interrogation module. The large differences in

uncertainties between commercial equipment suggests the design considerations required

to achieve low uncertainty results would be considerable. From interrogation modules

(Chapter 3) which incorporated 4-wire measurement circuits, for thermistors built into

optoelectronic device packages containing TECs, it was known the measurement circuit

would require approximately seven additional components to be added to each module.

This was not a great number of components, and on modules driving TECs they would

already be included in the bill of materials (BOM), but it was still considered a specialist

arrangement to add to modules as a secondary feature.

The review continued to thermocouples, which are likely the most used temperature

sensing technique in industry, due to the range of temperatures they can measure [9].

Thermocouples measure the small induced electromotive force (EMF) (voltage) known as

the Seebeck effect, which is present between two dissimilar metals. The voltage induced

varies with temperature, therefore enabling the use as a sensor [9, 133]. The voltages are

very small, in the mV range, so they are amplified before measurement which typically

requires additional electrical components. Since the induced voltage is present between

all dissimilar metals, care is also required in the cabling and interrogation of the sensor not

to create unintended additional bi-metal junctions, and compensate for the unavoidable

junction at the measurement electronics termination point. The compensation typically

requires a local temperature sensor at the termination point. A typical measurement

scheme for thermocouples is shown in figure 2.4. The key attractions of using

Measurement 
Point 

(Hot Junction)

Termination Point
 

(Cold Junction)

Interconnection
 

(Matched Metals)

  Voltage 
  Amplifier DAC Data 

Processing

Temperature Sensor

Mat A

Mat B

Mat A

Mat B

Copper

Copper

Result

Figure 2.4: Schematic of a typical thermocouple measurement configuration.

thermocouples to measure temperature is their low cost, large temperature measurement

ranges, and the well characterised conversion from EMF to temperature; usually achieved

using the ITS-90 scale [134]. Thermocouples are commercially available in a number of

types, where each type is constructed from a different combination of junction materials.
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A summary of thermocouple types, measurement ranges, tolerance bands, and usage notes

are shown in table 2.5. The only thermocouple type that met both the required temperature

Type Junction Range, ◦C Class 1, ◦C Class 2, ◦C Notes
A W+Re0.05 / W+Re0.2 1000 to 2500 - ± 10 †, �, ♥
B Pt+Re0.3 / Pt+Re0.06 600 to 1700 - ± 6 †, �, ♠
C W+Re0.05 / Pt+Re0.26 426 to 2315 - ± 5 †, �, ♥
E Ni+Cr / Cu+Ni −40 to 800 ± 1.5 ± 2.5 �
J Fe / Cu+Ni −40 to 750 ± 1.5 ± 2.5 �, ./
K Ni+Cr / Ni+Al −40 to 1000 ± 1.5 ± 2.5 �, ♠
N Ni+Cr+Si / Ni+Si −40 to 1000 ± 1.5 ± 2.5 �
R Pt+Re0.13 / Pt 0 to 1600 ± 1 ± 1.5 †, ♠
S Pt+Re0.1 / Pt 0 to 1600 ±1 ± 1.5 †, ♠
T Cu / Cu+Ni −40 to 350 ± 0.5 ± 1

Table 2.5: Comparison of thermocouple types, ranges and tolerances [134]. Thermocouples are
available in 10 common types, and most types are available in three classes. Tolerance bands for
class 1 and class 2 devices are shown. Notes: †, range not suitable for requirements, �, uncertainty
band not suitable for requirements, ./, not recommended for use below 0 ◦C,♠, not recommended
for use in vacuum, ♥, only recommended for use in vacuum.

range (−10 ◦C to 40 ◦C) and accuracy requirements (± 1 ◦C), from Table 2.5, was the T-

Type. Commercial thermocouple reading equipment, such as the Fluke (USA) 50 series

or Omega (USA) HH912T, each have a specified ± 0.3 ◦C measurement uncertainty.

National Instrument’s best performing thermocouple compactDAQ module, NI-9214, has

a stated measurement uncertainty in excess of ± 1 ◦C [135]. The low-cost National

Instruments USB-TC01 has a measurement uncertainty in excess of ± 2 ◦C [136]. This

suggests complex electronic systems are required to achieve the lowest uncertainties,

and that measuring a T-Type: Class 1 thermocouple could result in a measurement

uncertainty of between ± 0.6 ◦C and ± 2.1 ◦C, depending on the system used. The

calculation error associated with converting from EMF to ITS-90 temperature is small:

for the T-Type thermocouple it is given as ± 0.025 ◦C for temperatures above 0 ◦C,

and as + 0.038 ◦C/ − 0.017 ◦C for temperatures below 0 ◦C. Thermocouples were

not considered for further study and integration into the interrogation modules due to

their large measurement uncertainties and integration complexities. Only one type of

thermocouple was compatible with the requirement of ± 1 ◦C. The electronic integration

of thermocouples would require careful consideration of interconnection and termination

materials, cold-junction temperature compensation (likely requiring another temperature

sensing method), high-gain amplification, and an analogue to digital converter (ADC).

It was also considered such a configuration would require careful layout on the printed

circuit board (PCB) and considerable board space.
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The second voltage-based temperature sensing technique reviewed was based on

semiconductor junction measurements. The typical configuration utilises the relationship

between the base-emitter voltage, VBE , and collector current, IC of a bipolar junction

transistor (BJT):

VBE = T · kB
qe
· ln
(
IC
IS

)
, (2.3)

where T is the temperature in Kelvin, kB is Boltzmann’s constant, qe is the charge

of an electron, and IS is a device-specific internal current [137]. The relationship

suggests the voltage VBE would vary linearly with temperature while IC and IS are

constant. However, both IC and IS are temperature dependant, meaning a more complex

arrangement, incorporating more than one transistor, is typically used for accurate results.

A configuration called the proportional to absolute temperature (PTAT) circuit is able to

eliminate contributions from both IC and IS and provide a voltage output proportional to

absolute temperature, and also a voltage output which is stable with voltage [137,138]. A

simplified diagram of a PTAT circuit is shown in figure 2.5 [137].

VIN

+
 

-
VBG

VT

R2

R1

Figure 2.5: Proportional to absolute temperature simplified schematic for providing a linear
voltage with absolute temperature, VT , and a temperature-stable voltage output, VBG + VT .

The temperature dependant voltage output, VT , relationship for the PTAT circuit

shown is:

VT = T · kB ln(2)

qe
· 2R1

R2

, (2.4)

where R1 and R2 are as defined in figure 2.5 [137]. The bandgap voltage, VBG, is

complementary to absolute temperature, so summing with VT can provide a temperature-

stable reference voltage [137]. Increasing the number of transistors in parallel increases
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the constant within the natural logarithm, ln (n), and hence the sensitivity. Likewise, the

ratio between R1 and R2 can be varied within the design to affect the sensitivity. A key

advantage of the semiconductor sensing technique is that all the required components

can be integrated onto a single silicon wafer. Therefore the size, cost, and integration

complexity of such devices is potentially low [9]. Commercial devices, such as the Texas

Instruments LMT70 [139], are specified to operate over the required temperature range

with an accuracy of ±0.2 ◦C and a maximum deviation of 0.1 ◦C between devices. The

sensor physically measures less than 1 mm by 1 mm, and the output voltage is suitable

for direct measurement by an ADC. Semiconductor junction sensors were considered

suitable for meeting the project requirements. They were specified for operation over

the required temperature range and their stated accuracy was within the required ±1 ◦C.

The only required components, in addition to the sensor, was an ADC, but where a

micro-controller was present on a module it could be possible to utilise internal ADC

hardware where available. Semiconductor sensors were therefore preferable to PRTs due

to the reduction in additional components. To ensure maximum compatibility with all

interrogation modules, semiconductor devices with internal ADCs and providing a digital

serial interface were considered. Devices such as the STS21 from Sensirion [140] feature

a semiconductor junction sensor, ADC, and inter-integrated circuit protocol (I2C) digital

interface. Therefore the only component required to be added to the module would be the

sensor, and they would be compatible with both micro-controllers and FPGAs.

Electronic sensing techniques were reviewed including thermistors, PRTs,

thermocouples, and semiconductor junction sensors. Each technique was reviewed for

its operation over the required measurement range and ability to meet the measurement

accuracy requirement. A key consideration was also the additional complexity of

integrating the technique onto the interrogation modules, with the ideal solution requiring

minimal additional components. The use of semiconductor junction temperature sensors

were recommended for further study, specifically those with internal ADCs and a digital

communication interface, thereby only requiring firmware changes to incorporate the

measurement.

Humidity

The most common electronic techniques for measuring humidity typically rely on

measuring changes in capacitance or resistance, but some sensors also utilise: temperature
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differences between a known dry thermometer and one located in the measurement

environment, reflectivity of a chilled mirror, or changes in piezoelectric oscillator

frequency [141–143]. Sensing materials for both capacitative or resistance systems have

been demonstrated based on electrolytes, porous ceramics, semiconductors, and polymer

films, which provide measurable changes due to their adsorption and desorption of water

molecules [143].

Resistive sensors could be interrogated using the 2-wire, 3-wire, or 4-wire techniques

discussed during the temperature sensor review. Capacitative sensors are typically

measured using either frequency measurement, where the capacitance value of the

sensor varies the frequency of an oscillating signal [144], or using a capacitance bridge

arrangement [145], such as the Schering bridge which is similar in arrangement to

resistance measurements, but driven with alternating current (AC) [146]. This review

focused on capacitive sensing methods based on porous ceramics and polymer films, due

to their high maturity and commercial availability. Each technique is briefly summarised

and reviewed for its suitability against the requirements.

One of the most common sensing materials used in ceramic based systems is Al2O3,

as used in the Michell Instruments (UK) Easidew system [147]. The Easidew is specified

to have an accuracy of ±2 ◦C dew point, which matched the required measurement

accuracy. An Al2O3 system is typically physically large to maximise sensing area, so

was considered unlikely to satisfy the project limitations on physical size and integration

complexity. The Easidew sensor head is, for example, 132 mm long with a diameter of

27 mm [147].

Commercially available polymer film based humidity sensors are available, such as

the SHT21 from Sensirion (Germany) [148]. The device utilises a capacitance-based

measurement of the film to monitor the quantity of absorbed water [149, 150], and also

features an internal ADC and I2C digital interface. Similar devices are also available

from Bosch Sensortec (Germany), such as the BME280 [151], which senses humidity in

a similar manner [152]. Both sensors were specified to operate over the measurement

range and within the accuracy required, and physically would occupy approximately

3 mm by 3 mm of PCB space. The highly integrated construction of these sensors shared

the benefits noted in the temperature sensor section of reducing the required parts count

down to the sensor itself, while remaining compatible with micro-controllers and FPGAs.

The SHT21 is also marketed as a temperature sensor [148], with similar specifications to

the STS21 [140] highlighted in the temperature sensor review, which could result in the
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SHT21 being capable of measuring two of the required parameters within one device.

Within the scope this work’s application, relevant electronic sensing techniques were

reviewed including capacitive methods based on sensing materials constructed from

porous ceramics and polymer films. Each technique was reviewed for its potential to

operate over the required measurement range and within the required accuracy. The

use of polymer film capacitive sensors with integrated ADCs and digital interface were

recommended for further study.

Pressure

Electronic barometric pressure sensors typically rely on measuring the movement of a

flexible diaphragm. Typically the diaphragm deflection is measured via a resistive [153]

or capacitance [154] technique, depending on the design of the sensor. As well as macro-

sized devices [153, 154], miniaturised micro-electro-mechanical system (MEMS) based

devices are commercially available, these commonly utilise piezoresistive membranes for

the diaphragm [152]. Alternative techniques, such as temperature-gradient, Pirani, and

Penning gauges, were not reviewed due to their typical applicability to very low pressure

sensing1 and physically large size.

Many commercial devices were available with the potential to satisfy the project

sensing requirements [153, 155], but the review focused on MEMS-based devices.

From the reviews conducted for temperature and humidity sensors, devices which

were physically small and incorporated internal ADCs and digital interface were likely

to be the best match to the project. Many such devices were found, such as the

TE Measurement Specialties (USA) MS5611-01BA03 [155], and the Bosch Sensortec

(Germany) BMP280 [156], both of which were specified to meet the sensing range and

accuracy requirements, while requiring no external components due to their integrated

digital interfaces (I2C). Both devices required PCB space less than 5 mm by 3 mm. The

BME280 [151] device, highlighted in the humidity sensor review, was also specified to

measure pressure with specifications matching the BMP280.

Electronic sensing techniques were reviewed, but based on the previous reviews, the

search focused on miniature devices. Small MEMS sensors with integrated membranes,

ADCs, and digital interface were investigated and their specifications suggested they

could satisfy the project requirements. Further study into such devices was recommended

and experimental evaluation is reported in Chapter 4 to assess their suitability within this
1Typically suited to measurements in the sub-microbar to low millibar range
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thesis.

2.6 Optically Powered Electronic Sensor Systems

Commercial uses of optical powering techniques are not common, but some do exist.

A few products utilise optical powering of electronics within their design, such as the

electrically isolated oscilloscope probe from Tektronix (UK) [157–160], which uses the

measured signal to modulate the intensity of light returned, to provide isolated floating

measurements. Other companies provide components intended for the optically powered

market, such as photovoltaic (PV) converters from Broadcom (USA) [161], or sub-

system assemblies from MH GoPower Company (Taiwan) [162]. The availability of these

components together with the evidence of products practically deploying the technique

suggest the technique is mature and readily deployable. Patents on the topic date back

to 1989 [163, 164], yet academic work is still being conducted to refine the technique

and enable its mainstream viability. The Broadcom photovoltaic converters have only

become available since August 2018, with similar previously manufactured devices by

JDSU (USA) [165, 166] having limited availability for some time [167], especially since

2015 when JDSU split into Viavi Solutions (USA) and Lumentum Holdings (USA)

(Lumentum was since purchased by Broadcom). The converters were typically only

available in the 800 nm wavelength range [167], but reportedly a 1500 nm range version

was developed [166, 168]. At the time this work was conducted in 2017, no PV array

converters were found to be commercially available for purchase.

A survey of optically-powered systems reported in open literature was conducted.

The survey was limited to optical fibre based systems, and a summary is presented in

table 2.6. Typically the highest conversion efficiency systems used PV arrays, such as the

devices made by JDSU [165, 166]. For this project, it was considered ideal if the system

operated at 1310 nm or 1550 nm to enable compatibility with SMF-28, and potentially

enable higher optical powers while remaining within the laser classes desired (1 mW limit

at 800 nm compared to 10 mW at 1550 nm, and 500 mW at 1310 nm [179]).

The systems reviewed which operated in the NIR region of interest were those

demonstrated by Takahashi et al. [173], Tanaka et al. [174,178] and Rosolem et al. [168].

In 2008 Rosolem [168] demonstrated a system which used an indium phosphide PV array,

which was indicated to have been sourced from JDSU. The system was successfully

demonstrated to be stable over a wide temperature range, but the low conversion efficiency
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Ref Optical Optical λ Optical O to E
Source Receiver Power Eff. (ηOE)

Heinzelmann et al. [169] PV Array 800 nm 6 mW 45 %
Beaumont et al. [170] PV Array 810 nm 22.8 mW 43 %
Werthen et al. [171] LED PV Array 800 nm 100 mW 40 %

Peña et al. [172] LED PV Array 809 nm 700 mW 29 %
Takahashi et al. [173] Laser (PV Array) 1500 nm 1.5 mW 25 %

Tanaka et al. [174] Laser PV Array 1570 nm 1.8 mW 20 %
Budelmann et al. [175] LED Photodiode 6 mW 17 %

Böttger et al. [176] Laser PV Array 810 nm 1 W 13 %
Röger et al. [177] Laser PV Array 808 nm 22 mW < 12 %
Tanaka et al. [178] Laser 1550 nm 1.7 mW 7 %
Budelmann [167] LED Photodiode 650 nm 1.25 mW 2 %

Rosolem et al. [168] Laser PV Array 1480 nm 110 mW 0.2 %

Table 2.6: Summary of optically powered literature systems. Values are those presented in the
literature, or estimates from the data provided. Not all values were provided or could be estimated
and are indicated by blanks in the table. λ denotes the wavelength used for the light which was
converted, and ηOE is the optical to electrical conversion efficiency. Systems demonstrated with
the potential to satisfy the project laser class requirement are shown with a .

and use of a scarce PV converter meant this system could not be easily developed within

this project. The system demonstrated in 2009 by Tanaka [174] used a PV array composed

of nine series InGaAs photovoltaic segments for power conversion, and a liquid-crystal

optical modulator for data transmission. No details are provided for the source of the PV

array or optical modulator, so this system was also not chosen for further development.

The 2009 work by Takahashi [173] used a PV converter, but from the data provided it

was most likely a single InGaAs photodiode. The converted voltage was boosted by a

custom DC:DC converter for use in their design. They also describe evaluating eight

series InGaAs junctions, but their final system used a single junction and a DC:DC

boost circuit. A MEMS optical modulator was used for data transmission. This system

provided a tractable basis for further development due to the topology requirements of

InGaAs photodiodes and DC:DC converters, which are both readily available. In 2012

Tanaka [178] presented a system similar to the one previously described [173], but with

a focus on the operation of the MEMS optical modulator which was of bespoke design,

rather than the optical to electrical conversion.

Based on the lack of commercial availability for PV converters, at the time of the

research, and the reported success using single photodiodes, the system to be developed

was chosen to operate at the SMF-28 design wavelengths (1310 nm or 1550 nm) and

use readily available InGaAs photodiodes for optical to electrical power conversion.

The electrical output voltage would then need boosting using a DC:DC converter. It
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was outside the scope of this project to implement a bespoke boost topology, so a

commercially available device would be required.

A search was conducted for commercial DC:DC converters with an input voltage

range suitable for single photodiode connection and an output suitable for micro-

controllers and sensors. Table 2.7 details a summary of the search. The devices found

Device VIN, Input VOUT, Output ηP, Pk Notes
Voltage Voltage Eff.

LTC3108 [180] 0.01 V to 2 V 2.2 V to 5.25 V 80 % VSTORE = 5.25 V
LTC3525D-3.3 [181] 0.85 V to 6 V 3.3 V fixed 95 % No storage

BQ25504 [182] 0.33 V to 3 V 2.5 V to 5.25 V 90 % VSTORE = VOUT

BQ25570 [183] 0.33 V to 5.1 V 2 V to 5.5 V 95 % VSTORE ≤ 5.5 V

Table 2.7: Low input-voltage DC:DC converter device search summary.

were designed for energy harvesting applications and the internet of things (IoT) market,

or for single-cell battery boosting. The Linear Technology (USA) LTC3108 features

the lowest input voltage capability and uses a dual DC:DC topology; a transformer

resonant step-up DC:DC converter followed by a charge-pump converter. The boost

voltage was limited by a shunt regulator to 5.25 V [180]. The input voltage range is

configurable by selection of the transformer used, but the use of the resonant converter

reduces the converter efficiency. The Linear Technology LTC325D-3.3 is a burst-mode

synchronous boost converter with a fixed output operation of 3.3 V [181]. The device

topology should achieve higher efficiencies than a charge-pump converter, but its fixed

burst-mode operation may not be suitable for an energy harvesting application where

the significant limitation is on the input power available. The Texas Instruments (USA)

BQ25504 is a boost converter which features a startup voltage of 330 mV and once started

an operating minimum voltage of 80 mV. The device also features maximum power-point

tracking (MPPT) capability and is designed to charge a battery or capacitor, and provide

that stored energy to the load system. The converter regulates using pulse frequency

modulation (PFM) and actively transitions between a cold-start mode and PFM (with

MPPT) [182]. The Texas Instruments BQ25570 is similar in topology to the BQ25504,

but has the addition of a DC:DC buck converter. This enables the device to store energy

in capacitors or a battery at a higher voltage, and then reduce it using the buck converter

for use at the circuit voltage [183]. A higher storage voltage results in increased energy

within the same value storage capacitors.

The open circuit voltage for a single InGaAs photodiode was predicted to be in the
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region of 0.45 V, but under load this would reduce. To account for the photodiode voltage

dropping below 0.33 V, the LTC3108 was chosen for use within the developed system.

In the literature systems reviewed, data transfer was typically achieved using a laser

diode or an optical modulator at the remote end. The optical modulator route required

significantly less power to be converted in the node [157, 169, 173, 174, 178], but those

reported were typically custom made [174, 178]. As a result a commercially available

electro-optic modulator (EOM) was chosen for integration in the developed system.

2.7 Optical Fibre Infrastructure Components

Commercial products and published literature were reviewed for their suitability on the

six technique topics of interest: optical fibre hermetic seals, fibre connector for use

inside an experiment, optical fibre feed-throughs, rugged sensor packaging, optical fibre

encapsulation, and optical fibre umbilical connector. Due to similarities in features, the

hermetic seals and feed-throughs were considered together, as were the internal connector

and umbilical connector.

Hermetic fibre seals and fibre feed-throughs

Optical fibre hermetic seals are commercially available. Most are based on an epoxy

resin seal between the silica optical fibre and the housing, such as those sold by SEDI-

ATI (France), SQS Vláknová optika (Czech Republic), Douglas Electrical Components

(USA), and the Pave Technology (USA) [184]. The use of epoxy was not considered

suitable due to its organic nature. Over time it could degrade, affecting the experimental

chemistry and/or the seal integrity. Some manufacturers provide glass to metal seals

suitable for optical fibre use. For example, Sinclair Manufacturing (USA), provides the

capability to seal optical fibres using gold/tin solders [185]. Use of a metal based seal was

considered advantageous in providing a long-term stable and robust seal.

Patents related to hermetic fibre seals are numerous and typically aimed at the

telecommunications industry. Some use epoxy resin arrangements [186, 187] and others,

which are of more interest, use solder [188–191], such as silver/tin. Publications

reviewing the use of solder as a hermetic seal for optical fibres [192–194] added support

to the potential the technique.

The commercial solder-seal options found would have required manufacturing of the

seal at the commercial company. If the seal was made directly in the experimental vessel
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wall this would result in a large and delicate item for shipping.

Typically seals are made in smaller components which form a feed-through that can

later be assembled into the vessel of choice. Commercial feed-throughs typically seal

onto the vessel using o-rings [184], made from organic materials such as VitonTM. Again,

the use of an organic o-ring is not suitable for use within this project, since it may degrade

over the experimental duration. Commercial seals are also available that utilise nickel,

stainless steel, or copper [195], and following a material compatibility assessment could

be suitable for sealing a pre-assembled fibre seal onto an experimental system. Soldering,

brazing, or welding of the feed-through to the vessel is not often an option due to the

fragile nature of the fibres and the seal.

This project aimed to investigate creation of solder seals in-house at AWE that could

enable the seal to be created directly through the vessel wall without requiring shipping to

a manufacturer. Approaches for integrating a solder-sealed feed-through with the vessel

during assembly, without the use of o-rings, were also investigated.

Sensor Packaging

The integration of sensors within an experiment requires care to ensure the sensor

responds as expected. For optical techniques such as temperature sensors based on

FBGs, the sensors are typically packaged to isolate mechanical strain [19, 22]. If

they were not strain-isolated the single measurement would contain a superposition of

both temperature and strain data. Another reason to house sensors is to increase their

mechanical robustness, to ensure they operate as expected throughout the experiment [44].

Commercial housings are typically large [19, 22] due to their industrially robust

design. This work investigated a bespoke, physically small, and robust sensor package

suitable for use within a materials ageing experiment.

Optical fibre encapsulation

Encapsulation of optical fibres was of interest due to its potential to isolate the fibres

from the experimental environment while increasing their physical robustness and ease of

handling. Some commercial options exist, such as using metal coated fibres [196], optical

fibre in metal tubes [197], and flexible stainless steel tubing [198].

Metal coatings on fibres are often used as the basis for the solder seals discussed

above, and while they assist in isolating the silica fibre from the environment they don’t
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generally produce a more robust fibre [199]. Fibres in metal tubes is a technique promoted

for use in the petrochemical industry where an optical fibre is contained within a thin-

walled stainless steel tube [197]. The technique would satisfy the isolation and robustness

requirements of the project, but the addition of gel within the tube, which acts as a

hydrogen getter [200], is not ideal. If the tube was damaged in assembly or during the

experiment, the presence of the gel could negatively impact the experimental chemistry.

Flexible stainless steel tubing is available to add mechanical protection to optical fibres,

and make them easier to handle. Unfortunately the tubing’s interlocking helix design

results in a lack of sealing, so the fibres would not be isolated from the environment. A

combination of metal coated fibres and flexible tubing could provide a viable solution,

but the manufacture of such a fibre assembly could be complex. Coating the fibres in

metal may provide a technique for chemical isolation but results in additional work during

fibre termination, compared to an acrylate coated fibre. Placing the fibres within flexible

metal tubing should provide mechanical robustness and make them easy to handle, but

would significantly increase the dimensions of the fibre (increasing it from �0.25 mm to

up to �2.3 mm [198]). Therefore the need to both isolate the optical fibre, and provide

mechanical protection, may not be possible using a single technique.

It was recommended that alternative encapsulation techniques were explored with

the aim to find an option that would satisfy the project requirements, but was easier to

assemble and physically smaller than the commercial options reviewed.

Optical fibre connectors

Two optical fibre connectors were required for the project, one to enable connections

to occur within the experimental volume, and the other to connect a large number of

fibres between the interrogation equipment and the experimental system. A significant

number of optical fibre connectors exist, but most are based around either 1.25 mm or

2.5 mm diameter ferrules. Housings are then formed around these ferrules to create

industry standard connectors, such as SC, LC, ST, and FC [201]. Multi-fibre ferrules are

also available, such as the multiple-fibre push-on-pull-off/mechanical transfer polished

(MPO/MTP) ferrule [202], which also has corresponding housings available [201, 203].

These standard optical fibre connectors were reviewed and in general were considered

to be physically too large for use as an internal connector. There was also concern about

concealed volumes created when connectors were mated, and the use of plastic housings.
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These features could impact the experimental chemistry in unpredictable ways through

decomposition, virtual leaks, or micro-environments.

Multi-fibre connectors suitable for use as an umbilical were typically formed by

placing a large number of single ferrules within a connector shell [204]. Termination of

such an assembly was considered a time consuming job, and in many cases the connectors

were only available for purchase as complete assemblies [205]. This restriction would

have limited the ability to vary the fibre types used during the system development. A

multi-ferrule connector design from Molex (USA), uses MPO/MTP ferrules [206] which

would have the potential to reduce the assembly time. Upon enquiry it was revealed the

connector was not planned for production, and if it was ever available, it would only be

provided as completed assemblies, not component parts [207], limiting its flexibility.

For both the internal connector and the umbilical connector is was decided to explore

bespoke solutions. The key aim of the internal connector was to produce a physically

compact solution. The key aim for the umbilical connector was to enable a large fibre

count with high flexibility, without requiring excessive assembly time.

2.8 Conclusions

A survey was conducted to assess technologies that were likely to satisfy the project

requirements. The recommendations from the survey were used to inform the

development activities within this project.

Following the review of commercial interrogation systems it was recommended

to pursue a bespoke interrogation solution, in order to provide multiple measurement

schemes within a single unit, and confidence of long-term support. Investigating FBG

interrogation techniques resulted in multiple techniques being suitable and two techniques

were recommended for development. TDLAS interrogation requirements were discussed,

to ensure the developed system could support TDLAS measurements in the future.

The review of optical temperature sensing techniques concluded that FBG sensing

was a mature optical technique, with the potential to satisfy the project requirements.

The review of barometric pressure sensing techniques recommended investigation of

FFP pressure sensors, which were commercially available. The review of gas sensing

techniques concluded that TDLAS had the potential to satisfy the project requirements.
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Interrogation Hardware

43



Chapter 3: Modular Interrogation System

This chapter details the development of a bespoke conceptual interrogation system which

aims to support optical diagnostics within a future long-term materials ageing experiment.

The design focused on modularity and long-term serviceability, in order to provide

constant and robust data over the multi-decade time frame of the experiment. The

system was required to be self-contained, and intended to interrogate all the diagnostics

within an experiment from a single unit. This chapter details the system concept and the

demonstration hardware which was designed, manufactured, and evaluated within this

project.

The decision to develop a bespoke modular interrogation system was based on the

lack of suitable and complete commercial options, as discussed in Chapter 2, and the

need for long-term support. A number of commercial systems were available that could

individually measure the required sensors, but they typically were not user-serviceable

and access to spare parts were reliant on commercial support, which may not be available

over the anticipated experimental duration. For example, an extended warranty from

Micron Optics (USA) only provides three years of cover [21]. To ensure an experiment

could be maintained for multiple decades, full intellectual property (IP) ownership was

considered worthwhile to manage the risk of obsolescence, as discussed within this

chapter.

The interrogation hardware discussed in this work was required to measure FBGs and

the optically isolated electronic sensors (OIES) remote node, discussed in Chapter 8. To

interrogate these sensors, relatively specialist optoelectronic components were required,

which presented an obsolescence risk that like-for-like replacement parts could be

unavailable decades after deployment of the interrogation system. A further requirement

of the interrogation system was the need for it to remain operational throughout the

experimental duration, with minimal downtime for maintenance and repair.

This work describes an approach to design a serviceable and maintainable system

suitable for multi-decade use. It accepts components will need replacement during the
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lifetime of the system and acknowledges that direct replacement components may not

be available. A system capable of interrogating FBGs (by two methods) and electrical

sensors over an optical fibre was entirely designed, manufactured and demonstrated

within this project. The system was also designed for flexibility and to support additional

interrogation capabilities as required in the future, such as TDLAS gaseous chemical

measurements and/or fluorescence spectroscopy.

Requirements

The interrogation system was required to demonstrate the ability to obtain measurements

from optical fibre based sensors using bespoke modular hardware. The requirements

were separated by module type: interrogation infrastructure requirements, control

module requirements, interrogation module requirements, and optical routing module

requirements. These requirements are discussed as relevant throughout the chapter.

The interrogation infrastructure was required to interface the control modules,

interrogation modules, and optical routing modules, as well as provide a user interface.

The user interface was to enable system operation and status to be evaluated in a user-

friendly manner, and to allow collection of local data storage media. The system was

required to support connection and disconnection of modules, without requiring power-

down; i.e. to support module replacement during operation. While the sensors could not

be periodically calibrated during an experiment, due to their location, the interrogation

system could, through the use of external reference devices. It was required to include

connections to support calibration of the interrogation modules while they were located

within the system.

The control modules were required to provide sequencing commands to the

interrogation and routing modules, collect data from all modules as required, store the

measured data, and update the user interface.

Interrogation modules were required to interface with the system infrastructure using a

common connection scheme. Modules were required to enable FBG sensor interrogation

by two methods, to demonstrate technique diversity and module redundancy. Also a

module was required to interrogate the OIES node, discussed in Chapter 8.

The optical routing modules were required to interface via the same common

connections as the interrogation modules. Modules suitable for routing optical fibres from

optical sources, to detectors, and to/from multi-fibre umbilical connectors were required.
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Modules suitable for supporting optical fibre components, such as directional couplers

and/or circulators, were also required.

3.1 Obsolescence Awareness

Obsolescence management in the context of this work was considered to be a compromise

between risk and cost. The risk that the interrogation system could become unable to

provide data from the experiment was considered to be separable into short-term system

uptime considerations, and long-term IP ownership concerns. System uptime could be

maximised by including built-in redundancy and/or a supply of readily available spare

parts and modules. IP ownership provides full knowledge of the system design and

would increase confidence in replacement part availability, since their production would

be within the user’s control. Reducing risk in either of these areas would potentially

increase cost at both the procurement and support phases of the system life-cycle.

Full IP ownership, down to component level, such as laser diodes, microprocessors,

and op-amps, would provide the maximum level of spare parts control. However, such

an endeavour would be highly costly and would rely on maintaining many diverse

competencies to reproduce the parts for decades. This work chose to investigate a strategy

for using commercially available components, but retain a high level of confidence in

integrating replacement parts as required.

Figure 3.1 details four example strategies for component replacement following a

component failure. The number of tasks on each route approximately represents the length
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Figure 3.1: Four component replacement workflows in the context of component obsolescence.
Each route, 1-4, demonstrates an example strategy for system maintenance prior to and following
component failure.

of down-time for the interrogation system or module. Strategy (1) represents the case

where direct replacement of the failed component is available. Strategy (2) represents

the case where no direct replacement is available and describes a more complex task
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including searching for alternatives and designing circuit modifications. Strategies (3)

and (4) represent the same scenarios respectively, but where the need for component

replacement was planned for. These two strategies could also represent a proactive

maintenance scenario where vital components are routinely replaced to a schedule before

they fail.

For vital system components the availability of replacements throughout the

experiment would need to be monitored to enable the proactive strategy (4). This means

that if a component becomes obsolete, a plan for sourcing an alternative and integration

into the system with minimal modification can be created without impacting the system

uptime.

It was recommended to pursue development of an interrogation system which

integrated COTS components, such as laser diodes, microprocessors, and op-amps, to

a module level. The module IP would be owned by AWE, thereby providing the

necessary knowledge to re-produce or re-engineer the modules as required throughout

the system lifetime. A redesigned module would interface with the interrogation system

in the original way, but could support alternative components to achieve comparable

functionality. It was also recommended to enact a proactive maintenance process, before

using such a system in a long-term experiment.

3.2 Modular System Concept and Overview

The system was designed, from its initial concept, to be highly modular, which was

considered to provide the benefits of flexibility, redundancy, and the potential to manage

system uptime and obsolescence risk. System uptime would rely on a ready supply

of replacement modules, but component level failures are also de-risked, as previously

discussed. The modular system design concept is shown in figure 3.2.

This system design separated the routing, interrogation, and control modules. Each

source and detector was contained on its own module and could be routed to the required

optical sensor via the routing modules. Most measurement schemes required one of the

optics modules, and co-ordination between source and detector interrogation modules.

This design architecture potentially allowed for a small number of source and detector

modules to interrogate a large number of sensors by having provision for multiple routing

modules. This architecture relied on periodic sensor interrogation to allow for optical

multiplexing, where not all sensors are connected to sources and detectors at all times.
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Figure 3.2: Diagram of interrogation system design overview. Each solid box represents a
module or integrated PCB. Solid yellow connections show optical fibre connections, dashed black
connections show electrical control signals.

In a materials ageing experiment the environment was predicted to vary slowly, and was

therefore well suited to periodic interrogation.

The system design featured a module chassis system fitted with custom PCB

backplanes, a user interface, and external optical fibre connectors for connection into

the experiment. The system infrastructure incorporated air cooling, power distribution,

and fibre routing to support the modules.

The system was designed to locally record the acquired data onto solid-state

secure digital (SD) card media, and to run fully autonomously, requiring no computer

connection. This design decision was taken so that the scope of the obsolescence

management plan was not required to extend to computer hardware and operating

systems. Instead, the scope is reduced to managing the ability to read the solid-state

media, revise the module designs, and update micro-controller firmware and FPGA

hardware descriptive language (HDL) code.

For modules vital to the system operation, incorporating redundancy was considered

a worthwhile investment, so provisions were included for dual power supplies and dual

controller modules. Redundant optoelectronic (source, detector and routing) modules

could also be supported, but the cost benefits would depend on the exact experimental

configuration.

Each interrogation and routing module was fitted with a common electrical connector

and a dual multiple-fiber push-on/pull-off (MPO/MTP) connector system. Both

connectors were fitted to the rear of the module and interface with the backplane on

module insertion. Electrically, each module featured opto-coupler and/or radio-frequency

isolators and local power supply regulation. Optically, each MTP ferrule was assembled
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with a loop-back fibre enabling connector loss to be monitored once the module was

installed. This arrangement enabled module hot-swapping while the system was powered

and operational, enabling serviceability at the module level with minimal impact on

the interrogation tasks. The electrical signal isolation also ensured that a component

failure on one module would be unlikely to damage components on other modules or

the infrastructure.

User Interface Design

The user interface of the modular interrogation system was designed to be generic,

enabling reconfiguration of modules without having to update the interface. It was

primarily for use in routine checks to evaluate the status of the system, and to support

module-level fault finding.

Figure 3.3 shows an image of the front panel of the interrogation system. The panel

was separated into four prominent bands, from top to bottom. The upper band featured

eight user control buttons and a touch screen; the upper-middle band contained the global

and module status indicators; the lower-middle band contained a control mode key-switch,

SD card slots, and remote data and servicing connections; the lowest band featured up to

six multi-fibre umbilical connectors.

With the control mode key set to auto-acquire, a user was only permitted to activate

the display and view measurement values. All other buttons were inactive, but their

illumination state represented their current status as appropriate, e.g. a green power supply

button indicated the supply was active. The display presented the latest measurement

values and could be navigated by the user through on-screen buttons.

Provision was included for up to six umbilical connectors with could enable the

interrogation of multiple long-term experiments from one system. The umbilical

connector used was of bespoke design, discussed in Chapter 9.
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Figure 3.3: Front panel photograph of the interrogation system, featuring 8 primary dual-colour
illuminated push-buttons, 10 secondary dual-colour illuminated push buttons, a full colour touch
screen, four primary status dual-LED indicators, 128 module-status LED indicators, a three-
position key-switch, two SD card slots, three electrical connectors, and optical fibre umbilical
connectors.

3.3 Interrogation Configurations

The modular interrogation system was designed to measure a range of optical fibre based

sensors. It was required for the system to support FBG sensing by two methods, and the

OIES system discussed in Chapter 8, but provision in the design was also included for

TDLAS gas detection.

A description of the modules and their interconnections required to enable the system

to perform FBG sensing, OIES interrogation, and TDLAS are provided.

Optical fibre Bragg grating detection

There are a number of methods for detecting the Bragg reflection wavelength [49], but

two are most common [21, 119, 208]. The first uses a swept laser to scan over a range of
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wavelengths while monitoring the reflection intensity with a photodiode. The wavelength

of the FBG is determined through analysis of the photodiode signal and correlation with

the laser wavelength. The second technique uses a broadband source, such as a SLED,

and an optical spectrum analyser (OSA). Analysis of the OSA signal reveals the Bragg

wavelength. Both schemes were designed to be supported by the interrogation system.

Figure 3.4 details how the first technique could be achieved using the modular

interrogation system. A dedicated swept laser module would tune the output wavelength

Figure 3.4: Diagram of FBG detection technique using a swept laser, circulator, and photodiode
module. Green boxes denote the active modules and features.

over the range where the FBG reflection was expected. The light would be routed through

an optical circulator, which would direct reflected light to a photodiode detector, through

a second routing module. From the circulator the light would be routed out of the system

from an umbilical connector and to the sensor of interest (located within the experiment).

The second technique is shown in figure 3.5. The broadband light from an SLED is

routed through the circulator and to the FBG sensor, in the same way as the swept laser,

but the reflected light is routed to an OSA module.

Figure 3.5: Diagram of FBG detection technique using a SLED, circulator, and OSA module.
Green boxes denote the active modules and features.
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The inclusion of both techniques within the design meant a fault with a source or

detection module would not render FBG sensing unavailable. It also increased the

number of techniques and modules investigated, providing more concepts for future

down-selection and maturation. In each technique two interrogation modules were

required, with the swept laser and OSA modules being the most technically complex. The

commercial interrogators based on the swept laser technique specify a higher accuracy

than the OSA based interrogators (table 2.3).

Optically isolated electrical sensor interrogation

The module created to provide the optical power and receive data from the electrical

sensor system detailed in Chapter 8 was self-contained. As a result, it required a single

fibre to be routed through to the umbilical which was used for bi-directional signals, as

shown in figure 3.6.

Figure 3.6: Diagram of optically isolated electronic sensor routing using the self-contained
interrogator. Green boxes denote the active modules and features.

TDLAS gas detection

The provision to perform TDLAS was included, but would require a DFB laser module

to be created, and one installed in the system for each gas to be measured. For instance, a

module based at 1358 nm could be used for H2O detection, and additional modules such

at ones at 2004 nm for CO2, and/or one at 1654 nm for measuring CH4 could be installed.

The light from the DFB module would be routed through the umbilical to the input of

a gas cell (Chapter 7). The output from the cell would then be routed to the photodiode

module, as shown in figure 3.7.
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Figure 3.7: Diagram of the TDLAS detection technique using a DFB and photodiode module.
Green boxes denote the active modules and features.

System modules required

Based on the interrogation system concept and the above interrogation schemes, a list

of required modules could be formed. The system infrastructure was assembled from a

number of non-modular PCBs, plus a loopback monitoring module, two fan modules, and

up to two power supply unit (PSU) modules. The control modules consisted of two system

control cards (control card 1 (CC1) and control card 2 (CC2)), and two buffer modules

(module buffer 1 (MB1) and interface buffer 1 (IB1)). The interrogation and optical

routing modules were selected based on the interrogation schemes for FBG detection,

OIES interrogation, and TDLAS, summarised in table 3.1.

Due to the system architecture, the modules could be used for multiple techniques,

which resulted in a final list of required interrogation and optical routing modules, as

detailed in table 3.2.
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Technique Module Type Description
FBG1 Interrogation Swept Laser

Interrogation Photodiode
Optic Circulator

Routing Source routing
Routing Umbilical routing
Routing Detector routing

FBG2 Interrogation SLED
Interrogation OSA

Optic Circulator
Routing Source routing
Routing Umbilical routing
Routing Detector routing

OIES Interrogation OIES integrated interrogator
Routing Source routing
Routing Umbilical routing

TDLAS Interrogation DFB (per gas)
Interrogation Photodiode

Routing Source routing
Routing Umbilical routing
Routing Detector routing

Table 3.1: Summary of interrogation and optical routing modules by technique. TDLAS was
included in this design, but was not required to be developed to completion.

Module Block Type Sensing Scheme
Swept Laser Interrogation FBG1

SLED Interrogation FBG2
OIES integrated interrogator Interrogation OIES

†DFB (per gas) Interrogation TDLAS
Photodiode Interrogation FBG1, TDLAS

OSA Interrogation FBG2
Circulator Optic FBG1, FBG2

Source routing Routing FBG1, FBG2, OIES, TDLAS
Umbilical routing Routing FBG1, FBG2, OIES, TDLAS
Detector routing Routing FBG1, FBG2, TDLAS

Table 3.2: List of interrogation and optical routing modules required. †DFB module was
provisioned in the architecture, but not required within the scope of this thesis.
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Combining the list of infrastructure, control, interrogation, and optical routing

modules, provided a complete list of modules required for system operation. The list

of modules and a summary of their primary functions are detailed below. Modules

marked, †, were provisioned within the infrastructure design since their future inclusion

was considered beneficial, but were outside the scope and requirements of this project.

Fan
Primary cooling method for the system; two required

PSU
Power supply unit module to deliver 12 V, −12 V, and standby 3.3 V rails; up to
two required

†Loopback Monitoring
Monitoring module actively measuring the backplane MTP losses of each module
on insertion to assess the optical connection

†Control Card 1 (CC1)
Primary control of the system, sets module modes and collates data

Control Card 2 (CC2)
Monitor control card 1, secondary control of the system (if CC1 is not present or
malfunctioned), PSU monitoring, environmental monitoring

Module Buffer (MB1)
Buffer the module signals to/from the control cards

Interface Buffer (IB1)
Buffer the user interface signals to/from the control cards

Swept Laser Source
Optical source module for FBG measurement

SLED Source
Optical source module for FBG measurement

†DFB Source(s)
Optical source(s) for TDLAS, one required per gas to be detected

Circulator Optic
Optical component for use in FBG measurements

†Coupler Optic
Optical component for use with multimode sensing techniques

Photodiode Detector
Optical detector for FBG and TDLAS measurements

OSA Detector
Optical spectrum analyser detector for FBG measurements

OIES Interrogator Module
Integrated module for OIES interrogation, discussed further in this chapter and in
Chapter 8
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Source Route SM
Single-mode fibre routing of the source modules

†Source Route MM
Multimode fibre routing of the source modules

Detector Route SM
Single-mode fibre routing to the detector modules

†Detector Route MM
Multimode fibre routing to the detector modules

†Umbilical Routing
Optical fibre routing to the umbilical connector(s); up to six required

Red Laser Module
Visible laser fibre fault-detection module for system development use

The 21 modules listed above could result in up to 30 modules within the interrogation

system, since multiples of some modules could be required. These modules could be

created from 15 individual circuit designs, since the optical component modules and fibre

routing modules (with exception of the umbilical routing module), could be achieved

using a single PCB design.

This list of modules only detailed part of the interrogation system, but the supporting

infrastructure was also required. This consisted of the two control and interrogation

backplanes, to which the modules connect, the internal fibre and electrical cable routing,

user interface, data storage, and mechanical structure of the system.

3.4 Summary of Module Designs

15 different module designs were required to provide the interrogation system concept

with full functionality. Within this research project not all the modules were designed,

since the project scope was limited and the requirements were evolving to meet the

capabilities of the diagnostics and fibre accessories under concurrent development.

Focus was placed on the system infrastructure and modules required to demonstrate

FBG measurement and OIES interrogation in operation. These were designed and

manufactured within this project, including electronic circuit design, optical system

design, PCB layout, generation of manufacturing files, and module assembly.

For the control, buffer, SLED, and photodiode modules, a summary of their key

operations and a top level block diagram is presented in this section, detailing some of the

key design decisions taken. More detailed descriptions of the routing, OSA, swept laser,
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and OIES modules are included later in the chapter. In general, all modules featured local

voltage regulation, optically-isolating (opto-isolators) signal buffers, radio-frequency

isolating signal buffers, and/or other circuit protection, on all backplane connections.

This was to enable module connection and disconnection during system operation. Each

module could also be powered individually when external from the interrogation system

for module programming, testing, and debugging. Each module also featured LED

indicators which were visible on the rear of the interrogation system and mirrored the

front panel module status block, to aid in operation confirmation and fault-finding.

The interrogation and optical routing modules all shared a common backplane

interface which featured a 48-pin electrical connection and a twin MPO/MTP connector.

The electrical connector contained connections for: 12 V, −12 V, and 3.3 V opto-

isolator supplies, module status indication, module identification, system fault mode,

module operation mode, data to/from the MB1 module, common multi-drop data,

dedicated module to module synchronisation, and global serial data communications. The

MPO/MTP connections were also standardised and included defined single mode (SM)

and MM , input, output, and loopback fibre positions.

Control Module Designs

CC2 was developed to provide the interrogation system with the capabilities for

autonomous operation. The module was responsible for controlling the system PSUs,

maintaining the system time, triggering the fan modules to boost their airflow, and provide

3.3 V to the system backplanes for opto-isolator driving. The secondary roles for the

module included the ability to control the diagnostic modules (via the MB1 module),

and store measurement data. These roles were included to enable the system to operate

without CC1.

During development of the alternative interrogation system chassis, CC2 was revised

to CC2B, enabling communication with diagnostic modules directly, without requiring

the MB1 module. The revised module retained all functionality required for operation in

the full interrogation chassis, therefore superseding the initial design in all uses. A block

diagram for the module is shown in figure 3.8.

CC1 was intended to be the primary system controller and would have been FPGA-

based. The module was not developed within this project, since CC2 was able to control

the system sufficiently to enable system demonstration and evaluation. CC1 would be
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Figure 3.8: Block diagram of the control card 2B module design.

required in the future to provide control redundancy, and to enable high-speed data

transfer from the diagnostic modules.

Buffer Module Designs

The interrogation system design placed buffer modules between the control cards (CC1

and CC2) and the diagnostic modules and the user interface. The primary purpose of

the modules was to provide an additional layer of electrical isolation between the system

control and the modules, to limit the potential impact on system operation of a module

malfunction.

The MB1 module provided the link between the control cards and all the interrogation

and optical routing modules. A block diagram of its functions is shown in figure 3.9. An

additional purpose of the module was to expand the number of connections available from

the control cards to the number required for each module, via serial data links from the

control cards. This approach was effective in reducing the number of input and output

connections required on each control card.

The IB1 module provided a link between the user interface, buttons and display, and

the control cards. A block diagram of the module is shown in figure 3.10.
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Figure 3.9: Block diagram of the module buffer 1 module design.

Figure 3.10: Block diagram of the interface buffer 1 module design.
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The module was able to provide an interactive user experience by handling

the illuminated button and display update functions autonomously, and providing

consolidated user intent instructions to the control cards. Similarly, updated data and

operation modes were relayed from the control cards to the system front panel via the IB1

module.

Both modules were designed and manufactured. They operated as required, providing

key links between CC2 and the interrogation system.

SLED Module Design

The SLED module was intended to enable driving of optical sources requiring a CC source

and, optionally, a TEC controller, such as SLEDs and static-wavelength laser diodes.

The block diagram of the module is shown in figure 3.11. The module was designed,

Figure 3.11: Block diagram of the SLED module design.

manufactured, and assembled with a 1550 nm SLED. The current limit for both the SLED

drive and the TEC circuit were set by physically choosing resistor values on the PCB;

this was done by hand after board production. In operation, the current and target TEC

resistance were controllable from the micro-controller, up to the resistor-set limits. The

resistors ensured there was a hardware limit for the drive currents, protecting the SLED

to over-current faults. Due to the variability in commercial SLED drive currents it was

necessary to match the resistors to an individual device at the time of assembly.
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The SLED module operated as expected and was programmed to enable SLED on/off

control from the system control cards (CC1 or CC2, via the IB1 module). The SLED was

operated at a constant current of (530± 2) mA and produced a stable (3.0± 0.2) mW of

optical output power, measured using a Thorlabs (USA) PM20C power meter.

In addition to the 1550 nm SLED module, the same design was used to create a module

containing a red laser diode emitting at 639 nm, which was used to confirm fibre routing

and sensor sequencing during development, since the light exiting the fibre could be

visually seen.

Photodiode Module Design

The photodiode (PD) module provided the system with the ability to measure optical

intensity for FBG and TDLAS measurements. The block diagram for the module is shown

in figure 3.12. The module could also be used for verifying optical switch operation, and
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Figure 3.12: Block diagram of the photodiode (PD) module design.

checking the optical source modules.

One version of the module was designed, manufactured, and evaluated. The module

was designed to support two InGaAs photodiodes, one intended to be coupled to SM fibre

and the other MM. The assembled module only had one photodiode fitted which was

coupled to SM fibre.

The use of a multi-channel ADC and discrete signal amplification enabled the

simultaneous measurement of the signal at multiple gains. The photodiode was coupled
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to a transimpedance amplifier, providing a conversion from current to voltage, while also

providing an adjustable output signal level. The circuit was designed to provide negative-

voltage biasing to the photodiode annode, but in the evaluated configuration the annode

was connected to the circuit ground, since it was evaluated to perform as required.

The optical detection was tested for an optical signal at 1310 nm and at 1550 nm,

with optical powers between (0.80± 0.03) mW and (3.0± 0.2) mW respectively. In both

cases the photodiode module measured the intensity with a signal noise equivalent to the

least significant bit of the ADC (±0.7 mV).

3.5 Detailed Design: Routing Module

The optic and routing (OR) module was designed to support either an optical fibre

component, such as a circulator, or an optical fibre switch for optical signal routing. When

used with an optical component, the module would incorporate a 2×2 switch to enable

the selectable insertion of the optic, as shown in figure 3.13, where the input fibre would

(a) (b)

Figure 3.13: OR module 2×2 optical fibre switching arrangement for an optical component, (a)
shows the switch in the bar state where the circulator is not required, (b) shows the switch in the
cross state where the circulator controls the flow of optical signals depending on their direction.
The circulator directs light entering port 1 to port 2, and light entering port 2 to port 3. Yellow
lines denote active optical fibres, with arrows indicating the direction of light propagation. Grey
lines denote in-active optical fibres.

be from the optical source module, the output fibre would connect to the sensor, and the

return fibre would connect to an optical detector module, as required.

For optical routing, the module was designed to support either 1×4 or 1×8 optical

switches using either SM or MM fibre. A block diagram of the module is shown
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in figure 3.14, which did not require a micro-processor or FPGA. Instead the binary
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Figure 3.14: Block diagram of the OR module design.

digital mode signals from MB1 module were sufficient to enable selection of the module

functions.

A logic OR gate was included to enable an LED indication for when the module was

in an activated state, which was considered useful for system-level fault finding. The use

of a logic gate was selected due to the lack of a micro-controller or FPGA on the module.

The module was required to utilise the standardised backplane connections, and

enable control of 2×2, 1×4, and 1×8 optical fibre switches. Local power regulation

and electrical signal buffering was required, along with a local environmental sensor. The

dual in-line package (DIP) switch identified to the control card what optical switch or

other optical component was installed.

Switch Technologies

The module was designed to support three models of optical switch: the Oplink

OFMS22MID1021H1 from Molex (USA), and the 1×4 and 1×8 models from Laser

Components (UK). The Oplink switch was based on an opto-mechanical technique [209]

whereas the Laser Components devices were based on a piezoelectric technique [210].

Alternative switch technologies exist, including those based on the electro-optic effect,

acousto-optic effect, thermo-optic effect, liquid-crystals, MEMS, and SOAs [211]. The
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choice of device was based on previous work at AWE [15], COTS switch availability, and

cost.

Module evaluation

Multiple modules were assembled, one with a 1×4 optical switch is shown in figure 3.15,

and another with an optical circulator is shown in figure 3.16. Both configurations were

Figure 3.15: Photograph of assembled 1×4 detector routing module. The module is dominated
by the optical switch (red) and fibre routing (yellow).Optic Module (with Circulator + Switch)

9

Figure 3.16: Photograph of assembled circulator module, without the module front-panel fitted.
Circulator and 2×2 optical switch visible (center).

tested and the optical switches were found to be controllable from the CC2 module via

MB1. The temperature and humidity at the module were also measurable via I2C.

Optical Switch Reliability Tests

In the interrogation system topology, the optical fibre routing was a critical part, enabling

connection from the small number of interrogation modules to a large number of optical
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sensors. As such, the reliability of the switches was of interest. If a switch were to fail, a

replacement module would need to be fitted causing downtime and cost. It was therefore

desired that modules would operate for at least 2 years before replacement was required.

An experiment was performed to repetitively switch one of the 1×4 piezoelectric

optical switches and evaluate the optical transmission repeatability. The experiment was

constructed using a 1550 nm SLED as the optical source, and switching the optical switch

from a National Instruments (USA) DAQ controlled from a PC, as shown in figure 3.17. A

NI DAQ

OSA

12V Supply

PC:
DAQ Control 

+
OSA logging

SLED

5V Supply

1x4 Optical Switch

Figure 3.17: Optical switch repeated switch evaluation, experimental configuration. Light from
an SLED optical source is routed into the optical switch. One output from the switch is routed into
an OSA. Gold lines denote optical fibres, black lines denote electrical connections.

Thorlabs OSA, OSA203, was used to measure the channel 0 output of the switch, logging

the data to the PC. The switch was cycled repeatedly, as per the pattern in table 3.3,

with a switch every 5 seconds. Every time the switch was on Ch 0, an OSA spectrum

Step Output Setting
1 Ch 0
2 Ch 1
3 Ch 0
4 Ch 2
5 Ch 0
6 Ch 3
7 Ch 0
8 Ch 4

Table 3.3: Cycle pattern used for the 1×4 piezoelectric optical switch evaluation experiment.

was recorded. Each spectrum was divided into four wavelength bands for integration.

Therefore, every 10 seconds four integrated intensity values were collected from the

experiment. An example of the SLED recorded spectrum, with integration bands overlaid,

is shown in figure 3.18. Integrating in bands enabled wavelength-dependant switching

effects to be monitored, as well as the total transmitted intensity, while reducing the
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Figure 3.18: Plot of SLED profile, as measured using the OSA through the optical switch.
Overlaid are the four bands that were used for integrating the signal.

amount of data to store and analyse.

The experiment was conducted over a period of one week, in two measurement blocks

with approximately two days of down-time between. In total over 40 000 measurements

were captured, which required over 80 000 switches, which was estimated in the order of

switching cycles required for 20 years of system operation. A time-line of the recorded

data is shown in figure 3.19, with a clear discontinuity during system down-time which

was attributed to laboratory temperature variations. The integration intensities were each

normalised, and deviations are visible from the data shown. Over the measured period the

total intensity transmitted through the switch was not observed to decrease, suggesting

the switch was still in good operating order at the end of the experiment. Large intensity

deviations were rare, but were captured by the experiment, as shown in figure 3.20, which

plots the intensities as histograms. It suggests that the measured data was within ±4 % of

the average intensity, but approximately 0.25 % of the time the optical switch introduced

significant optical attenuation. Inspection of a reduced intensity spectrum revealed no

discernible wavelength-dependent effects, but a general reduction in transmission through

the optical switch was observed.

None of the techniques intended for operation within the interrogation system, FBG

measurements, OIES interrogation, or TDLAS, are sensitive to absolute intensity, so

variations within ±4 % was not considered to be problematic. In cases where a poor

connection was made, it should be possible to detect automatically and initiate a re-switch
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Figure 3.19: Plot of switch intensity measurements time series. Over 40 000 measurements were
captured within the duration of the experiment.

sequence. This control routine was recommended for inclusion with the system control

card programming.

The intensity variations seen in figure 3.19 suggested sensitivity to laboratory

temperature variations and also correlation between the integration bands. During the

experimental down-time the building heating system was activated, which was attributed

to the discontinuity visible in the data. The variations were considered to either be caused

by temperature effecting the SLED peak emission wavelength, or temperature effects

causing wavelength-specific losses within the switch. Figure 3.21 shows the correlation

in intensity variations between the lower central band (1555.6 nm to 1591.0 nm), and the

other three.

Strong negative correlation is visible between the lower central band, and the (red)

upper central band, but correlation is less clear for the other two bands. This suggested the

peak of the SLED was varying in wavelength, but the overall emission shape was more
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Figure 3.20: Plot of switch performance histograms. The average intensity within each integration
band was normalised to 100%. The vertical scales are logarithmic.

consistent. It was thought unlikely the optical switch would cause such a wavelength

specific effect, which has caused a strong negative correlation between two neighbouring

bands.
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Figure 3.21: Plot of switch intensity measurement correlation between the 1555.6 nm to
1559.0 nm integration band and the other three. Trends of data points with positive or negative
gradient denote positive and negative correlation respectively. Ideally no trends would be visible,
suggesting a no-correlation result.

Conclusions

The OR module was designed to support optical components and optical fibre switches.

Modules were manufactured and assembled for evaluation and were found to function in

both roles. The stability of repeatedly using an optical fibre switch, based on piezoelectric

technology, was assessed, and deemed suitable for multi-year use within the interrogation

system. Further evaluations conducted in a similar way would benefit from temperature-

stabilising the SLED, either by using a device with integrated TEC or by placing it within

a temperature-stable chamber.

3.6 Detailed Design: Spectrometer Module

The OSA module was intended to provide an option for the measurement of FBG sensors,

when coupled with an SLED (on the SLED module), and routed through a circulator

(on an OR module). A secondary use of the module could be to verify the wavelength

stability of optical sources within the interrogation system, to provide added measurement

confidence between system calibration schedules.

Recording a spectrum is the process of measuring the signal intensity as a function of

frequency. In the case of an optical spectrum analyser, or spectrometer, it can be achieved

in a number of ways. One of the most popular is to use a dispersive optical element, such
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as a diffraction grating, to separate frequencies of light onto different spatial positions; a

camera can then measure the intensity in each position to record the spectrum [212].

The technique chosen in this work was to use a tunable filter to sweep over the

wavelength range of interest, while a photodiode recorded the signal intensity. The

block diagram of the module is shown in figure 3.22, showing a micro-controller based
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Figure 3.22: Simplified block diagram of the OSA module featuring a swept Fabry-Pérot filter
and photodiode. Blue lines denote optical fibre connections, dark blue fill denotes optical
components and light blue fill denotes electro-optic components. Yellow fill denotes connections
and components only used during programming and testing.

system which was able to drive a swept Fabry-Pérot filter between 0 V and 20 V with a

0.3 mV resolution. A temperature sensor is located close to the filter to enable temperature

compensation of the filter response. An optical isolator is included to prevent reflections

from the filter travelling back into the interrogation system.

The OSA module was required to interface with the interrogation system using the

standardised backplane connections, and to function in the region of the SLED module

(centre on 1550 nm), with a bandwidth of 100 nm, and resolution of 200 pm. These

specifications were to enable the OSA to be used for FBG interrogation with a peak

tracking resolution of ±5 pm.

Spectrometer filter selection

The key component to this spectrometer design was the tunable filter. This was also

the most financially costly component of the module, so care in the correct product
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selection was required. Commercially available filter specifications were reviewed, and

mathematical simulations using Mathworks (USA) Matlab were conducted to assist in the

filter selection.

A Fabry-Pérot filter was selected due to their reported use for this function [49,

213–216], ability to posses narrow bandwidths, large FSRs, and low electronic control

voltages.

Tunable Fabry-Pérot filters were available in varying finesse (F ) [217]. By first

approximation, the higher the F , the better the wavelength resolution of the spectrometer,

but budgetary constraints limit the selection since the cost is directly proportional to the F .

To assist in the cost/value assessment, mathematical modelling using MathWorks (USA)

MATLAB was conducted. This spectrometer was primarily designed for measuring FBG

reflection peak wavelength values, so a typical FBG reflection spectrum is first modelled.

The model for a FBG within an optical fibre with a refractive index of ≈ 1.47, a

grating length of 10 mm, and a refractive index difference between layers of 5 × 10−5,

was written using the transfer matrix method, which is a technique commonly used for

optical systems [45,46,218–224], and is discussed further in Chapter 7. Figure 3.23 shows

the FBG spectra from the simulation. White noise was added to three of the spectra to aid

(a) Without noise. (b) 20 % white noise.

(c) 50 % white noise. (d) 80 % white noise.

Figure 3.23: Simulation of the transfer matrix modelled fibre Bragg grating profile with and
without noise.
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in the evaluation of each filter F . It was thought unlikely for measured signals to contain

more than the simulated 20 % white noise.

COTS filters are available with a F of 500, 1000, 2000 and 10000 [217]. Each of these

filters was modelled for a single fringe centred at 1550 nm, as shown in figure 3.24.

Figure 3.24: Simulation of Fabry-Pérot filters. Red dotted line represents the 500F filter, blue
long-dashed represents 1000F , green short-dashed 2000F , and black solid line the 10000F filter.

The key parameters of each filter are listed in table 3.4.

Finesse, F FSR FWHM Insertion Loss
500 120 nm 240 pm 2.5 dB
1000 120 nm 120 pm 3 dB
2000 120 nm 60 pm 3 dB
10000 240 nm 22 pm 4 dB

Table 3.4: Summary of commercially available swept Fabry-Pérot filters.

Each filter simulation was mathematically convolved with the simulated FBG

reflection peak at each simulated noise level, to simulate an OSA result. The results

are shown in figure 3.25, and the calculated peak characteristics shown in table 3.5.
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(a) Without noise. (b) 20 % white noise.

(c) 50 % white noise. (d) 80 % white noise.

Figure 3.25: Convolution simulation of simulated Fabry-Pérot filter with a simulated FBG
reflection, with and without simulated noise on the FBG spectrum. Dotted line represents the
500F filter, long-dashed represents 1000F , short-dashed 2000F , and solid line the 10000F filter.

FBG Noise Filter F Peak Deviation FWHM SNR
Raw FBG - 1550.000 nm 192 pm -

None 500 0pm 340 pm -
1000 0pm 240 pm -
2000 0pm 206 pm -

10000 0pm 194 pm -
20 % 500 2pm 341 pm 5.8

1000 2pm 237 pm 7.1
2000 4 pm 200 pm 7.0

10000 4 pm 192 pm 8.7
50 % 500 0pm 313 pm 2.2

1000 −1 pm 212 pm 2.7
2000 −3 pm 179 pm 3.2

10000 5 pm 165 pm 3.8
80 % 500 0pm 248 pm 1.1

1000 −10 pm 175 pm 1.2
2000 −10 pm 166 pm 1.3

10000 −50 pm 125 pm 1.4

Table 3.5: Summary of simulated Fabry-Pérot filter performance at measuring a simulated FBG
reflection peak with and without noise. Values in bold font show the preferred filter at that noise
level. Preference selects narrowest variance uncertainty that encompasses the correct value.
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The deviation in the peak wavelength, identified with the filters, was larger for the

higher finesse filters, likely due to their ability to resolve the noise to a higher degree than

the lower finesse filters. At lower finesse the noise was effectively averaged and therefore

had a smaller influence, but at the expense of full-width half-maximum (FWHM) and

signal-to-noise ratio (SNR). As previously noted, the simulated noise levels exceeded

those predicted to be experimentally observed, but the simulations show likely responses

of this module if the noise levels were to increase during the experiment lifetime.

From the analysis of the simulated convolutions, the filter selected for use within this

OSA module was the 2000F version. This filter was considered to be the balance between

small FWHM values, small peak deviations, and cost.

Module performance evaluation

The OSA module was designed, manufactured, and assembled for evaluation. A

photograph of the partially-assembled module can be seen in figure 3.26. The Micron

Figure 3.26: Photograph of partially assembled OSA module. Connectors and electrical buffers
on the right hand side of the image have not been populated in this photograph.

Optics (USA) tunable Fabry-Pérot filter is clearly visible dominating the centre of the

PCB.

The module was fully assembled and its electrical operation was verified successfully.

Initially a test program was written which varied the filter voltage, and therefore

wavelength, while transmitting the measured photodiode signal to a PC over the module’s

USB connection. This program enabled the OSA module optical performance to be

evaluated.

An evaluation experiment was assembled as shown in figure 3.27. An SOA was used

to provide an amplified spontaneous emission (ASE) broadband source for the evaluation.

The light was passed through a low finesse (10F [217]) Fabry-Pérot etalon to provide
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a regular fringe pattern. The output from the etalon was split using an optical fibre

directional coupler, with one half feeding the OSA module, and the other entering a

fibre coupled reference OSA, a Thorlabs (USA) OSA203 [225]. The regularity of the

Fabry-Pérot peaks in frequency was used to linearise the tunable filter response and

enable a conversion from filter voltage to wavelength to be created, based on a 2nd order

polynomial.

The two resulting spectra from the experiment are shown overlaid in figure 3.28.

SOA Driver

PC:
OSA logging

SOA

(ASE)

12V Supply
OSA Module

FP Cavity Reference OSAFibre Coupler

Figure 3.27: OSA module experimental evaluation configuration, containing a SOA operating as
an ASE source, a low-finesse Fabry-Pérot etalon, a directional optical coupler, and a reference
spectrometer.
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Figure 3.28: Plot of OSA module measurements compared to reference OSA results of a Fabry-
Pérot etalon.

Phasing between the two sets of peaks can be observed, suggesting the voltage to

wavelength fitting for the OSA module was not exact. Based on the analysis of the

resolved peaks (figure inset), the OSA module was estimated to have a resolution of

(140± 10) pm. For reference, the OSA203 had a resolution of 60 pm at 1550 nm [225].

It was noted the OSA module was able to measure over a 150 nm bandwidth without FSR

or control voltage (0 V to 20 V range) limitations.
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Conclusions

The OSA module was designed, manufactured, assembled, and evaluated. Theoretical

simulations were used to support the selection of the Fabry-Pérot filter finesse used as the

basis of the spectrometer.

The module was evaluated to function as expected, and to operate in the region of

1550 nm with a bandwidth over 150 nm. The resolution of the spectrometer was evaluated

as being (140± 10) pm. These values satisfied the requirements for the module and the

resolution was smaller than the typical FWHM for a FBG, 250 pm [19].

Further development of the module could apply corrections to improve the voltage

to wavelength fit, and characterise the filter sufficiently to enable reverse-convolution

analysis of the captured data, which could significantly improve the module resolution.

3.7 Detailed Design: Swept Laser Module

The swept laser module was designed to provide an option for the measurement of FBG

sensors, when coupled with a photodiode (on the PD module), and routed through a

circulator (on an OR module). This method was an alternative to using the SLED and

OSA modules.

The module block diagram, including the laser optical arrangement, is shown in

figure 3.29.

The swept laser was constructed from optical fibre coupled components, with the

optical gain being provided from an SOA. A Fabry-Pérot tunable filter, of the same type

used in the OSA module, was used to select the lasing wavelength. Two optical fibre

Faraday-rotation isolators were used to block the back-reflected light from the filter from

entering the SOA, and to ensure the cavity operated in the correct direction. A 50:50

optical fibre directional coupler was used as the laser output coupler. The laser was

designed to operate with an output intensity of up to 10 mW. Similar arrangements of

laser cavities have been previously demonstrated [122].

The module featured a CC drive circuit for the SOA along with a TEC driving circuit,

both similar to those on the SLED module. The tunable filter was driven in the same way

as on the OSA module. A picoWave R© from Micron Optics (USA) [226] was included in

the design, which contained a temperature stabilised low finesse Fabry-Pérot etalon and

FBG. These were included to enable the module to monitor its wavelength scan during

operation, enabling an internal self-calibration. A TEC driving circuit was included
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Figure 3.29: Block diagram of the Swept laser module design. Blue fill denote optical and
optoelectronic components, blue lines denote optical fibre connections.

to stabilise the picoWave R©, along with two monitoring photodiodes. An additional

monitoring photodiode was included to enable the module to monitor the laser optical

output power.

The swept laser module was required to interface with the interrogation system using

the standardised backplane connections, and to emit light tunable around 1550 nm. A

sweep range of 80 nm was required with a laser line-width of 150 pm (18.7 GHz). The

output optical power was to be below 10 mW to result in the laser being classified as a

Class 1M laser in the wavelength range 1400 nm to 4000 nm [179]. The module was also

required to be capable of measuring a COTS FBG temperature sensor.

Breadboard laser evaluation

The laser design was initially tested on optical breadboard using a commercial laser driver

to control the SOA and a signal generator to control the filter. A photograph of the

breadboard layout is shown in figure 3.30.

The configuration shown differed from the one chosen for final operation, since the

tunable filter was located before the output coupler, but in figure 3.29 it is located after.

The move to after the coupler was made to reduce the optical power passing through the

filter; the filter had the lowest optical power damage threshold of the components used.

The move potentially enabled the laser to operate at twice the optical power, since the
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Figure 3.30: Photograph of breadboarded swept laser testing, with labels marking the position of
the SOA, optical diodes (isolators), Fabry-Pérot filter, output coupler, and output fibre.

output coupler chosen was 50 %. The potential disadvantage of the move was that on

laser start-up and during wavelength changes, wavelengths other than those selected by

the filter could potentially be emitted by the laser.

The laser was confirmed to function as expected and was measured to have a peak

output power of (9.6± 0.1) mW when the SOA was operated at a constant current of

300 mA at 25 ◦C. The wavelength sweep range was not evaluated, but it was confirmed

using an OSA that a change in output wavelength was occurring. The laser line-width

was also not evaluated, since the development continued to the design and manufacture

of a module-based swept laser. The completed module was evaluated for output power,

sweep range, and line-width.

Module evaluation

Based on the promising breadboard laser evaluation results, the design was completed,

and the module was manufactured, and assembled. A photograph of the assembled

module is shown in figure 3.31. The module was constructed from two PCBs, with

the upper board only containing the SOA in a butterfly package and the lower board

containing all the remaining components and circuitry. The upper board was required to

enable efficient heat-sinking to the SOA package, which was necessary due to its internal

TEC, and assisted by the large white heatsink visible in the figure. During assembly, the
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Figure 3.31: Photograph of assembled swept laser module, without module front panel fitted.

optical fibres were not shortened and fusion spliced, as intended, since it was considered

preferable to first confirm correct module operation. As a result the length of optical fibre

and number of connectors exceeded the space allocated on the module. The picoWave R©

device was also not fitted, along with its corresponding coupler and two photodiodes. The

module was electrically tested and all the functions were found to operate as intended.

The laser wavelength sweep range was measured by passing its output through a

Fabry-Pérot etalon and into an OSA, as were used to evaluate the OSA module. The

resulting data as shown in figure 3.32; the OSA measurement saturated so the on-module

intensity monitor data is also shown to indicate laser output intensity. The laser output

was evaluated to sweep from 1501 nm to 1646 nm.

An output power considered sufficient for sensing applications, > 0.5 mW, was
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Figure 3.32: Swept laser module wavelength sweep range measurement. Red line shows the data
from the OSA and a Fabry-Perot etalon. Black line shows the on-module intensity monitor output.
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measured from (1503.0± 0.7) nm to (1644.0± 0.7) nm, suggesting a sweep range of

(141± 1) nm. This measured sweep range exceeded the requirement for a sweep of

80 nm, and satisfied the requirement for operation around 1550 nm.

The laser line-width was evaluated by analysing the Fabry-Pèrot etalon result during

a laser sweep. The etalon peak at 1560.6 nm was measured to have a FWHM of

(140± 1) pm (17.2 GHz), and is shown in figure 3.33. The etalon contained peaks of
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Figure 3.33: Measured Fabry-Pérot etalon peak for the swept laser module, recorded on the OSA.

width less than 10 GHz, therefore contributing minimally to the measurement. The OSA

measurement of the etalon peak saturated and failed to provide the full shape, instead

clipping the highest intensity signals. Measuring the width of a saturated peak was

conducted by first masking all data points from the top of the profile with normalised

intensities over 0.8, then peak fitting to the data. The fitted peak was then used to conclude

the measured value satisfied the module requirement for a line-width below 150 pm.

The peak optical power was measured using a calibrated fibre-coupled power meter

to be (9.8± 0.1) mW, which satisfied the laser optical power requirement.

The swept laser module was used to measure a Micron Optics (USA) os4100 FBG

temperature sensor [22], as shown in figure 3.34. The measurement resolved the FBG with

a high signal to noise ratio, and upon inspection (figure inset), the peak was considered

well resolved and of the expected shape. There were 68 data-points over the peak,

suggesting a peak fitting algorithm would produce a high probability estimation of the

FBG peak wavelength. The module was considered to have demonstrated the ability to

measure a FBG sensor, satisfying the module requirement.

It was speculated the swept laser could also prove useful in measuring low finesse

Fabry-Pérot interferometers, such as those present in FFP barometric pressure sensors
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Figure 3.34: Plot of swept laser module interrogating an FBG temperature sensor. The black line
denotes the reflection intensity, as measured by a photodiode. The red line shows the on-module
intensity monitor output. Insert shows the measured reflection peak with a zoomed in filter voltage
range.

(Chapter 6), or those demonstrated for measuring material movement [227, 228]. To

evaluate the laser for this function, an air-cavity interferometer was formed at the end

of a short section of multi-mode optical fibre by spacing two parallel-polished fibres apart

by 150 µm. The reflection signal and on-module laser intensity monitor measurements are

shown in figure 3.35.

Periodic intensity variations, which could have been interferometric fringes, were

visible in the reflection signal, but the visibility was not considered high, likely due to

the use of multi-mode optical fibre and the low-reflectivity of the glass fibre surfaces. A

fast Fourier transform (FFT) of the measured data was performed and the resulting data

is shown in figure 3.36.

A dominant peak was visible in the FFT data, which corresponded to the gap between

the two fibres, which was evaluated to be (145± 5) µm. The measurement using the

laser module and FFT technique was confirmed using a commercial swept-laser FBG

interrogator [21, 119] with a resulting value of (142± 20) µm, showing agreement. The

swept laser module had a wider wavelength sweep range than the commercial unit, and a

higher wavelength resolution, resulting in the reduction in measurement uncertainty.
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Figure 3.35: Plot of swept laser module interrogating a Fabry-Pérot interferometer formed by
a gap between two fibres. The black line denotes the reflection intensity, as measured by a
photodiode. The red line shows the on-module intensity monitor output.
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Figure 3.36: FFT of swept laser module measurement while interrogating a Fabry-Perot cavity
formed by a fibre gap.
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Conclusions

A swept laser module was designed, tested, manufactured, and evaluated. The module

was intended to perform FBG measurements, and was demonstrated as capable to achieve

that requirement. The laser module satisfied its requirements and was evaluated to

sweep over (141± 1) nm in the 1550 nm range. The laser line-width was evaluated to

be (140± 1) pm, and the peak output power of the module was (9.8± 0.1) mW. The

electronic design of the module was evaluated and found to operate as expected. The

module was also demonstrated measuring low finesse Fabry-Pérot interferometers with a

mirror separation in the 150 µm range.

Future work on the module design would evaluate the use of the picoWave R© device

and required programming to enable on-module continuous wavelength calibration.

Incorporating into the programming the ability to peak fit the FBG wavelength, and

perform an FFT for FFP sensing, could reduce the amount of data which would need

to be stored and later analysed.

3.8 Detailed Design: OIES Module

The OIES integrated interrogation module was required to provide optical power to a

remote, optically powered, sensor node, and subsequently receive the optical return data

from the module. The OIES optically powering technique is discussed in detail within

Chapter 8.

The interrogation module was required to interface with the interrogation system using

the standardised backplane connectors, and to support a 1310 nm diode laser with an

optical power output of 50 mW which was used to provide power to the remote OIES

node. An optical circulator and photodiode were also required to measure the modulated

optical data return signal from the remote sensor node.

A block diagram of the module is shown in figure 3.37, detailing the key features,

such as a laser diode and associated constant current supply, two photodiodes, a micro-

controller, and local sensors.

The micro-controller was programmed to operate as described in the flowchart shown

in figure 3.38. The module would activate and run a self-test initialisation routine, which

if passed would then initiate local readings of temperature, pressure, humidity, laser

drive current, laser drive circuit temperature, and photodiode intensity levels. These

values were checked against expected values and if deviations were small the operation
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Figure 3.37: Block diagram of the OIES integrated interrogation module design.

continued. If the module mode value, as set by CC1 or CC2 via MB1, enabled the

module’s automatic mode the program would continue, else the module would wait until

instructed. Once in the correct mode, the laser was activated by enabling the CC laser

drive circuit. A short time after activation, local readings were taken to ensure the laser

was operating as expected; if not, the laser was deactivated. Once the laser was on, the

module would wait for data to be detected from the remote sensor node. If the received

data was successfully parsed as complete and valid, it was transmitted to the control

card(s) via MB1. The module would periodically run self-check readings to ensure it was

operating as expected, and update a life-time runtime counter to aid in fault prediction.

The periodicity of these checks was controlled by the on-board real time clock (RTC) via

an interrupt flag.
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Figure 3.38: OIES interrogation module program flow diagram.

Module evaluation

The module was assembled and tested along with the optically isolated electronic sensor

remote node, discussed in Chapter 8. A photograph of the assembled module is shown in

figure 3.39.

Experimental evaluation of the module confirmed it performed the expected functions,

successfully received data from the remote node, and provided the data to the interrogator

control card (CC2). All functions were tested and found to operate correctly.

It was found the return signal intensity could vary, and monitoring of the intensity

level to provide corrective adjustment of the signal photodiode gain and comparator

threshold was required. This was achieved through a simple control loop within the

programming (not shown in figure 3.38). The control loop ensured the module data burst

was consistently interpreted correctly, by tracking the previous data peak intensity. The

data peak intensity was measured using the micro-controller ADC. The transimpedance
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Figure 3.39: Photograph of assembled OIES interrogation module. A front-panel optical
connector was fitted for developmental use.

amplifier gain was then varied based on the ADC value. This process was repeated every

time data was received from the remote node, and enabled all data bursts to be correctly

received during evaluation.

Conclusions

An integrated interrogation module for the optically isolated electronic sensor remote

node, discussed in Chapter 8, was designed, assembled, and evaluated. It was found to

function correctly and a number of duplicate modules were later assembled. It was also

found possible to utilise the module to drive a 200 mW laser diode at 1310 nm, which was

used in the later revision of the OIES technique.

3.9 Alternative Module Configurations

During the development of the interrogation system and modules, it was realised that

useful smaller diagnostic configurations could be constructed from the modules, and

potentially be used to support smaller short-term experiments. To enable the use of single

or a few modules together, a smaller chassis needed to be designed.

Two small-chassis solutions were developed and demonstrated, which could support

two or six modules respectively. Each chassis design required new mechanical frames,

backplanes, front panels, and touch screens. The same control cards and modules could

be used interchangeably between the three systems, following a revision of CC2 to CC2B.

The small chassis were intended for short time-scale experiments, which would not
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require the redundancy and serviceability included within the large interrogation system.

As a result a considerable reduction is size was achieved. Figure 3.40 shows the smallest,

two module, chassis. The two module configuration was considered useful for measuring

Figure 3.40: Photograph of smallest interrogation system design which could support two
diagnostic modules and one control card.

FBGs, using the OIES modules, or even performing TDLAS type measurements in the

future.

The six module chassis is shown in figure 3.41. This chassis was considered useful for

medium sized experiments which may require many temperature and/or pressure sensors

to be deployed, or multiple gaseous chemical species to be measured, but only over an

experimental time lasting a few months. Longer experimental times would be better

served by the full interrogation system due to the additional signal buffering and control

redundancy.

Both chassis systems were constructed and evaluated. They were considered a useful

addition to the overall interrogation suite, with many of the modules being subsequently

demonstrated within the two-module chassis. Use of the smallest chassis system proved

a fast development route due to the reduced time required for buffer and control card

programming.
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Figure 3.41: Photograph of medium-sized interrogation system that could support six diagnostic
modules, one control card, and one PSU.

3.10 Modular Interrogation System Conclusions

An interrogation system was designed and assembled based around a modular

architecture. The system infrastructure contained a user interface, module connection

backplanes, electrical routing, optical fibre routing, PSUs, and air cooling fans. Modules

consisted of control modules, interrogation modules, and optical routing modules.

A summary of the modules which were planned and their final status are detailed in

table 3.6. Each of the assembled modules were tested and evaluated. A number of the

out-of-scope modules were marked as designed, as noted in the table, due to the ability to

re-use module PCB designs, such as the OR design.

In addition to these modules, the interrogation system infrastructure required a number

of PCBs to be designed and assembled. The main interrogator infrastructure comprised

nine PCB designs: a front panel, display interface support, module indicator, interrogator

indicator, button interface, service connectors interface, environmental sensors, control

backplane, and module backplane. The medium and small sized interrogator each

required a further two PCB designs: a front panel, and a backplane.

This work accepted that components would be likely to fail within the duration

of a multi-decade experiment and therefore a strategy to manage their replacement

was required. A modular interrogation system was developed providing redundancy,

serviceability, and a management strategy for component obsolescence. Redundancy

was achieved through installation of additional modules above the number required

for general operation. Serviceability was achieved by including the ability to remove

individual modules for service and calibration, without halting the operation of the
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Module Design Assembly
Fan
PSU

†Loopback Monitoring − −
†Control Card 1 (CC1) − −
Control Card 2 (CC2)
Module Buffer (MB1)
Interface Buffer (IB1)
Swept Laser Source

SLED Source
†DFB Source(s) − −
Circulator Optic
†Coupler Optic −

Photodiode Detector
OSA Detector
OIES Module

Source Route SM
†Source Route MM −
Detector Route SM
†Detector Route MM −
†Umbilical Routing − −
Red Laser Module

Table 3.6: Summary of interrogation module design and production status, detailing 17 designs
and 14 modules assembled. †These modules were not within the scope of this project, but
provisioned within the modular design work.

entire interrogation system. Obsolescence planning was achieved by incorporating

interchangeable modules enabling alternative modules to be inserted at any time. Module

and system IP was owned by AWE, enabling redesign and modification of modules

throughout the experiment duration.

Further work could investigate developing additional module count configurations,

further supporting small and medium-scale experiments. Additional sensing modules

could also be designed, to expand the interrogation system beyond FBG and OIES

systems, to include techniques such as TDLAS and/or fluorescence sensing.
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This thesis focuses on optical interrogation methods, but electronic sensors were also

considered for ageing experiment use, as discussed in Chapter 8. Also the interrogation

system discussed in the previous chapter (Chapter 3) incorporated electronic sensors on

each interrogation module. This chapter details the review, experimental evaluation, and

selection of the sensors which were incorporated into the OIES system (Chapter 8) and

modular interrogation system (Chapter 3).

The OIES sensors were required to satisfy the same requirements as the optical

diagnostics, as they would be utilised within the experimental environment.

The interrogation system sensors were intended to provide data which could

support the maintenance of the interrogation hardware throughout the experimental

duration of ≈ 30 years. By monitoring the local environment of each module, the

history of conditions each module experiences would be captured and could potentially

assist in predicting module failure, planned maintenance schedules, and future design

improvements. In this chapter, the monitoring sensors were down-selected, assembled

into a bespoke test-bed system, and their performance was evaluated. The sensors

recommended for integration within this chapter were incorporated into the Chapter 3

and Chapter 8 hardware designs.

Since the interrogation hardware was primarily electronic in design, it was deemed

advantageous to utilise electronic sensor techniques, rather than the optical sensor

techniques which are the primary topic of this thesis. Electronic sensors typically require

fewer additional components than optical techniques, due to extensive development,

simplifying their integration into the system. Evaluating electronic sensors also had the

benefit of increasing the range of technologies which were explored within this project

and which may be useful to AWE in the future, as demonstrated in Chapter 8: optically

isolated electronic sensors.

The local environment-monitoring sensors would be a secondary measurement for

the interrogation modules since their primary function would be supporting the optical
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sensor measurements. As such, the monitoring sensors should require minimal demands

on module resources, and present no interference with the primary module functions.

Sensor techniques which required minimal host power and processing time were therefore

preferred. As a secondary feature of the modules, the component cost and design cost of

adding the sensors needed to be suitability low, so simpler techniques were preferred.

The long-term performance of the the electronic sensors was not assessed, since their

location within the interrogation hardware would enable periodic calibration during the

experiment. Further work would be required to evaluate the long-term performance for

use within an experimental environment if integrated within an OIES sensor node.

Requirements

The required measurement parameters within the modular interrogation system were

those considered to impact the operational lifetime of optical, electrical, and

optoelectronic hardware; which included: temperature, barometric pressure, and

humidity [229]. Temperature was required to be measured from −10 ◦C to 40 ◦C with

an accuracy of ±1 ◦C, barometric pressure from 900 mbar to 1100 mbar with an accuracy

of ±5 mbar, and humidity from 10 %RH to 90 %RH with an accuracy of ±5 %RH. The

sensors were to be integrated into a range of interrogation modules, therefore small

physical size (< 5 mm), a low number of additional components, and low integration

complexity (cost and time), were required. The requirement in terms of %RH were also

stated in terms of dew point, and required a measurement range of −25 ◦C to 25 ◦C with

an accuracy of ±2 ◦C, to assist in the comparison of sensor values. Satisfying either the

%RH or dew point specification was considered as satisfying the project requirements.

The required measurement parameters for use within a OIES sensor node were

temperature, humidity, and barometric pressure, to the same specification as the optical

techniques. Temperature sensing was required from −20 ◦C to 70 ◦C with an accuracy of

±1 ◦C. Humidity sensing was required from 40 ppm to 100 000 ppm with a resolution

of 40 ppm (equivalent to 0.1 %RH to 100 %RH with an accuracy of ±1 %RH or

−54 ◦C to 44 ◦C dew point with an accuracy of ±0.5 ◦C dew point). Barometric pressure

sensing was required from 0 mbar to 1200 mbar with an accuracy of ±2 mbar.
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4.1 System Integration of Commercially Available Sensors

The electronic sensors required experimental evaluation to support down-selection of

the sensor options for integration into the modular interrogation system (Chapter 3) and

OIES sensor node (Chapter 8). To enable sensor evaluation, an electronic sensor test-

bed system was developed which could support the digital sensors reviewed. The system

was designed, manufactured, and assembled; photographs of the six-PCB structure and

assembled system within its enclosure can be seen in figure 4.1. A block diagram of the

Electronic Sensors

10
(a) Photograph of integration test-bed PCB
assembly. From back to front, the rear of the
display board, the main board, and the four
sensor boards; each sensor board contains three
sensors.

(b) Photograph of integration test-bed
assembled within a translucent acrylic rapid-
prototyped enclosure. The numerical display
provides a live sensor reading, coupled with
the LED matrix to the right which identifies the
displayed sensor and measurement. A button
enables cycling through the measurements.

Figure 4.1: Electronic integration test-bed system.

test-bed system is shown in figure 4.2. The system contained four sensor modules, each

Sensor 
Module 1 

Sensor 
Module 4 

Sensor 
Module 3 

Sensor 
Module 2 

Accelerometer Real-time 
clock 

Microprocessor 

I2C 
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I2C 
Mux 

SD Card 

    USB 

Display 
Board 

Figure 4.2: Electronic integration test-bed block diagram.

containing three sensors, communicating via I2C. Two multiplexors (muxs) were required

to interface the sensors to the micro-controller’s single hardware I2C peripheral. This
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technique was chosen in preference to using multiple software-generated I2C interfaces on

the micro-controller, since it afforded more programming flexibility for display updates,

data storage, and USB data streaming, and thus simplified the software development.

I2C typically supports multiple devices in parallel on a single bus, but this configuration

was not used for the sensor connections due to I2C address conflicts (identical addresses)

present when testing multiple identical devices at once.

The module was capable of recording the measured data to an SD card or stream the

data over USB to a custom-written LabVIEW virtual instrument (VI). The display board

contained the complete user interface, consisting of multiplexed LEDs and a menu select

button. A real-time clock was incorporated to enable time and date information to be

stored along with the sensor data. The accelerometer was intended to enable automatic

display rotation if the module was inverted during use, to simplify reading the display, but

this feature was not written into the software since the evaluation primarily utilised the

USB data link.

The sensors integrated onto the four sensor modules were the Sensirion (Germany)

STS21, the Sensirion SHT21, the Bosch Sensortec (Germany) BMP280, and the

Bosch Sensortec BME280; each module contained three duplicates of the sensor. The

measurement parameters, ranges and accuracies are detailed in table 4.1. All four sensors

Manufacturer Sensor Measurement Range Accuracy
Sensirion STS21 [140] Temperature −40 ◦C to 125 ◦C ± 0.2 ◦C
Sensirion SHT21 [148] Humidity 0 % RH to 100 % RH ± 2 % RH

Temperature −40 ◦C to 125 ◦C ± 0.3 ◦C
Bosch BMP280 [156] Pressure 300 mbar to 1100 mbar ± 1 mbar

Sensortec Temperature† −40 ◦C to 85 ◦C ± 1 ◦C
Bosch BME280 [151] Humidity 0 % RH to 100 % RH ± 3 % RH

Sensortec Pressure 300 mbar to 1100 mbar ± 1 mbar
Temperature† −40 ◦C to 85 ◦C ± 1 ◦C

Table 4.1: Electronic sensor details for test-bed integration. Notes: †, temperature compensation
sensor, not intended for ambient measurement.

featured digital I2C communication interfaces, operating from 3.3 V, with all analogue

measurement, signal processing, and digitisation occurring within the sensor package

itself. The temperature sensors were of semiconductor junction design, and both the

humidity and pressure sensors operated using capacitive techniques. Use of sensors

with such a high level of integration significantly reduced the number of components

and circuit complexity required to add environmental sensing to the interrogation system

modules.
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The external shape and dimensions of the enclosure used for the test-bed system were

provided by AWE for use within this project, and the six PCBs were designed to fit inside.

The enclosure was designed and manufactured in-house at AWE from an aluminium

alloy, which incorporated internal PCB mounts and cut-outs for the display board, USB

connector, SD card, and sensors. Manufacture of the enclosure enabled the test-bed

system to be evaluated within varying temperature, pressure, and humidity environments,

without suffering mechanical damage. The assembled PCBs were conformally coated

(excluding the sensor packages) to mitigate the risk of condensation damage during

temperature and/or humidity performance evaluation experiments.

The test-bed system was designed and manufactured with the ability to measure

temperature, barometric pressure, and humidity. The system incorporated 12 COTS

electronic sensors of four different types for evaluation towards integration into the

modular interrogation system (Chapter 3) and OIES sensor node (Chapter 8). The

assembled system was demonstrated and experimentally evaluated in order to assess the

performance of the sensors.

4.2 Performance Review of Integrated Sensors

The electronic sensors were integrated into the test-bed system and they were

demonstrated to operate within an electronic data logging system, similar in design to

the modular interrogation system. The sensors were designed to measure temperature,

humidity, and barometric pressure. Experiments were conducted to investigate the sensor

performance against the project requirements.

Temperature Evaluation

The temperature sensors integrated into the sensor test-bed were the Sensirion (Germany)

SHT21 and STS21. The test-bed also included the Bosch Sensortec (Germany)

BME280 and BMP280 sensors, which also measured temperature. These temperature

measurements were primarily intended for barometric pressure sensor compensation, as

opposed to environmental monitoring. The SHT21 is specified to have a typical accuracy

of±0.3 ◦C (maximum of±0.7 ◦C within evaluated range) [148], the STS21 is specified to

have a typical accuracy of ±0.2 ◦C (maximum of ±0.6 ◦C within evaluated range) [140].

The BME280 and BMP280 sensors had a specified accuracy of ±1 ◦C [151, 156].

The temperature evaluation experiment was conducted within an environmental
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chamber manufactured by TAS, whose configuration is discussed in Chapter 5. The

sensors were evaluated from −10 ◦C to 40 ◦C in 10 ◦C increments. The chamber was

temperature regulated by a proportional, integral, differential (PID) control system and

had been evaluated to have a temperature stability of ±0.9 ◦C. A minimum of 350

measurements were taken at each temperature, once the chamber had reached temperature

regulation. The sensor measurements were initiated using the test-bed system and the data

was sent via USB to a PC running a custom LabVIEW VI.

This experimental configuration was intended to evaluate if the sensors had the

potential to meet the project requirements, not to perform sensor calibration or

confirmation of the specified sensor accuracy. An example of the experimental

measurements for sensor 1 (an SHT21 sensor) are shown in figure 4.3. The experiment

consisted of 8850 measurements equating to approximately 12 h of data. The experiment

was conducted over the course of two working days. The temperature response for
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Figure 4.3: Electrical sensor temperature profile sensor 1 (a Sensirion SHT21 sensor) sensors.

each sensor was plotted against chamber set-point temperature in order to enable linear

regression analysis. The measured temperature response for sensor 4 (an STS21 sensor)

is shown in figure 4.4. The linear regression was fitted to the data points, taking the x-

axis uncertainty into account (±0.9 ◦C), using OriginPro 9.2, made by OriginLab (USA).

Residual analysis from the linear regression revealed a histogram, shown in figure 4.5.
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Figure 4.4: Electrical sensor temperature response for sensor 4 (a Sensirion STS21 sensor) with
linear regression fitted.

Figure 4.5: Electronic sensor histogram of residuals for the analysis of sensor 4, a Sensirion
STS21.
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The analysis enabled the sensor responsivity, measurement offset, and measurement

deviations, to be assessed. This analysis was performed on all 12 sensors within the test-

bed system. The linear regression parameters and standard deviation, root mean square

error (RMSE), are shown in table 4.2. The gradients calculated for each sensor are within

±0.003 for the SHT and STS sensor types, and within ±0.058 for the BME and BMP

compensation sensors. These deviations were considered small, and over the evaluated

range the SHT and STS sensors would remain within the specified ±1 ◦C requirement.

The fit offsets calculated were all positive, where it was expected for a distribution around

0 ◦C. This asymmetry suggested the chamber temperature was, on average, higher than the

set-point temperature. This could have been due to the PID settings used and a difference

in heating and cooling power of the chamber. The long-term experiment discussed in

Chapter 5 was conducted using the same chamber, and measured the chamber to be most

often 0.2 ◦C to 0.4 ◦C above the set-point temperature, but with a broad distribution within

the±0.9 ◦C chamber uncertainty. The offset values had a maximum of 1.10 ◦C, which was

within the experimental margin (for a sensor performing at ±1 ◦C and a chamber stability

of ±0.9 ◦C) of ±1.34 ◦C. The standard deviations (RMSEs) of all 12 sensors suggested

they were all operating within the required accuracy of ±1 ◦C over the temperature range

of −10 ◦C to 40 ◦C.
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Sensor Fit Gradient Fit Offset, ◦C RMSE, ◦C
1: SHT21 0.999 1.09 0.27
2: SHT21 1.002 1.10 0.27
3: SHT21 1.000 1.08 0.28
4: STS21 1.000 0.94 0.27
5: STS21 1.003 1.00 0.27
6: STS21 1.000 0.98 0.28

7: BME280 1.018 0.53 0.30
8: BME280 1.002 1.03 0.29
9: BME280 1.011 0.77 0.31

10: BMP280 1.056 0.06 0.35
11: BMP280 1.056 0.31 0.33
12: BMP280 1.058 0.17 0.33

Table 4.2: Temperature evaluation results for the electronic sensor integration test-beds. Results
are calculated using a linear regression for each sensor’s measured response.
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Humidity Evaluation

The humidity sensors integrated into the test-bed system were the Sensirion (Germany)

SHT21, and the Bosch Sensortec (Germany) BME280. The range and stated accuracy of

each sensor type were 0 to (100± 2) %RH and 0 to (100± 3) %RH respectively [148,

151]. Both sensors used their integrated temperature sensors to perform humidity

measurement compensation.

To generate a range of known humidities, a humidity generator was used which had

been previously assembled at AWE. The humidity generator was of split-flow design,

similar to that reported by Chen and Chen [230], but with the mass flow controllers

(MFCs) located after the bubble vessel. The system was fed with dry nitrogen from a

gas cylinder, through an arrangement of pipework, pressure regulators, and valves. Once

within the generator, the gas flow was split in two, with one feed being passed through

an MFC which set the flow rate of dry nitrogen into the system. The second feed passed

through a water bubble vessel which provided water-saturated nitrogen to a second MFC,

which set the flow rate of saturated nitrogen into the system. By varying the levels of the

two MFCs, it was possible to vary the humidity from approximately −40 ◦C to 25 ◦C dew

point. The dew point was measured using a calibrated chilled mirror which was placed in

the flow of gas in line with the sensor test-bed. The humidity generator was specified to

have an uncertainty of ±0.5 ◦C dew point which incorporated the contributions from the

nitrogen cylinder, MFCs, bubbler temperature, and the chilled mirror [231]. The sensor

measurements were captured using the test-bed system and sent to a PC via USB and

stored using a second VI.

The humidity environment for the sensors was varied from−38 ◦C to 24 ◦C dew point

in six levels. Between each level the humidity generator was left to stabilise, a process that

required up to two hours. A minimum of 500 measurements were taken at each humidity

level. The sensor output data was provided in %RH, but for evaluation it was converted to

dew point, Tdp, using the temperature sensor within the SHT21 and BME280 sensors on

a measurement-by-measurement basis. The conversion was performed to minimise errors

due to temperature differences between the chilled mirror and electronic sensors, and

account for ambient temperature variations throughout the duration of the experiment.

The conversion from measured %RH to Tdp was achieved using work by Wagner and

Pruß [232–234]. The limited ambient temperature range (−20 ◦C to 50 ◦C) equations were
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used, which have a maximum calculation error of 0.083 % of value:

Tdp =
Tn

m

log10

[
%RH
100
·10(

m·T
Tn+T )

] − 1
, (4.1)

where the two empirical conversion constants Tn and m equal 240.7263 ◦C and 7.591 386

respectively, and T is the ambient temperature in ◦C [233]. This conversion equation was

used in preference to any other, such as the Sonntag (Magnus) formula found in BS1339-

1 [235], since Sensirion (Germany) recommended the above for conversion when using

their sensors [234].

The sensor response was plotted for each sensor and a linear regression performed.

The linear response for sensor 1 (an SHT21 sensor) is shown in figure 4.6.

Uncertainties are included within the linear fit calculation which originate from the sensor

Figure 4.6: Electrical sensor humidity response for one of the Sensirion SHT21 sensors with
linear regression fitted. The measurement uncertainties are represented by the data-point diameter.

measurements, the conversion from %RH to dew point, and the uncertainty in the dew

point generator used (±0.5 ◦C).

From the linear regression, the fit parameters: gradient and offset, were calculated

along with the measured sensor RMSEs. The results from all six sensors are shown in

table 4.3. The RMSE in units of %RH was calculated from converting the data from dew

point to relative humidity and a performing linear regression.

Table 4.3 indicates significant responsivity variations between the sensors evaluated,

based on the fitted line gradients; over the required measurement range such sensor
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Sensor Fit Gradient Fit Offset, ◦C RSME, ◦C RSME, %RH
1: SHT21 0.859 1.48 0.81 0.70
2: SHT21 0.853 1.57 0.80 0.74
3: SHT21 0.839 1.67 0.85 0.70
7: BME280 0.968 −0.70 0.49 0.93
8: BME280 0.960 −0.51 0.51 1.00
9: BME280 0.836 0.91 0.80 0.95

Table 4.3: Humidity evaluation results for the electronic sensor integration test-beds. Results are
calculated against a linear regression performed for each sensor.

response variation would result in sensor deviations greater than 2 ◦C dew point between

sensors. The variations in responsitivies suggest that individual sensors would require

calibration before use in a deployed system. The fit offsets calculated were large

compared to the humidity generator stability of ±0.5 ◦C dew point, but were within the

project accuracy requirements; sensor characterisation would account for the variations in

offset. The standard deviations in ◦C dew point suggested the sensors were performing to

the accuracy required by the interrogation system within this project of ±2 ◦C dew point.

The standard deviations in %RH suggested the sensors were operating within their stated

accuracies of±2 % and±3 % for the SHT21 and BME280 models respectively [148,151].

The sensors were not considered to satisfy the OIES sensor node accuracy requirement of

±0.5 %.

The six humidity sensors were evaluated to be performing as specified by their

manufacturers, and within the project requirements. However, individual sensor

characterisation would be recommended before deployment.

Barometric Pressure Evaluation

The barometric pressure sensors integrated into the sensor test-bed were the Bosch

Sensortec BME280 and BMP280. Both models were specified for operation between

300 mbar and 1100 mbar with an accuracy of ±1 mbar [151, 156]. The project required

pressure sensing from 900 mbar to 1000 mbar with an accuracy of 5 mbar for interrogation

system monitoring, and from 0 mbar to 1200 mbar with an accuracy of 2 mbar for material

ageing sensing.

The pressure evaluation experiment was conducted within a PID controlled vessel

assembled for long-term evaluation of optical sensors, discussed in Chapter 6. The

sensors were evaluated over the range ≈ 0 mbar to 1000 mbar in 200 mbar increments.

The evaluation range extended to lower pressures than the sensor specified operating
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pressures, but this use was of interest to AWE. The vessel was evaluated to operate with a

pressure stability of ±4 mbar (Chapter 6).

The experiment was conducted over the period of 40 h, capturing approximately

17 000 measurements per sensor. The test pressure sequence can be seen in the sensor 7 (a

BME280 sensor) results, shown in figure 4.7. Plotting the vessel pressure (measured using
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Figure 4.7: Electrical sensor pressure profile for one of the Bosch Sensortec BME280 sensors,
sensor 7. Data was recorded over a 40 hour period, with approximately one our per pressure step.

a calibrated pressure transducer with a resolution of 0.03 mbar and accuracy of ±2 mbar)

against the sensor measurement provides a linear response, as shown in figure 4.8. The

Figure 4.8: Electrical sensor pressure response for one of the Bosch Sensortec BME280 sensors
with linear regression fitted.

response was well characterised with a linear regression, even for measurements below

the stated sensor minimum pressure of 300 mbar, suggesting operation at low pressures
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would be possible. However, longer-term studies would be required to confirm operation

outside of the manufacturer’s intended range.

Analysis of the residuals from the linear fit reveals information on the sensor

performance. A histogram of the residuals for sensor 7 is shown in figure 4.9. The
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Figure 4.9: Electronic sensor regression analysis for sensor 7, a Bosch Sensortec BME280.

same analysis was conducted for all six pressure sensors within the test-bed, and the

linear fit parameters and RMSE for each are included in table 4.4. The linear fit gradients

Sensor Fit Gradient Fit Offset, mbar RSME, mbar
7 BME280 0.999 −3.03 1.28
8 BME280 0.999 −3.48 1.28
9 BME280 0.998 −3.25 1.28

10 BMP280 0.998 −1.57 1.38
11 BMP280 0.998 −1.26 1.39
12 BMP280 0.998 −1.33 1.38

Table 4.4: Barometric pressure evaluation results for the electronic sensor integration test-beds.
Results are calculated against a linear regression for each sensor.

suggested the sensors were operating very close to the expected unity responsivity. The

fit offsets were all negative, suggesting some asymmetry in the experiment configuration

caused the vessel, on average, to be below the set-point pressure. A difference in

response time between the reference transducer and sensors under test could result in

the systematic negative offset observed. The largest sensor offset of 3.48 mbar was

within the project accuracy requirement of 5 mbar. The difference in offsets between

the BME280 and BMP280 sensors suggested a systematic variation between models,

which could be removed by individual sensor characterisation prior to use. The standard
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deviations, RMSEs, suggested all six sensors were operating within the interrogation

system requirement of ±5 mbar, but not the material ageing requirement of ±2 mbar.

The six barometric pressure sensors were evaluated experimentally in a controlled

vessel to assess their performance. All six sensors were found to operate within

their specified accuracies, based on the standard deviation of their response residuals.

Measurement offsets were identified suggesting individual sensor characterisation would

be advisable before deployment.

4.3 Conclusions

Electronic sensors were required for integration into the modular interrogation system

detailed in Chapter 3 and the OIES sensor node detailed in Chapter 8. The sensors were

required to measure temperature, humidity, and barometric pressure, in order to support

experiment diagnostic measurements, and interrogation system condition monitoring and

predictive maintenance processes during experimental operation.

A review of electronic sensing technologies was conducted and highly-integrated

COTS sensing techniques which featured digital communications were selected. This

type of sensor provided a physically compact solution which required minimal additional

components and design consideration when added as a secondary feature to an

interrogation module.

Four models of electronic sensors were selected for review and a sensor test-bed

system was designed and built. The test-bed could measure three of each sensor

type in a compact and rugged enclosure. The sensors were experimentally evaluated

for temperature, humidity, and pressure measurement performance, against the project

requirements. All the sensors tested functioned within the project requirements, but

in multiple cases it was noted that variations in sensor performance would necessitate

individual sensor characterisation prior to deployment.

For measuring temperature, the best-performance was measured from the Sensirion

(Germany) SHT21 sensor, but very similar results were measured for the Sensirion STS21

sensor. For humidity measurement, the SHT21 sensor performed with a lower RMSE

than the Bosch Sensortec (Germany) BME280. For measuring pressure, the Bosch

Sensortec BMP280 performed similarly to the BME280. With all sensors performing

within the project requirements, a combination of SHT21 sensors and BME280 sensors

was recommended to achieve the best performance, based on the assessments conducted.
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The two sensors recommended were incorporated into the designs for the interrogation

system modules. Each module included a single SHT21 sensor to provide localised

temperature and humidity measurements. The barometric pressure was considered

unlikely to vary throughout the system, so the BME280 was only included on the

CC2B module. Additionally, three SHT21 sensors were located at the front-panel of

the interrogation system with vents to enable the external environment temperature and

humidity to be evaluated. Additional sensors were included on some interrogation

modules to support their primary functions, such as TEC monitoring thermistors, but

they were in addition to the SHT21.

Future work would investigate the long-term performance of the sensors, to further

support their potential for deployment into an experimental system design. Since this

work was performed, newer models of similar sensors are now available, which could

also be evaluated. The modular design of the test-bed system could potentially enable

the evaluation of these additional sensor models with minimal design effort, if it was

required. Based on the maturity level of the interrogation system, no further evaluation of

the condition monitoring sensors was considered necessary within this project.
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Chemical processes and reaction rates are temperature dependant [236], therefore within

a materials ageing experiment the measurement of temperature is of high importance.

Absorption spectroscopy may be used within a materials ageing experiment for gas

sensing [124, 237]. In this case, temperature has an effect on the measured absorption

linestrengths and lineshapes [88, 238, 239], further necessitating the requirement for

temperature sensing.

Optical fibre temperature sensing has been most often demonstrated using the FBG

technique [14, 26, 42, 48–52]. Many commercial companies offer FBGs at user selected

wavelengths, reflectivities, and bandwidths, with or without sensor housings. Housings

can provide supports for attaching the sensors onto structures in addition to making them

more rugged. Previous work at AWE investigated temperature sensors manufactured

by Micron Optics (USA), based on FBGs [19, 22], and they were found to be capable

of operating within the required temperature range and accuracy of this project [237].

However, their use in a long-term experimental configuration was not evaluated.

This work aimed to evaluate the long-term stability of FBG based temperature sensors

to support an assessment of their suitability for use within a materials ageing experiment.

The sensors were repeatedly temperature cycled to simulate long duration experimental

use. Analysis of sensor failure modes would be used to support a prediction of sensor

lifetime within an experiment.

Temperature sensing capabilities from −20 ◦C to 70 ◦C with an accuracy of ±1 ◦C

were required, including suitability for use throughout the multi-decade experimental

duration.

5.1 Theory and Predicted Failure Modes

An FBG is constructed from a regular periodic change of refractive index within the core

of an optical fibre. If the core of the fibre has a refractive index, n1, the grating may

oscillate between refractive indices n2 and n3. The grating structure causes a reflection
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peak at the Bragg wavelength, λB. To a first order approximation, the Bragg wavelength

is defined as [35]:

λB = 2n̄Λ, (5.1)

where n̄ is the average effective refractive index of the fibre core, (n2 + n3)/2, and Λ is

the grating period.

The reflectivity of the grating is primarily dependant on the variation in refractive

index (∆n = n3 − n2), and the length of the grating, as shown by [13, 240]:

R = tanh2

[
πn̄

∆n

n̄

L

λB
Ω

]
, (5.2)

where R is the grating reflectivity, L is the grating length, and Ω is a fibre constant for

the propagation confinement to the core. The bandwidth of the reflection peak, δλ, can be

roughly related to the parameters described [13]:

δλ = λB

√(
∆n

2n̄

)2

+

(
Λ

L

)2

. (5.3)

These two equations suggest that if ∆n were to increase, the grating reflectivity would

increase as would the bandwidth of the peak.

A change in temperature can cause a change in the Bragg wavelength via two

mechanisms: the thermal expansion of the fibre, which causes a change in Λ; and by

a change in refractive index via the thermo-optic coefficient, which causes a change in n̄.

Therefore temperature is related to the the Bragg wavelength change by the relation [13]:

∆λB = λB (αΛ + αn) ∆T, (5.4)

where αΛ is the coefficient of thermal expansion, αn is the thermo-optic coefficient, and

∆T is the change in temperature. The thermo-optic coefficient for fused silica fibres is

typically an order of magnitude larger than the coefficient of thermal expansion. As a

result the thermal expansion term is sometimes neglected [13].

Over a protracted time-frame, changes in the structure of the FBG could occur. These

were considered to include changes to the refractive index profile of the grating, changes

to the material thermal expansion coefficient, and changes to the material thermo-optic

coefficient. A change in these parameters was considered unlikely, especially in the
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temperature range of interest to this thesis, but due to the lack of a published study and

currently identified requirement for operational duration, the evaluation was considered

beneficial. Published work demonstrates the ability for dopants within optical fibres to

migrate at high temperatures [241], which could cause variations in these parameters,

but such migrations are observed above 900 ◦C, which is significantly higher than the

maximum required temperature of 70 ◦C for this thesis.

A change in refractive index profile could reduce the contrast between the varying

refractive indices, n2 and n3. This would have the effect of reducing the intensity of the

reflected light, and the bandwidth of the peak. In extreme cases this change could result

in peaks which would be undetectable by the interrogation hardware. A change in either

refractive index would cause a corresponding variation in n̄, and therefore a shift in λB.

This would cause an offset shift to the measurement, introducing a systematic error that

would ultimately reduce the accuracy of the measurement, if it were undetected.

A change in thermal expansion coefficient would cause a variation in the sensor

responsivity, but the effect would be small compared to a change in the thermo-optic

coefficient that is approximatly an order of magnitude larger, which could result in large

variations in FBG responsivity. Changes in coefficients is considered unlikely, but could

be caused by dopant migration within the optical fibres [241].

5.2 Long-Term Evaluation

An experiment was conducted to temperature cycle FBG sensors repeatedly in order to

assess their performance and potential suitability for long-term diagnostic use.

Experimental Design

Three FBG temperature sensors from Micron Optics (USA): two os4100 [22] and one

os4200 [19], were attached to a common stainless steel flange, as shown in figure 5.1.

Both the os4100 and os4200 sensor types incorporated strain-isolation within their

design [19, 22], ensuring they operated as temperature sensors. Any failure in stain-

isolation was considered detectable within the experimental design as a change in

responsivity. The flange provided a near-isothermal structure to enable comparison

between the sensor results. The two os3100 strain sensors also visible in the image

were not used in this experiment. The sensors, on their flange, were placed within

a calibrated TAS (Temperature Applied Sciences, UK), 750LT [242] thermal chamber
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Figure 5.1: FBG testing experimental configuration showing three temperature sensors and two
strain FBG sensors attached to a stainless steel flange.

and were temperature cycled following a 24 h pattern, which was repeated througout the

experiment (1 year), detailed in table 5.1. The sequence was operated such that the four

Step Duration Temperature
1 2 h 0 ◦C
2 4 h 20 ◦C
3 2 h 60 ◦C
4 4 h 100 ◦C
5 2 h 60 ◦C
6 2 h 20 ◦C
7 2 h −20 ◦C
8 4 h −40 ◦C
9 2 h −20 ◦C

Table 5.1: Temperature FBG sensor test pattern which was repeated every 24 hours.

hour step at 20 ◦C occurred during the working day, to allow for periodic visual inspection

when the chamber was at a safe temperature to access. Inspection was required to ensure

water did not build up internally due to condensation when at low temperatures.

The experiment was configured as shown in figure 5.2. The thermal chamber featured

an integrated PID controller which could be controlled from a PC via the Modbus

protocol. A custom VI within LabVIEW was written to send temperature set-points to

the controller and measure the current chamber temperature every 10 s, using its internal

calibrated PT100 probe. The three FBG temperature sensors were connected in series

and measured by a Smart Fibres (UK), swept-laser based SmartScan Interrogator [20].

An example of the measured spectra is shown in figure 5.3. The interrogator was

connected to the PC via a local area network and the data logged within a second VI.

The data was measured in 20 s bursts where the sensors were scanned every 5 s, with a
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Figure 5.2: FBG testing experimental configuration, showing sensors S1-S5 located within a
thermal chamber, measured by an interrogator. A PC was used for chamber control and data
logging.

Figure 5.3: FBG experiment example spectra showing the measured reflection peaks from the
three FBG temperature sensors. They are ordered 1 to 3, in decreasing wavelength (right to left).

burst every 10 min. This measurement scheme was used to ensure any high-frequency

variations in temperature caused by the chamber would be recorded. The interrogator has

a stated wavelength accuracy of 5 pm [20] such that when used to measure a typical FBG

temperature sensor, a temperature accuracy of ≤ 0.5 ◦C was achieved. The uncertainty

in the experiment measurements, attributed to the interrogator, was therefore less than

the sensing accuracy requirement, so the instrument was considered suitable for assessing

whether the FBGs were still operating.

Results

The experiment ran over the period of one year with the sensors experiencing 180

full temperature cycles ranging from −40 ◦C to 100 ◦C. The experiment was halted a

number of times during the year due to computer issues, chamber calibration, and facility
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maintenance periods. The experiment finally concluded following a failure of the thermal

chamber.

The environmental chamber’s temperature regulation was investigated, using the data

logged from the chamber controller. The temporal stability was assessed by analysing

the deviations between the set-point and measured temperatures, and is represented in

figure 5.4.
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Figure 5.4: Temperature experiment thermal chamber temperature residual analysis.

Data captured while the chamber was transitioning between temperatures was

discarded in this analysis, since only the quasi-isothermal periods were of interest. The

chamber was assessed using the residual data to maintain a static temperature over 95 %

of the time with a stability of ±0.8 ◦C. The chamber PID settings were optimised for

transitioning between temperatures quickly, rather than maintaining stability at a static

temperature, so no changes were made to improve the stability. This temporal uncertainty

combined with the chamber’s specified spatial uncertainty (±0.3 ◦C) suggest a combined

chamber temperature uncertainty of ±0.9 ◦C for the experiment.

Analysis of the sensor data was achieved by performing a linear fit on each of the 180

temperature cycles for each sensor. The averages of the linear fit parameters are noted in

table 5.2.

Sensor Fit Gradient, pm ◦C−1 Fit Offset, nm SSE, nm2

1 (os4100) 27.4± 0.1 1566.862± 0.009 1.0± 0.3
2 (os4100) 27.7± 0.1 1563.904± 0.009 2.5± 0.2
3 (os4200) 9.6± 0.1 1552.38± 0.01 0.7± 0.2

Table 5.2: FBG temperature evaluation results for the long-term stability. Results are calculated
against a linear regression for each sensor. The SSEs were calculated for the measurements in
each cycle, typically 500 measurements.
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An example of the linear fit is shown in figure 5.5 for sensor 1 showing data from the

full 180 cycles, supporting the choice of a linear fit for the analysis.

Figure 5.5: Linear fit applied to the FBG sensor 1 data from all 180 temperature cycles.

The fit gradient represented the responsivity of each sensor, and the fit offset

represented the wavelength for which the sensor reports 0 ◦C. A significant difference

in responsivity between the os4100 type sensors and the os4200 type was detected, as

expected from their datasheets [19, 22]. It was probable the os4100 FBG experienced an

additional strain response caused by the thermal expansion of its stainless steel housing,

where as the os4200 was strain-isolated. The CTEs for fused silica and stainless steel

304 are 0.55× 10−6 K−1 [243] and 15.8× 10−6 K−1 [244] respectively, suggesting only

partial strain coupling within the os4100. The variations noted in the gradients and offsets

were considered small, but also uninformative, so the parameters for each cycle were

plotted, as shown in figure 5.6, for the fit gradient, offset and SSE from the linear fitting.

A systematic increase in sensitivity and decrease in wavelength offset was noted for

all three sensors, but the total drift observed corresponded to a maximum temperature

measurement offset of 0.8 ◦C, which was within the chamber temperature uncertainty of

±0.9 ◦C. Therefore the drift could have been attributed to the chamber temperature sensor

and/or PID controller which reported the measurement to the PC for data logging.

The daily linear fit analysis suggested the sensors were performing within the

experimental uncertainty throughout the 180 cycles. To further support this conclusion, a

linear fit was calculated on all the data collected for each sensor, to ensure features were

not averaged out by the previous analysis. Histograms of the residuals of the full-data fits

are shown in figure 5.7. The majority of data points for sensor 1 and 2 occurred within

±0.15 nm of the linear fit. Sensor 3 operated within ±0.10 nm of the fit, likely due to its

113



Chapter 5: Temperature Sensing

Figure 5.6: Linear fitting parameters for the FBG sensor response for each temperature cycle.

(a) Sensor 1. (b) Sensor 2. (c) Sensor 3.

Figure 5.7: Temperature FBG sensor residual analysis for all data collected during the experiment.

lower sensitivity. The standard deviations for the sensors were calculated from analysis

of the residuals, and are displayed in table 5.3, both in terms of λB wavelength shift, and

converted to temperature variation using the sensors’ responsivity values. The standard

deviations for the sensor variations, when calculated over the full 180 cycles, were larger

than the experimental uncertainty.

The per-cycle fit data, as detailed in table 5.2 and figure 5.6, suggested the sensor

performance was not degrading during the experiment. But the 180-cycle fit data

indicated the sensors were not performing within the project temperature accuracy

requirements of ±1 ◦C. Since the variations in SSE were small, as shown in figure 5.6,

it was concluded the sensor performance was likely consistently outside the required

accuracy level. Based on previous work at AWE evaluating these types of sensors, it was
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Sensor Standard Deviation, nm Standard Deviation, ◦C
1 (os4100) 0.036 1.5
2 (os4100) 0.050 1.8
3 (os4200) 0.031 3.1

Table 5.3: FBG temperature evaluation standard deviations from a linear regression formed from
all captured data.

thought possible the experimental temperature was less stable than calculated, potentially

due to use of a forced-air chamber causing the surface temperature of the sensor flange to

oscillate more significantly than the chamber temperature.

5.3 Conclusions

Measuring temperature is an important technique during experiments where chemical

processes are dominant, or where absorption spectroscopy is used, such as in materials

ageing experiments. Previous work had identified FBGs as a potentially suitable optical

temperature sensing technique, but their use within a long-term experiment had not been

evaluated.

Three commercially available FBG temperature sensors were temperature cycled 180

times over a 1 year period. The sensors were cycled over their specified operational range,

which was larger than the sensing range required in this project. No discernible changes in

sensor performance, in terms of sensitivity variation of baseline, were detected. All three

sensors were still considered fully operational at the end of the experimental period, but

their performance was found to be outside the project temperature accuracy requirements

over the extended temperature range of −40 ◦C to 100 ◦C. The sensors remained

detectable by the interrogator throughout the experiment suggesting no significant

changes in FBG structure occurred. Since none of the sensors failed a lifetime prediction

cannot be extrapolated [245], but their successful operation across a wider temperature

range than would be expected within experimental use, suggests operational lifetimes of

at least one year, since this work evaluated them over that duration.

The sensor evaluation experiment was conducted until the thermal chamber

experienced a mechanical breakdown. It took some time for the chamber to be repaired

and re-calibrated, and at that time it was decided to not restart the FBG evaluation. Instead

it was considered more valuable to use the chamber to test electronic temperature sensors

(Chapter 4) and sub-system operation across a range of temperatures (Chapter 8 and 9).

Future assessments would benefit from monitoring a larger number of sensors in
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order to increase the likelihood of observing a failure. Conducting the experiment with a

higher temperature stability would enable further investigation of the drift characteristic

identified within this work, and better assess the FBG sensor ability to satisfy the accuracy

requirements. Higher stability could be achieved by adjusting the chamber PID settings,

using a smaller chamber, or using a water or oil bath. Testing the sensors within the

mechanical housings they would be deployed within an experiment (such as the one

developed in Chapter 9) would also be worthwhile, to ensure the entire sensor system

is correctly evaluated.

This work systematically cycled FBG temperature sensors in a novel study aiming

to evaluate their long-term performance. The experiment lasted one year, in which time

no sensor failures were detected, preventing lifetime estimation to be formed [245], but

providing confidence in the short-term stability of the technique. Future studies aiming

to provide a lifetime predication could evaluate a larger batch of sensors and run the

experiment for a longer duration, increasing the chance of detecting a failure.
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In a materials ageing experiment that features a sealed environment, monitoring the

internal gas pressure can provide important data. In simple experiments without gas

speciation sensing, a rise in pressure can indicate the evolution of gas-phase chemicals.

When deployed alongside gas sensing techniques in more complex experiments, a

pressure measurement can be required by some techniques to calculate the chemical

species concentration. The availability of suitable barometric pressure sensors therefore

enables the maximum flexibility in the design of material ageing experiments.

Optical fibre pressure monitoring techniques have been demonstrated in a number of

forms [56, 87], but previous work at AWE [237] has investigated commercially available

FFP based barometric pressure sensors [90]. The sensors were found to function within

the range and accuracy required by this project, but their long-term reliability had not

been evaluated [237].

This work investigated the endurance of FFP based barometric pressure sensors

to aid assessment of their suitability for use within a materials ageing experiment.

An accelerated testing approach was used to repeatedly cycle the sensors across their

measurement range. The analysis of sensor failures would be used to provide information

useful in forming a sensor operational life assessment.

The project required pressure measurements throughout the experimental duration

able to measure from 0 mbar to 1200 mbar with an accuracy of ±2 mbar. This pressure

range was to ensure compatibility of the diagnostics with chemical experiments which

require operation under vacuum and under known atmospheric conditions.

6.1 Predicted Failure Modes

The sensors were considered able to fail in multiple ways, such as those described below.

The experiment was required to be able to detect complete failure of the sensor, or

response changes such as baseline drift and sensitivity variation, in order to determine if

this type of optical sensor would meet the project requirements over an extended period.
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It was predicted the most likely failure mode for the sensor configuration would be

loss of the pressure differential across the diaphragm. This could be caused by either a

rupture in the metallic diaphragm or by a failure in the adhesive. Without the differential

pressure the diaphragm would not respond to a change in barometric pressure and would

result in complete sensor failure.

Baseline drift was thought possible due to fibre displacement within the tube, or due

to a change in pressure within the evacuated cavity caused by gas permeation through

the diaphragm or adhesive. Uncompensated baseline drift could be interpreted as a slow

pressure change in an experiment.

Sensitivity change could have been possible through a change in diaphragm flexibility

due to material work hardening over multiple cycles. A sensitivity change could cause

misinterpretation of barometric pressure within an experiment, especially when the

pressure is varying.

6.2 Long-Term Evaluation

An experiment was conducted to pressure cycle a number of COTS FFP sensors

repeatedly, to aid in evaluating their suitability for long-term use.

Experimental Design

To investigate the predicted failure modes, six FFP sensors manufactured by Fiso

(Canada) [90], were cycled over their specified range of 0 mbar to 1000 mbar. The

aim was to simulate extensive use of sensors by incurring a number of pressure cycles

significantly faster than would be seen in real-world experimental use, in a similar way as

in the FBG evaluation experiment (Chapter 5). Figure 6.1 represents the pressure cycle

pattern the sensors were subjected to. The cycle repeated weekly (168 hours) and started

with a reference pattern which provided 200 mbar intervals for data analysis in support

of the failure mode predictions. During the remaining six days the pressure was cycled

between 1000 mbar and vacuum hourly resulting in 145 full-scale pressure cycles a week.

The experiment placed the six pressure sensors within a computer controlled pressure

vessel as shown in figure 6.2, which was created for this work. The vessel hardware PID

control system, MKS Instruments (USA) 250E, operated continuously, with PC software

VI control updating and logging at 5 second intervals. The vessel pressure was measured

using a calibrated Baratron capacitive transducer. The FFP sensors were supported within
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Figure 6.1: Weekly vacuum vessel pressure cycle pattern. The first day (0-24 hours) conducts a
reference pattern. The remaining six days (24-168 hours) cycles the pressure between vacuum and
1000mbar every hour.
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Figure 6.2: Schematic of experimental configuration. The vessel pressure is controlled using a
vacuum pump and an air compressor. A calibrated pressure transducer provides the feedback for
a PID control system. Six sensors (S1-S6) are connected via optical fibres from within the vessel
to an interrogator through a custom-made vacuum feed-through.

the vessel on a rapid prototype (RP) frame, shown in figure 6.3, and were interrogated

using a FieldSens white light polarisation interferometer from Opsens (Canada) [246].

This data along with vessel temperature were logged to a computer every 10 s. The

experiment was not temperature controlled and operated at the ambient lab temperature.

The vessel control and data logging VIs were written in LabVIEW and ran on a single PC

(two are shown in figure 6.2 for diagrammatic clarity).
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Figure 6.3: Photograph of the vessel interior of the long-term FFP sensor evaluation. The
stainless steel vessel contained the six sensors supported within an orange RP support. The support
contained 8 fibre couplers to manage the fibre connections (yellow) which entered the vessel.

Results

The experiment operated for a total of 51 weeks, after which the hardware PID controller

malfunctioned resulting in unregulated vessel pressure. During the experiment each

sensor received over 7300 full-scale cycles.

The pressure regulation of the vessel was investigated and shown in figure 6.4. The
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Figure 6.4: Pressure experiment measured vessel pressure residual analysis.

vessel pressure deviation from the set-point pressure was measured to be ±4 mbar with

a standard deviation of 2.8 mbar. The PID control loop gain settings had been set to

enable the fast cycles shown in figure 6.1, at the expense of fine regulation during the

quasi-isostatic periods. The vessel control system also contained uncertainties which

contributed to the measured deviation. The vessel pressure readings had a stated accuracy

of 0.2 % (of measured value), while the PID controller had a stated control accuracy

of 0.25 % (of full-scale, ≈ 1340 mbar). At 1000 mbar these would suggest a combined
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uncertainty of ±4.1 mbar. As such, a measured vessel pressure stability of ±4 mbar was

considered reasonable.

The reference pattern data was extracted from the data (5600 measurements for each

sensor per week) and the sensor cavity length was analysed relative to the measured vessel

pressure. Figure 6.5 shows the sensor responses from the start of the experiment. A linear

Figure 6.5: First weekly reference pattern response for the six FFP pressure sensors. Each sensor
response is linearly fitted. Two distinct batches of sensors are apparent with different mean cavity
lengths.

fit has been applied to each sensor’s data to determine the sensitivity and offset.

Two batches of sensors were suggested by the pronounced difference in cavity lengths

for sensors 1, 3 and 6 compared to sensors 2, 4 and 5. Further, the gradient for each sensor

was different, suggesting a variation in sensitivities. These differences were attributed

to variations in manufacture, and highlighted a requirement to characterise each sensor

individually prior to use in an experiment. From each of the weekly reference patturns, a

linear fit was performed for each sensor. The average gradients, offsets and SSEs for each

sensor from these linear fits, over the entire experiment duration, are shown in table 6.1.

The gradient was a measure of the sensor cavity length sensitivity to pressure, and the

offset related to the zero-pressure cavity length. The SSE represented a measure of spread

in the data of which an increase could be attributed to effects such as hysteresis.

The results suggested that the largest deviations between the FFP sensors and

reference transducer measurements corresponded to a pressure measurement variation

of 2.8 mbar, which matched the standard deviation of the vessel’s pressure stability.

Therefore the sensors were considered to have functioned as designed for the duration of

the experiment without any sensor failures or discernible changes in sensitivity or offset.

To further assist in this assessment, the weekly reference pattern data were plotted as a
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Sensor Gradient (nm mbar−1) Offset (nm) SSE (nm2)
1 −0.4390± 0.0006 16 727± 1 3000± 1000
2 −0.4642± 0.0009 17 184± 3 7000± 4000
3 −0.4148± 0.0005 16 707.0± 0.9 2800± 600
4 −0.470± 0.001 17 228± 3 10 000± 6000
5 −0.4797± 0.0008 17 237± 3 9000± 6000
6 −0.4086± 0.0006 16 677.0± 0.7 6000± 3000

Table 6.1: Linear fit gradient, offset and SSE for each sensor over the experimental duration.

function of time, as in figure 6.6, showing the gradient, offset and SSE from the linear

fitting. The vessel temperature is also shown in the graph as an indication of shifts in the

experimental environment.
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Figure 6.6: Linear fit coefficients for the weekly reference patterns with the sum of the squared
errors (SSEs) for each fit and the weekly averaged vessel temperature during the reference pattern
collection.

No large deviations were discernible, supporting the suggestion that all six sensors

were still operational at the end of the experiment. The largest variations were in the

linear fit offset values, but these can be attributed to changes in ambient temperature,

suggesting a sensor cross-sensitivity to temperature, shown in figure 6.7. The variations

in SSE values are more pronounced during times of higher temperature, and could be

attributed primarily to temperature changes during the 24 hours period required for the

reference pattern. The largest source of uncertainty in the experiment was from the vessel

pressure regulation, ±4 mbar, which suggested a minimum expected SSE of 5000 nm2.

To evaluate the FFP sensor response at the end of the experiment, the final week’s data

for each sensor were correlated to their fitted linear regression, and the deviation presented
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Figure 6.7: FFP sensor pressure value deviations from measured vessel pressure as a function of
ambient temperature.

as histograms, as shown in figure 6.8. The histograms suggested the sensors were all

operating simillarly to their initial measurements in week one, with some histograms

indicating lower measurement deviations were observed in week 52, as supported by the

corresponding reduction in SSE for some sensors between week 1 and week 52, as shown

in figure 6.6.

Using the fitting gradients to convert from the cavity length (in nm) to barometric

pressure (in mbar), the standard deviations from the histograms, shown in table 6.2,

suggested all six FFP sensors were operating satisfactorily within the vessel pressure

stability of ±4 mbar, even after the 7300 pressure cycles. Sensors 5 and 6 were

evaluted with deviations in excess of 2 mbar (the project requirements). Since this

experiment focused on long-term performance not absolute accuracy, the vessel stability

was ±4 mbar, therefore further work would be required to confirm these deviations.

Sensor Standard Deviation, nm Standard Deviation, mbar
1 0.66 1.50
2 0.91 1.96
3 0.63 1.52
4 0.76 1.62
5 1.05 2.19
6 0.87 2.13

Table 6.2: FFP pressure evaluation from linear regressions from the final week (week 51) data.
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(a) Sensor 1. (b) Sensor 2.

(c) Sensor 3. (d) Sensor 4.

(e) Sensor 5. (f) Sensor 6.

Figure 6.8: FFP sensor pressure experiment histogram analysis showing deviations in sensor
cavity length (nm). In black, final week (week 51) measurements. In red, initial week (week 1).
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6.3 Conclusions

The measurement of barometric pressure within a material ageing experiment is essential

for enabling quantitative gas speciation measurements. Previous work had identified a

potentially suitable sensor technique, but it’s performance over a long time period, such

as in a materials ageing experiment, needed evaluation.

Six FFP pressure sensors were cycled in excess of 7300 times over their specified

pressure range and no discernible change in sensitivity or baseline was detected. These

results support the use of such sensors within long-duration experiments and increase the

confidence in the data they would provide. Since none of the six sensors experienced a

failure a conclusion on the failure mode predictions cannot be made, nor can the data be

extrapolated to predict sensor lifetime [245]. The data does however suggest confidence

in operating these sensors at ambient conditions over the duration of one year, as was

conducted in this thesis.

The experiment was halted by the failure of equipment required to control the vessel

pressure. At the time of the failure the experiment had generated a significant amount of

data, having operated for almost one year. As a result the experiment was not restarted

once the equipment was replaced, instead choosing to use the system to evaluate electronic

pressure sensors, such as those used in Chapter 4 and Chapter 8.

Further work could continue to cycle these sensors until failures are detected, and

potentially adding additional sensors to increase the chance of failure. Analysis of

these failure modes could potentially be used to form a sensor life prediction. To

assist in identifying sensor failure modes, testing the sensors up to their maximum

specified operating pressures could be investigated, as could operating the sensors at

higher temperatures. Temperature cross-sensitivity of the sensors was identified within

this experiment, and therefore deployment of these sensors would require a co-located

temperature sensor to enable the accurate pressure to be resolved. Further in the future,

use of alternative optical techniques for measuring barometric pressure may become

advantageous, so regular review of the sector is recommended.
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This chapter details work conducted on gaseous chemical detection. The feasibility

of using absorption spectroscopy in the NIR was assessed and a bespoke multi-pass

spectroscopic gas cell was developed to support measurement of H2O. The cell was

designed, manufactured, and assembled for evaluation. An alternative technique was

required to satisfy the project sensing requirements for the detection of O2. A specification

analysis of a COTS fluorescence based sensor satisfied the project requirements, apart

from confidence in its long-term performance. A long-term stability study of the sensor

was therefore performed.

Within a materials ageing experiment, where single or multiple materials are within

a sealed volume, analysing the chemical species within the head-space is a powerful tool

for providing clues as to what chemical processes are occurring within the materials.

Measuring the head-space composition, in situ and without modifying the chemistry of

the system, could enable continuous and quantitative monitoring of the experiment.

The two techniques investigated in this work were both optically based and

interrogated via optical fibres. The spectroscopic gas cell was intended for detecting

H2O, and the fluorescence based sensor was marketed for detecting O2. Both systems

were evaluated against the project requirements for both gas detection and for integration

into the experimental scenario.

Requirements

The development and evaluation work were driven by the project requirements, to ensure

the resulting suitability of techniques for potential use at AWE. The project requirements

for gas detection were:

• To provide an in situ gas analysis capability within the head-space of the
experimental configuration, enabling gas detection of:

– H2O from 40 ppm (by volume) to 100 000 ppm with a resolution of 40 ppm, 1

1At 300K these relate to minimum concentrations equivalent to −54 ◦C dew point, and 0.1%RH. The
maximum concentration is approximately equivalent to saturation up to 44 ◦C.
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and
– O2 from 0 % to 25 % with a resolution of 0.1 %,

when measured at 300 K and 1000 mbar.

Due to the gas sensing being located within the sealed volume of the experimental

system, the developed system was also constrained by the following integration

requirements:

• To provide high-confidence measurements throughout the experimental time-frame,

• To minimise impact to the experiment (e.g. chemically compatible),

• To be compact and able to fit within the experimental volume and shape,

• To be interfaced via compatible optical fibres to those used in the modular
interrogation system (Chapter 3).

These requirements were used to direct down-selection of potential techniques and for

the evaluation of the work conducted.

7.1 Detection Techniques Theory

Techniques for detecting gaseous chemicals are numerous, and have been developed for

industrial, domestic, regulatory, defence, and scientific use [99,247]. This project focused

its search on optical techniques which could provide quantifiable gas concentration

measurements, chemical identification, and low interaction with the gas. From the

survey conducted in Chapter 2, molecular absorption spectroscopy was chosen for further

investigation. It was considered to be compatible with the project requirements and

have the potential to provide quantifiable measurements, chemical identification, and no

consumption of gas. Previous work at AWE [105,124] also ensured support was available.

Absorption spectroscopy

Absorption spectroscopy passes light through a gas and monitors the received light

intensity as a function of wavelength. Individual gaseous chemical species exhibit

unique fingerprints of wavelength-specific absorptions which can be detected optically.

Identification of the gas can be achieved by measuring the absorption wavelengths, and

the gas concentration can be related to the absorbance magnitude.

The absorbance magnitude is described by the Beer–Lambert law [248]:

α(λ) = − ln

(
I(λ)

I0(λ)

)
, (7.1)
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where I denotes the transmitted optical intensity through the gas, and I0 is the initial

signal intensity, at wavelength λ. The absorbance, α, is also defined in terms of gas

properties [248]:

α(λ) = L
∑
j

Sjnχψj(λ), (7.2)

where L is the optical to gas interaction length, S is the (temperature dependant)

linestrength of transition j, n is the number density of the gas of interest, χ is the mole

fraction of the gas, and ψ is the (temperature, pressure, wavelength, and concentration

dependant) lineshape function.

Using equations (7.1) and (7.2), a relationship for measured intensity can be formed:

I(λ) = I0(λ)e−Lk(j,λ), (7.3)

where k is chosen to contain the gas-specific functions in equation (7.2). In an experiment,

I0 and L can be varied in the design, but the other values would be constrained by the

experimental design and gas species. Equation (7.3) shows the optical to gas interaction

length (optical path length, L) is more critical than initial intensity in impacting the

concentration measurement. Estimations of required optical path lengths were made to

enable an evaluation of technique feasibility, but first operating wavelengths needed to be

selected in order to find typical gas linestrength values.

The project required spectroscopy to be performed at wavelengths supported by

NIR optical fibres. A search was conducted to find absorption wavelengths for H2O,

and O2. It was important the wavelengths selected had suitable lasers and detectors

available, and that the spectral region was specific to one of the chemicals, to enable

identification. Absorptions close to 1352 nm have been previously demonstrated for

H2O detection (absorption lines shown in figure 7.1) [101, 105, 124]. Measuring O2

using absorption spectroscopy is typically achieved at 761 nm (absorption lines shown

in figure 7.2) [251] and commercial instruments are available based on this technique

at this wavelength [125]. In both cases, the absorption regions are free from absorption

features from the other chemical of interest. H2O vapour is more commonly measured at

1396 nm [99], but the wavelengths chosen were based on AWE availability of DFB lasers

and to ensure potential parasitic absorptions from materials within an ageing experiment

were avoided [15].
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Figure 7.1: HITRAN [249, 250] H2O simulation at 1358 nm over a 0.1m path length, at
1000mbar and at 300K, for a 0.1% concentration of H2O by volume.

Figure 7.2: HITRAN [249, 250] O2 simulation at 761 nm over a 0.1m path length, at 1000mbar
and at 300K, for a 0.1% concentration of O2 by volume.

For the purpose of evaluating the potential for measuring the required chemicals using

absorption spectroscopy, the high resolution transmission (HITRAN) database [248–250]

was used to provide the chemical absorption database for simulations of spectroscopic

configurations. From prior AWE experience, absorbance values between 0.01 to

3 (absorption: I
I0

= 99 % to 5 %), with a noise equivalent absorption (NEA) of

1× 10−3 Hz−1/2, were considered achievable using laboratory equipment to assemble

a TDLAS system [15]. These values were considered optimistic based on a number

of interrogation technique improvements demonstrated in literature, with minimum

absorptions repeatedly demonstrated down to 1× 10−9 [99,101,247] (compared to 0.01),

but the values chosen by AWE were used to inform the development and evaluation of

sensing techniques in this thesis. This project was focused on the identification and

evaluation of gas detection techniques, rather than providing a fully optimised TDLAS
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interrogation solution.

Through iterating HITRAN-based simulations and using the absorbance minimum

threshold of 0.01, a search for the optical path length (L) required to satisfy the project

requirements was conducted. The H2O resolution requirement of 40 ppm was found

to require an optical path length in the order of 6 m, when using the absorption at

1352.48 nm, at 300 K, and 1000 mbar. At this path length the detection system would

be likely to saturate at the maximum required concentration of 100 000 ppm, since the

simulation peaked at an absorbance of 24, which is significantly above 3. A number of

other H2O absorptions are located within the wavelength tuning range of a typical DFB

laser of ≈ 0.8 nm, as shown in figure 7.1. For instance, by measuring the H2O absorption

at 1352.00 nm, in addition to the one at 1352.48 nm, could enable the maximum required

concentration to be measured with an absorbance of 1.6 (when simulated at maximum

concentration and at 317.15 ◦C) within the 6 m path length. Therefore a single cell could

provide the full range of H2O concentration values required using a single DFB laser.

Detection of O2 with a resolution of 0.1 % was predicted to require an optical path

length in the order of 90 m, when detecting at 760.89 nm, at 300 K, and 1000 mbar. The

maximum required concentration is 25 %; this measurement would not saturate based on

our system estimation. This optical path length estimation yielded a significantly longer

length than that required for H2O and CO2, and was considered impractical. Alternative

techniques were therefore investigated for the detection of O2.

Detection of H2O within the project requirements using TDLAS was considered

achievable based on these calculations. It was considered ideal to measure both gases

within a single spectroscopic gas cell, by using different wavelength lasers in the

interrogation system. However, the required 6 m of optical path length was too long to

fit into an experimental system. Multiple geometries have been previously demonstrated

that enable the path to be folded between mirrors to enable the creation of compact gas

cells with long optical lengths [99, 106, 108, 109, 124, 251–261].

Resonant techniques, such as those used in cavity-enhanced systems or cavity ring-

down spectroscopy [108,109], were discounted from further review due their wavelength-

specific design. Such restrictions make the design of a multi-gas cell complex due to

the multiple wavelength operation required. For non-resonant multi-pass gas cells with

typical path lengths starting from multiple meters, those originated by White and Herriott

are often demonstrated in literature [99, 259, 262, 263]. A multi-pass cell named after its

geometry, the circular multi-reflection (CMR) cell has also been demonstrated [99, 105,
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124,252]. Figure 7.3 provides an overview of these three common multi-pass cell designs.

Many other geometries have been shown and each has a unique set of advantages and

Figure 7.3: Diagrammatic overviews of three multi-pass gas cell designs: the White cell, the
Herriott cell, and the circular multi-reflection (CMR) cell. In each case the input and output
beams are identified.

disadvantages [99], but typically the simpler configurations see the most use. The key

advantage typically associated with the White cell design is its ability to accept a high

numerical aperture (NA) optical input [99], which could reduce collimation requirements

in a fibre-coupled configuration. The Herriott cell is known to have high optomechanical

stability [99, 257], which could be advantageous for long-term experimental use. The

Chernin cell, which is physically similar to the White Cell (figure 7.3) but with additional

small mirrors arranged in a 2-dimensional matrix, also accepts high NA inputs and has

been demonstrated for path lengths in excess of 1 km [99, 261], which is far in excess of

path lengths required for this work.

From the review of multi-pass gas cells conducted, the Herriott cell geometry was

selected as the most suitable for this project due to its high optomechanical stability

and demonstrated multi-gas use [99, 257]. A review of COTS Herriott cells was

conducted with the requirements of fibre coupling, compact size, and optical path length

of approximately 6 m. No commercially available options were found meeting the fibre

coupled and compact size requirements, and cell designs included within literature were

also not sufficiently compact or suitable for fibre-coupling. Therefore the decision was

made to develop a bespoke cell for use within this work.

Fluorometry

An alternative gas sensing technique, that doesn’t require optical path lengths, is

fluorometry. Fluorometry is the general name given to sensing techniques which use

variations in fluorescence lifetime or intensity to indicate a change in a sensing parameter

of interest [65, 264–266].

Fluorescence is the optical process where higher energy photons are absorbed by
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a material and then lower energy photons are emitted. The absorbed photons excite

electrons from their ground state to some excited state. The electrons subsequently

de-excite back to the ground state, but via multiple possible routes, some containing

an optically radiative transition and one or more non-radiative transitions. The result

is a broad range of emitted wavelengths from the material, at longer (lower energy)

wavelengths than those used for the excitation [66, 67]. The process was first described

by Stokes in 1852 [267]. In biology and chemistry, molecules used for their fluorescent

properties are often called fluorophores where they are used as markers or tracers [67].

The intensity, I , of the light emitted from a fluorophore can be expressed as [67]:

I = I0kΦAM , (7.4)

where I0 is the intensity of the illuminating light, k is a constant relating to the light

coupling efficiency of the experiment, Φ is the quantum yield, and AM is the molar

absorptivity. In chemical or biological processes where the fluorophore is consumed or

created, the intensity of fluorescence can be used as a measure of concentration [67].

An alternative technique is to monitor the fluorescence lifetime [268]. The lifetime

can be modified by the presence of another chemical, through a quenching process,

called intramolecular deactivation. The measured lifetime, τ , can be used to infer the

concentration of a quenching chemical, [Q]. The Stern-Volmer relation provides the

conversion between τ and [Q] [268, 269]:

τ =
τ0

1 + τ0kq[Q]
, (7.5)

∴ [Q] =
1

τkq
− 1

τ0kq
, (7.6)

where τ0 is the emission lifetime under quencher-free conditions and kq is the bimolecular

quenching rate constant. An example of the fluorescence lifetime variation due to changes

in quencher concentration, formed from equation (7.6), is shown in figure 7.4, which

indicates the sensitivity of this technique is greater at lower concentrations.

Molecular oxygen sensing has been previously demonstrated using this fluorescence

quenching technique [270–272], and commercially produced sensors are also

available [273, 274]. Baleiza et al use a dual fluorophore technique to simultaneously

measure temperature, using a (ruthenium tris-1,10-phenanthroline) dye, and O2

concentration, using fullerene C70 contained within a polymer [270]. The technique was
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Figure 7.4: Fluorescence lifetime dependence on quencher concentration.

not demonstrated with an optical fibre based configuration, as is required for this thesis,

but demonstrated a detection limit (DL) below 530 ppb, which is far below that required

for this project (of 1000 ppm). Concentrations are only demonstrated up to 50 ppm, so

performance at higher levels would need to be evaluated, before fibre integration was

considered. Fresnadillo et al use ruthenium(II) tris-chelate complexes within polymer for

creation of an O2 sensor [272]. The temperature sensitivity of the fluorescence technique

used is noted as significant and the sensor is not optical fibre integrated, so not suitable

for use in this thesis. The evaluation is presented for concentrations from 0 % to 100 %,

in approximately 15 % increments.

Fluorescence-based sensors are typically interrogated using phase-fluorometers [273],

since the decay time typically varies in the range of 10 ns to 10 µs and is therefore non-

trivial to measure. The phase-fluorometer modulates the intensity, I0, of the optical

stimulation at a frequency, ω, while monitoring the return intensity, I , of the fluorescence

signal. The phase difference between the stimulation and return signals, φ, can be related

to decay time, τ , where [266]:

τ =
tan (φ)

ω
, (7.7)

when a sinusoidal modulation scheme is used. The modulation frequency can be

varied to maximise the sensitivity of the measurement and mitigate the phase-degeneracy

introduced by the tangent function.

The COTS PSt7 sensor from PreSens (Germany) has a stated resolution of ±0.05 %

and an operating concentration range from 0 % to 100 % [274], suggesting compatibility

with the project requirements. At low concentrations (1 %) the resolution is stated to
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improve to ±0.01 % [274], supporting the relationship shown in figure 7.4. The PSt7

is an optical fibre-based device and seemed likely to satisfy the project integration

requirements, but experimental investigation to provide confidence in its long-term

performance was recommended.

Conclusions

Using absorption spectroscopy to detect and measure H2O to the project requirements was

considered achievable, if a 6 m optical path length was achieved. The Herriott geometry

was chosen for the basis of a bespoke compact gas cell design.

Detection and measurement of O2 was not considered feasible via absorption

spectroscopy due to an exceedingly long path length estimation to meet the project

requirements. Instead, a fluorescence based sensor was considered likely to meet the

project requirements based on a COTS sensor specification, but its operating performance

over a long experimental time-frame was unknown. A long-term experiment was

therefore required to provide confidence in the sensor and confirm if it could meet the

project requirements. Since no extended study of such sensors has been reported, a novel

experiment was conducted to repeatedly interrogate a fluorescence based sensor over a

protracted time-frame and evaluate its performance.

7.2 Spectroscopic Gas Cell

A multi-pass spectroscopic gas cell was developed to enable H2O measurements within

the project’s experimental system. The key design requirements for the cell were: the

need for a compact size, integration with NIR optical fibres, chemical compatibility, and

long-term robustness.

It was identified that an optical path length in the order of 6 m was required and that

the Herriott cell geometry would be utilised.

Herriott multi-pass geometry

The Herriott cell geometry was chosen for use within the bespoke gas cell due to

its optomechanical robustness and multi-pass topology. The physical shape of cells

based on the Herriott geometry is typically cylindrical which was considered a suitable

configuration to fit within many typical experimental systems. Multi-pass topology was

considered advantageous compared to alternative resonant techniques, since one cell was
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desired for the detection of multiple chemical species. A cell designed on the Herriott

geometry is not wavelength dependant, so the range of wavelengths supported is only

limited by the launch and collection optics.

In 1964 Herriott demonstrated a technique for reflecting a laser beam multiple times

between two mirrors [262]. The design is non-resonant and can be used to create an

‘open path’, meaning the light does not re-travel the same path on its multiple reflection

route within the cell. The geometry was contained between the two mirrors, where light

enters the system at one mirror, typically through a hole, and then reflects many times

between the two mirrors in a defined pattern, before exiting, typically through the entry

hole, as shown in figure 7.3. In the Herriott configuration each trip through the cell has

a unique reflection position on each mirror. The technique is shown for both spherically

curved and for astigmatic curved mirrors [263], the latter enabling a wider coverage of

reflections on the mirrors, at the expense of higher alignment tolerance requirements [99].

The Herriott geometry was modelled in this thesis using the ray transfer matrix

method, which is a technique commonly used for optical systems [45, 46, 218–224].

For this project, a Herriott cell geometry with two spherical mirrors was chosen due

to lower alignment tolerances. It was considered that future work could investigate the

potential for creating an astigmatic cell design either to enable more compact cell designs

or longer optical path lengths. Spherical mirror cell designs can result in a number of

beam profiles on the mirrors, but one typically targeted is the tri-lobed design, which

features a significant 120◦ rotational symmetry [257], and was used within this design.

The transfer matrix form used took the beam position in x and y and the beam angle,

θx and θy, and represented them in a matrix form:

M =


x

θx

y

θy


. (7.8)

One round trip through the gas cell, starting at the front face of the entry mirror,

consists of: a translation along the cell, a reflection from the far mirror, a second

translation along the cell, and a reflection from the entry mirror. The transformation
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matrix for translation along the cell, T, can be constructed:

T =


1 d 0 0

0 1 0 0

0 0 1 d

0 0 0 1


, (7.9)

where d is the distance between the mirrors in meters. The two similar mirrors were

spherically curved and placed perpendicular to the optical axis. The transformation matrix

for a mirror reflection, R, can therefore be constructed:

R =


1 0 0 0

− 2
R

1 0 0

0 0 1 0

0 0 − 2
R

1


, (7.10)

where R is the mirror radius of curvature in meters.
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A round trip transformation matrix for the cell, C, can be constructed using T and R:

C = RTRT (7.11)

C =


1 0 0 0

− 2
R

1 0 0

0 0 1 0

0 0 − 2
R

1




1 d 0 0

0 1 0 0

0 0 1 d

0 0 0 1




1 0 0 0

− 2
R

1 0 0

0 0 1 0

0 0 − 2
R

1




1 d 0 0

0 1 0 0

0 0 1 d

0 0 0 1


(7.12)

=


1 0 0 0

− 2
R

1 0 0

0 0 1 0

0 0 − 2
R

1




1 d 0 0

0 1 0 0

0 0 1 d

0 0 0 1




1 d 0 0

− 2
R

1− 2d
R

0 0

0 0 1 d

0 0 − 2
R

1− 2d
R


(7.13)

=



1 0 0 0

− 2
R

1 0 0

0 0 1 0

0 0 − 2
R

1





1− 2d
R

d(2− 2d
R

) 0 0

− 2
R

1− 2d
R

0 0

0 0 1− 2d
R

d(2− 2d
R

)

0 0 − 2
R

1− 2d
R


(7.14)

C =



1− 2d
R

2d(R−d)
R

0 0

4(d−R)
R2

4d2−6dR+R2

R2 0 0

0 0 1− 2d
R

2d(R−d)
R

0 0 4(d−R)
R2

4d2−6dR+R2

R2


. (7.15)

Using this transformation matrix, the beam position could be calculated after its

reflection on the entry mirror after any number of round-trips through the cell, n, given a

known starting beam position and angle, using:

Mn = Cn M0. (7.16)

The method was used by choosing initial starting beam properties containing a desired
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position and arbitrary small angles:

M0 =


0

−0.01

0.004

−0.01


. (7.17)

Microsoft (USA) Excel was then used to numerically calculate the final beam position

after 37 round-trips through the cell with mirrors of focal length 100 mm and mirror

separation of 95.2 mm. The input beam angles were adjusted until the M37 x and y

position matched the initial position to within 0.1 mm. The adjustment to the angles

were made using Excel’s in-built Solver goal-seeking feature. In a typical Herriott

cell arrangement the resulting input and output angles could then be used to assist in

experimental alignment. The aim of this work was to create a cell with the required angles

engineered into the mechanical structure to provide mechanical robustness and long-term

alignment stability. The model was used used to calculate the mechanical tolerances

required for alignment, as described further below.

Because the input and output angle difference is small, to assist in fibre coupling

to the system, the cell was designed to enable collection of the beam from trip 36 (as

opposed to trip 37, which would be the typical configuration) through a second hole in

the entry mirror. The second hole would be approximately 120◦ from the first around the

axis of the cell, providing sufficient space to fit both optical fibre collimators side-by-side

behind the entry mirror. The output beam properties were calculated using equation (7.16)

for M36. This method modelled the position where the beam would hit the mirror, but

the angles were incorrect since they included a mirror reflection which would not occur.

Equation (7.16) was modified to provide the desired position and angle:

Mn = TRT Cn−1 M0. (7.18)

Using this method, 70 mirror positions, (entry, exit, and 36 round trips) were modelled

and provided both the input and output beams positions and angles, which were used to

inform the design of a bespoke spectroscopic gas cell. The position of each reflection on

the entry mirror was calculated and is shown in figure 7.5. The numbering denotes the

starting position of each full pass through the cell (not the resulting position), thus the first
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Figure 7.5: Modelled Herriott geometry beam positions on the entry mirror. Beam positions are
numbered to indicate the order of beam reflection.

beam at position (0 mm, 4 mm) is marked 1 not 0. The first three positions are marked in

red to highlight the tri-lobed pattern of the geometry. Position 37, marked in blue, is the

exit location of the beam.

The matrix model was experimentally verified by placing the mirrors within

laboratory breadboard optics mounts and launching light from a collimator along the

calculated path. Since the experimental configuration was assembled from COTS

components, the mirror separation and beam path desired were not exactly matched.

The achieved configuration was examined and the matrix model was updated with the

new values. A photograph of the entry mirror when the cell was illuminated from a

fibre-coupled 632 nm red laser diode, overlaid with the matrix model reflection locations,

is shown in figure 7.6. Good agreement was demonstrated between experimental

and theoretical results. Minor deviations were expected from parallax errors in the

photograph due to the angle from which it was taken; the rear mirror blocked access

for a perpendicular image. The entry hole (top) and exit hole (mid-left) are also visible

and were rear-illuminated by a white LED.

This breadboard demonstration provided confidence in both the technique and validity

of the matrix transfer method employed. The model was therefore used to generate a cell

geometry to achieve an estimated 6.85 m of optical path length, which was intended to

enable gas sensing of H2O meeting the project requirements.

By varying parameters within the model, including collimator angle, collimator
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Figure 7.6: Photograph of Herriott geometry model verification on the launch mirror with overlaid
theoretical locations. Photograph was taken at an angle so parallax errors are present in the image.

position, mirror separation distance, and mirror radius of curvature, the sensitivity to

mechanical perturbations were evaluated. The collimator angle was required to be

maintained within ±0.5◦, the collimator positions were required to be within ±0.2 mm,

the distance between the mirrors was required to be within±0.1 mm, and the mirror radius

of curvature was required to be within ±0.5 mm. These tolerances were considered to

be within manufacturing limits, and once assembled only the mirror separation distance

would be likely to vary. This distance could be affected by changes in temperature which

would cause thermal expansion or contraction of the cell. If manufactured from stainless

steel 316, the ±0.1 mm mirror separation tolerance would equate to a temperature

variation of ±10 ◦C.

Spectroscopic gas cell mechanical design

Using the modelled geometry, a spectroscopic gas cell was designed to achieve the

36 round trip, 6.85 m path length design. The model provided the specification for

mirror separation, mirror curvature, hole positions on the entry mirror, and optical fibre

collimator angles. Key aims were fibre coupling, small size, long term robustness, and

chemical compatibility. The engineering sketch of the entry mirror designed is shown in

figure 7.7. The alignment notch was included to provide a rotational constraint during

assembly. The rear mirror was identical to the entry mirror, but without the two 0.6 mm
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Figure 7.7: Entry mirror sketch for Herriott cell design. The design features two holes and an
alignment notch.

holes. The collimated beam diameter (1/e2) was designed to be 0.4 mm, which ensured

that within the mirror hole size, physical tolerances, and beam angle, the beam and mirror

would not interfere.

The cell was required to constrain the two mirrors in parallel and at a specific

separation, while also holding two optical fibre collimators at the correct position and

angle. The cell design contained holes to enable free diffusion of gas to ensure the gas

detected within the cell was an accurate representation of the experimental environment.

Multiple cell mounting options were also included to aid evaluation and experimental

design. A schematic diagram of the cell construction is shown in figure 7.8. The mirrors

Figure 7.8: Diagram of bespoke Herriott cell design construction. Beam paths shown are
illustrative only.

are located within the cell tube, positioned on an internal lip. The mirrors are kept in

position by a mount and a threaded locking ring which provides pressure locating the

mirror robustly on the internal lip. The mount has angled holes at the correct positions

to align two collimators with the mirror holes and geometric modelling. There are

141



Chapter 7: Gaseous Chemical Detection

no alignment features included within the design, such as collimator angle or mirror

separation adjustments, to aid with long-term robustness, since there are no adjustments

to become miss-aligned over time.

A 3D representation of the design, including beam paths based on the matrix model,

is shown in figure 7.9.

Figure 7.9: CAD image of designed multi-pass Herriott cell. The cell tube is shown translucent,
and the (red) optical path is shown following the simulated geometry.

The cell design had an outer diameter of 18 mm and a total length of 140 mm with two

optical fibres exiting from one end. The design was intended to be sufficiently defined

and toleranced to negate the need for alignment during assembly, both simplifying the

assembly procedure and removing sources of drift during an experiment.

Spectroscopic gas cell manufacture

Manufacture of the cell required the purchase of custom gold coated mirrors and pigtailed

optical fibre graded index collimators, the drilling of holes within the entry mirrors, and

the machining of three metal parts.

Mechanical drilling of the holes was achieved by Mr Mark Leonard, a technician with

the School of Engineering and Physical Sciences at Heriot-Watt University. A photograph

of one of the drilled holes is shown in figure 7.10. The hole was drilled to a diameter of

0.8 mm and localised damage to the gold coating was noted.

Figure 7.10: Photograph of drilled mirror hole for the bespoke Herriott cell. The cursors are
indicating a finished hole size of approximately 0.8mm.
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The damage was sufficiently close to the hole to not cause significant impact on the

operation of the cell, since only the entry and exit beams pass close to the holes.

The three metal components (cell tube, mount, and locking ring) were manufactured

in-house at AWE with support from the tooling drawing office and the conventional

materials manufacturing facilities. A photograph of the cell tube is shown in figure 7.11.

A photograph of the mount is shown in figure 7.12. These three parts were manufactured

Figure 7.11: Photograph of manufactured bespoke multi-pass Herriott cell tube.

Figure 7.12: Photograph of mount within the lens tube and with locking ring in place, with two
fibre collimators visible, and three threaded holes for grub screw adjustment (not used).

from stainless steel 316. The material choice was made for its chemical compatibility

within a large range of experiments and its low thermal expansion, which was estimated

to enable the cell to function within a ±10 ◦C temperature range. Whilst this range

was too small for all experimental configurations, such as thermally accelerated ageing

experiments, it was thought sufficient to enable laboratory cell evaluation. Re-

manufacturing in a near-zero thermal expansion material such as Invar (FeNi36) was

considered possible in the future.

The purchase of the gold coated mirrors was processed as a custom order due to

the non-standard combination of 12.7 mm diameter and focal length of 100 mm (R =

200 mm). The drilling of the holes within the front mirror was one of the more complex

processes required. The Heriot-Watt University team tried a number of techniques

including laser drilling, but the final mirrors were created by mechanically drilling under

a layer of water. The final mirrors featured holes larger than originally specified but it was

considered acceptable for the beam spot size and mirror reflection density of the design.

The pigtailed graded refractive index (GRIN) fibre collimators were standard catalogue
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items, but they were not produced to the angular tolerances required. Upon enquiry it

was indicated the angular tolerance required could be achieved, but no quotation was

forthcoming from the manufacturer at the low quantities the project desired. In the future,

a larger order should be able to yield a higher level of supplier engagement, but this work

continued using the collimators procured. The manufacture of the metal components at

AWE was achieved, once it was accepted the tight tolerances were a requirement.

Upon full assembly the components fitted together as expected. The full assembly

consisted of 1× cell tube, 1× front mirror, 1× rear mirror, 2× mount, 2× locking ring,

2× pigtailed fibre collimator. Alignment was evaluated using a 632 nm fibre-coupled

laser diode after assembly. Since the collimators did not meet the required specification

for coaxial beam output, the cell did not function as intended. The collimators required

adjusting to achieve alignment, which consisted of rotating the collimators within their

holes in the mount until a secondary Herriott geometry solution was found. With the

support of the computational model, this was found to be achievable using a 34-pass

solution, which was confirmed when light was detected in the collection fibre.

Spectroscopic gas cell experimental evaluation

A TDLAS experimental configuration was assembled from bench-top equipment to

enable evaluation of the manufactured gas cell. The equipment was connected as shown

in figure 7.13. A signal generator was used to provide a saw-tooth modulation source, a

Figure 7.13: TDLAS evaluation experimental configuration.

NanoPlus (Germany) 1352 nm DFB pigtailed diode laser was driven from a Thorlabs

(USA) Pro8000 laser and TEC driver. An InGaAs amplified photodiode with fibre

coupling was used to measure the returned optical signal from the cell, and an oscilloscope

was used to capture the data.

The laser driver used the modulation input from the signal generator to vary the drive

current to the diode laser. The TEC driver maintained the laser package at a constant
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34 ◦C. As the drive current was varied, the wavelength of the laser also changed. The

wavelength change was sufficient to cause the laser to scan over four absorption lines

of H2O. The laser was modulated at 500 Hz. The relationship between modulation

voltage and wavelength was evaluated to enable the creation of a conversion fit, shown in

figure 7.14. The relationship was measured using three wavelength references within the

Figure 7.14: Modulation voltage to wavelength relation for the assembled TDLAS system using
a 1352 nm DFB laser.

scan window and numerically fitting a 2nd order polynomial. The signal generator was

noted to introduce noise to the system in the form of a non-linear sweep. Figure 7.15

shows the residual of the linear modulation sweep as a function of laser wavelength. The

±0.01 V deviations of the modulation signal would cause a corresponding deviation in

laser wavelength. This experimental configuration was considered non-ideal but sufficient

to perform an experimental evaluation of the gas cell to inform future development. To

partially mitigate the modulation deviations, the oscilloscope performed a 256 rolling

average during data acquisition.

The TDLAS system was initially used to evaluate the cell test configuration which

was assembled to perform the ray matrix transfer model validation. The experiment was

conducted in the open laboratory environment with the aim of detecting the ambient H2O.

The local temperature and relative humidity were separately monitored. The measured

optical power as a function of time was recorded, along with the modulation voltage

as a function of time. The optical power as a function of modulation voltage was then

calculated and converted using the fit in figure 7.14 to reveal the optical power as a

function of wavelength. The detector baseline signal level (signal with the laser off) was

then subtracted. To this signal a linear baseline was fitted to account for the increasing

laser power output which accompanied the increasing drive current and wavelength shift.
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Figure 7.15: The residual of 2nd order polynomial fitting of the TDLAS modulation voltage,
showing deviations from a linear voltage increase.

The signal was then divided by the calculated baseline to give absorption as a function of

wavelength. Finally the absorbance was calculated from the absorption data by taking the

negative of the natural logarithm. The calculation steps can be summarised as:

Take measurement: Signal(t),Modulation(t) (7.19)

Adjust to wavelength: ⇒Signal(Modulation) ⇒Signal(λ) (7.20)

Detector adjustment: Signal(λ)− Detector baseline =Signal∗(λ) (7.21)

Calculate baseline: Linear fit
[
Signal∗(λ)

]
⇒Baseline(λ) (7.22)

Calculate absorption:
Signal∗(λ)

Baseline(λ)
=A(λ) (7.23)

Calculate absorbance: − lnA(λ) =α(λ) (7.24)

The resulting absorbance as a function of wavelength is shown in figure 7.16, along with

the superimposed HITRAN simulated data in equivalent conditions. Strong agreement

was noted between the measured signal and the simulated HITRAN values, suggesting the

test configuration was working as expected. Only two H2O peaks were detected within

the laser scan range, and the geometry was estimated to achieve an optical path length of

(6.47± 0.05) m.
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Figure 7.16: TDLAS experimental evaluation of breadboarded gas cell geometry while detecting
ambient H2O. HITRAN simulated spectra are also shown for comparison.

The TDLAS system was then used to measure the assembled gas cell that was

designed and manufactured as part of this project. The system was used to measure the

ambient laboratory H2O level as before. The measured absorbance and corresponding

HITRAN simulation are shown in figure 7.17. Good correlation was noted between

the measured signal and the HITRAN simulation. The absorption near 1358.4 nm had

saturated the TDLAS system so data shown with absorbance above≈ 2.8 was considered

indicative rather than quantitative. The absorption near 1358.8 nm was measured to be

smaller than expected. Operation at the design geometry would require a new batch

of collimators, assembled within the required tolerance, but the path length achieved

of (6.47± 0.05) m, was considered to be close to the target length of 6.85 m. Using

HITRAN simulations and the results from the manufactured gas cell, the maximum

detection resolution of the cell was evaluated, using the reference absorbance 0.01, and

taking account of uncertainties in path-length, measured humidity, and the cell alignment,

the detection limit was determined to be (38± 12) ppm of H2O, which met the project’s

requirement of 40 ppm.
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Figure 7.17: TDLAS experimental evaluation of manufactured gas cell while detecting ambient
H2O. HITRAN simulated spectra are also shown with an upper and lower prediction band based
on the ambient humidity measurement uncertainty.

Spectroscopic gas cell conclusions

Absorption spectroscopy in the NIR was selected for detection of H2O and CO2. A

non-resonant multi-path optical arrangement was chosen to enable multiple chemicals

to be detected by one gas cell while enabling a physically compact arrangement. The

Herriott geometry was chosen requiring two spherical mirrors. A mathematical model

was developed to calculate the mechanical cell parameters following which the cell

was designed and manufactured. The manufactured cell was experimentally evaluated

using a TDLAS system to measure ambient H2O. The results indicated the cell was

functional, but suggest the path length achieved was below the designed length. The

cause was identified as the optical fibre collimators, which were found to have poor

coaxial alignment resulting in a Herriott geometry different to that designed. In the future

the issue could be rectified by purchasing to a higher specification, or assembling the

collimators in-house. The size of the cell and fibre coupling was considered suitable for

integration into a likely experimental configuration. The stainless steel cell tube would

need to be manufactured from a different material, such as Invar, for thermal stability,

but the system was considered chemically compatible. Fibres and collimators, in future,

likely require metal coating or encapsulation in a suitable material (see chapter 9). Fibre

coupling was achieved and the fibre used, SMF-28, was compatible with the interrogation

system fibre routing. The estimated detection resolution of H2O using this cell was
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(38± 12) ppm which met the project requirements.

Future improvements to the TDLAS technique used in this work would be able to

decrease the noise in the measurement and increase the sensitivity. Ideally in the future

a module for the modular interrogation system discussed in chapter 3 would be designed

to achieve TDLAS. Multiple modules, each operating at a different wavelength, could be

used to target a number of gaseous chemicals of interest.

The cell could be suitable for CO2 and CH4 sensing without modification using DFB

lasers at approximately 2004 nm and 1654 nm respectively. Based on the performance

for detecting H2O and the shorter optical path length estimation, an expected resolution

possible was estimated for CO2 to be (120± 5) ppm, and for CH4 to be (45± 2) ppm.

7.3 Fluorescence Oxygen Sensing

Commercially available O2 optical fibre sensors based on the fluorescence quenching

have previously been evaluated at AWE [237]. The sensor performance was found to

meet the O2 sensing requirements of this project, but the long-term performance was

not assessed. The sensors were IMP-PSt7 sensors, manufactured by PreSens Precision

Sensing (Germany). The fluorophore material was not stated for the sensor, but it was

thought to be constructed from platinum porphyrine or ruthenium(II) complexes [271]. A

diagram of the sensor construction is shown in figure 7.18.

Figure 7.18: Schematic of the PreSens IMP-PSt7 sensor.

The manufacturer makes no claim for long-term stability, in fact their instruction

manual states [275] that:

It is recommended to calibrate the oxygen microsensor prior to each

measurement. Especially after longer measurements (more than 18 000

measuring points or 8 h continuous sensor illumination) the sensor should

be re-calibrated.

The statement specifically suggests the sensor does not have long-term stability, and the

measurement process of the sensor causes sensor drift. Further, the sensor storage stability

was also stated as [274]:
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5 years provided the sensor material is stored at room temperature in dry

conditions and in the dark.

5 years is shorter than the experimental duration of interest in this project, and if used

within a thermally accelerated ageing experiment, these conditions would not be met

even when the sensor is not being measured.

Neither the specified operating or storage times were within the project requirements.

This work investigates the significance of the change in sensor performance from repeated

measurements and from storage periods.

Long-term oxygen sensor experimental design

The IMP-PSt7 sensors, from PreSens Precision Sensing (Germany), were measured using

the manufacturer’s Microx TX3 interrogator [276], logging data to a bespoke LabVIEW

VI via a RS232 connection. The interrogator provided the reported phase and intensity

from each sensor measurement, the PT1000 temperature value, along with a calculated

temperature-compensated O2 concentration value. The ambient temperature and ambient

barometric pressure were also monitored.

The experiment was configured as shown in figure 7.19. The experimental

Figure 7.19: Diagram of the oxygen-sensor long-term testing experimental configuration.

configuration was assembled and tested. The environmental conditions of the experiment

were not controlled but were monitored. A photograph of the experiment is shown in

figure 7.20. The PSt7 was calibrated following the manufacturer’s process [276] prior to

commencing the experiment.
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Figure 7.20: Photograph of the long-term oxygen sensor experimental configuration. The
experiment was housed in a light-proof box.

Long-term oxygen sensor results and discussion

The experiment operated during a 21 week period starting in August 2016 consisting of

a four week interrogation period, 16 weeks at ambient conditions, followed by a further

two weeks of interrogation. During each interrogation period five measurements were

taken per minute, resulting in approximately 50 000 measurements per week, and over

250 000 measurements of the sensor in total. The results are shown in figure 7.21. The

oxygen reading was found to have an increasing trend throughout the interrogation period,

even during the time at ambient conditions. The ambient temperature measurement

showed smaller variations following the interrogation break, attributed to the activation

of the building heating system during the interrogation break. The PT1000 reported

temperature values agreed with the ambient thermocouple measurements within their

respective uncertainties. The fluorescence intensity and phase readings showed strong

correlation with temperature, shown in figure 7.22. Both phase and intensity showed

a negative dependence on temperature. This explains the need of the Microx TX3

interrogator to measure the ambient temperature using its PT1000 sensor in order to

generate a %O2 reading. In an all-optical sensor deployment, the PT1000 would need
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Figure 7.21: Oxygen sensor long-term testing results showing the Microx TX3 oxygen reading,
intensity, phase and temperature. The experiment’s ambient pressure is also displayed.

to be replaced with an optical temperature sensor, such as an FBG.

The oxygen reading was observed to contain short-term measurement noise.

Figure 7.23 shows a histogram of the deviations from a 3 h moving average of the

measured oxygen reading. The histogram shows that over a short time period of 3 h,

the sensor measurement noise was within the project’s ±0.1 % resolution requirement,

however it exceeded the manufacturer’s specification for sensor performance.

During the experiment the ambient barometric pressure was not constant. The

measured pressure was used to convert the optical oxygen values into volume fraction

values. The resulting data is shown in figure 7.24. The measured oxygen reading was

found to continuously increase throughout the experiment. While being interrogated, the

drift was approximately an increase in partial volume of 0.001 per 10 000 measurements.

While the sensor was not interrogated, but left at ambient conditions, the increase was

approximately 0.004 every 10 days. If the drift was constant, over the course of an

experiment, the sensor measurement would potentially read over 100 % without any
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Figure 7.22: Oxygen sensor’s intensity and phase measurements correlation to temperature
analysis, for measurements captured at an ambient pressure of (1010.40± 0.05)mbar.

increase in actual oxygen concentration within the experiment.

The cause of the measurement drift could have been due to a number of processes.

The process was likely located within the tip of the sensor, directly affecting the

fluorophores. Effects such as photobleaching are well known within fluorometry,

especially in environments containing oxygen [269], and results in a reduction of active

fluorophore numbers. The cause is typically associated to reactions between a fluorophore

and a surrounding molecule while the fluorophore is in an optically excited state (and

hence more reactive) [269, 277]. Therefore photobleaching occurs predominantly while

the fluorophores are excited (illuminated), and the number of interrogations would

directly impact the sensor performance. This is supported by the manufacturer’s statement

to recalibrate the sensor after 18 000 measurements. The sensor drift observed during the

interrogation break in the experiment, suggests such a mechanism also occurs, at a slower

rate, even when not excited. The increase in measured oxygen concentration suggests that

photobleached fluorophores, which have bonded with a molecule such as oxygen, act as

additional quenchers to the still active fluorophores, reducing the lifetime τ .
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Figure 7.23: Oxygen sensor long-term oxygen value deviation histogram compared to a 3 hourly
average.

Figure 7.24: Oxygen sensor long-term measurement drift analysis shown for volume fraction of
O2 against experiment time.
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Long-term oxygen sensor conclusions

The optical oxygen sensor readings were found to increase throughout the long-term

experiment, attributed to measurement instability of the fluorophores used. The drift

was faster during times where the sensor was regularly interrogated, suggesting a light-

stimulated degradation to the sensor, such as photobleaching, was occurring. While the

sensor was not interrogated measurement drift was still found, indicating that even an

infrequently-interrogated sensor would not perform as required by this project.

The optical oxygen sensor was not chosen for further development, but it was noted

the form factor was suitable for use within an experimental configuration. Future

development of highly stable fluorescent materials could result in a suitable sensing

technique, such as C70 fullerene fluorophores demonstrated by Baleiza et al [270], which

demonstrate a DL below 530 ppb.

7.4 Gas Detection Conclusions

Development and investigation of gas sensing techniques were conducted, resulting in the

development of a multi-reflection multi-gas cell suitable for NIR absorption spectroscopy,

and the long-term analysis of a fluorescence based optical fibre oxygen sensor.

A gas cell was designed based on the Herriott multi-reflection geometry, and

manufactured to achieve (6.47± 0.05) m of gas interaction path-length. The cell was

manufactured and experimentally evaluated for H2O, but was also considered suitable for

CO2 and CH4 measurement. The physical size of the cell was considered appropriate

for inclusion within an experimental configuration. The cell was fibre-coupled and was

intended to be long-term stable. The cell was interrogated using a TDLAS system. The

modular interrogation system (Chapter 3) was designed to be able to support TDLAS,

following future module development. This would enable the developed gas cell to be

integrated with the diagnostic system developed within this thesis.

The optical fibre fluorescence based oxygen sensor was a commercially available

sensor in a small form factor. The experiment found the sensor experienced drift both

when being frequently measured and also during periods without interrogation. It was

concluded the sensor was not suitable for use within the experimental configuration.
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Further work

Within the next 3 years further development of the NIR absorption spectroscopy

technique could be achieved. Further design iteration and evaluation of the gas cell

developed and improving the collimator coaxial tolerances, together with creating a

TDLAS interrogation module, would greatly improve the ability to deploy gas detection

techniques within material ageing experiments. Investigation of chemicals of interest

which could be measured within an SMF-28 fibre coupled system could also be

completed, potentially in conjunction with collimator improvements, to maximise the use

of the gas cell once located within an experiment.

The project requirements have necessitated the experiment to remain electrically

isolated. Work reported later, in chapter 8, challenges the all-optical approach which

has been the focus in this chapter. Further development of that work has the potential

to enable electronic gas sensors to be used within the experiments without breaching the

electrical isolation. Further, optical techniques such as non-dispersive infrared (NDIR)

sensing could be deployed locally within the experiment, leveraging MIR techniques

without requiring optical fibres operating at those wavelengths. Moving gas sensing to the

MIR decreases the absorption overlaps between differing gaseous species as experienced

in the NIR, potentially improving the confidence in the diagnostic measurements.

In 3-6 years time, it could be possible to include wavelength modulation spectroscopy

techniques within an interrogation module, in order to improve the system sensitivity.

This improvement could enable the use of shorter path-length gas cells offering a

reduction in volume required within the experiment, while also removing the saturation

concerns at high concentrations.

Previously demonstrated photonic crystal techniques for refractive index and bio-

sensing utilising slow-light photonic effects and slotted waveguides [278–283] could in

the future, enable miniature gas cells to be created that in only a few centimetres are able

to achieve multiple meters of gas/optical interaction length.

Further in the future, the use of MIR spectroscopy techniques in situ may become

viable. At the time of this project the MIR optical fibres commercially available were

lacking in flexibility, reliability, and compatible optical components. If MIR fibre and

optical techniques become as developed as those in the NIR then in situ spectroscopy

within the MIR would offer many advantages. The number of gaseous species which

could be detected would be much larger, and their differentiation would also be improved.
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Hollow core gas sensing techniques previously demonstrated [99, 141, 284, 285] can

create shape-conforming gas cells with many meters of path length. The practical

deployment of the technique has been limited due to the necessity of the gas to diffuse

into the fibre core, either from the fibre ends, or through laser-drilled side holes. If

further development of this technique can increase the diffusion into the core, reducing

the likelihood of creating local-environments while improving the response time, the

technique may be able to meet the requirements of this project. The use of long path-

length gas cells could enable the detection of O2 using absorption spectroscopy.
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This chapter details work that investigated the use of electronic sensors within an

electrically isolated experiment (OIES), by powering and communicating with them

entirely over optical fibres. The aim was to examine the feasibility of using mature

electronic sensing technologies while maintaining strict electrical and radio frequency

(RF) isolation.

Requirements

The system was required to operate over single-mode NIR optical fibre, compatible

with Corning (USA) SMF-28. All components used in the design were required to be

readily available for purchase, with multiple sources or compatible parts being preferable.

Electronic sensor measurements were required to occur periodically and pre-processing

of data was acceptable. A battery was not permitted in the remote sensing node due to

the protracted operating time-scale of all technology required within this research project.

Minimising the stored amount of energy within the sensing node was also preferable.

A 2018 internal AWE report reviewed the potential safety implications of deploying an

optically powered electronic system design within an electrically excluded experiment

and the approach was considered to have potential.

It was desirable that no significant laser safety precautions would be required, even in

the case of fibre disconnection or fibre damage, so the system was required to be Class

2M or lower. If the operating wavelength was outside the range 400 nm to 700 nm, then

the limiting class would be 1M [179], due to the light’s invisible nature.

8.1 System Design

The focus of the initial development was to demonstrate a functioning remote sensing

system in a short time-scale. As a result, minimal prototyping was conducted before

circuit design, PCB layout, enclosure design, and demonstrator production.

As discussed, the requirement for NIR fibre (SMF-28) operation rapidly directed
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the system design towards operation at either 1310 nm or 1550 nm. As common

telecommunications wavelengths, devices such as lasers, photodiodes, couplers and

optical circulators were readily available.

To satisfy the laser safety requirement, a laser operating at 1310 nm would require its

optical output power to remain below 500 mW (for Class 1M, 1250 nm to 1400 nm [179]).

However, a laser operating at 1550 nm would be required to remain below 10 mW (Class

1M, 1400 nm to 4000 nm [179]). Therefore operation at 1310 nm was preferable, and

fibre-coupled laser diodes (Fabry-Pérot cavity types) with optical outputs of 50 mW and

200 mW were procured from Thorlabs (USA) and Laser Components (UK) respectively.

At this wavelength InGaAs photodiodes were the obvious choice for receiving the

optical power. At 1310 nm their small-signal responsivity is typically greater than

0.9 A W−1 [286–288] which suggested high conversion efficiencies were possible. The

open-circuit voltage was estimated by subtracting the typical InGaAs intrinsic diode

voltage from the photon energy, calculated using the Planck-Einstein relation:

E =
hc

λ
, (8.1)

where E represents the photon energy in electron-volts, h is Planck’s constant in eV s,

c the speed of light, and λ the wavelength of the photon. For photons at a wavelength

of 1310 nm, equation (8.1) reveals an energy of E = 0.946 eV. Due to the nature of the

electron volt, the energy value calculated is equal to the EMF (voltage) generated. This

value, subtracting the InGaAs diode voltage (≈ 0.46), results in an expected open-circuit

voltage in the region of 0.47 V. Under load it was anticipated that this voltage would

drop [289, 290], but at this stage of development the operating voltage was unknown.

The system design consisted of an interrogation module and a remote sensor node,

linked by a single optical fibre. The interrogation module contained a laser, a photodiode,

and a micro-controller, and was discussed in Chapter 3. The laser provided the optical

power for the remote sensor node, and the photodiode received the sensor data for the

electronics to demodulate. The remote sensor node contained components to convert the

energy from optical to electrical and to control the electrical energy, as well as electronic

sensors, and the EOM. Dual parallel photodiodes performed the optical to electrical

conversion; the voltage is subsequently boosted and the energy stored within capacitors.

Electronic sensor data is captured on a micro-controller and transmitted optically using

the EOM. The single optical fibre was designed to be a single-mode 8/125 µm silica fibre,
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such as SMF-28 or similar, operating at 1310 nm.

A block diagram of the system design is shown in figure 8.1. The electrical circuit

(a) Block diagram for the optically powered
sensor interrogator.

(b) Block diagram for the optically powered
sensor node.

Figure 8.1: Block diagram for the optically powered sensor system.

(8.1a, a) contained a micro-controller and a single-mode 1310 nm 50 mW fibre-coupled

Fabry-Pérot type laser diode (Thorlabs LPSC-1310-FC). The laser was driven from a

constant current laser drive circuit controlled by the micro-controller using a general

purpose output (GPO). Laser monitoring circuitry is not shown for clarity. Wavelength

monitoring was not included since strict wavelength stability was not required for this

system.

An FC fibre bulkhead-coupled InGaAs photodiode (Thorlabs FGA01FC) was

connected to a variable-gain transimpedance amplifier circuit and a variable-threshold

comparator circuit. The digital output from the comparator was compatible with the

micro-controller universal asynchronous receiver-transmitter (UART) hardware. The

micro-controller could vary the signal gain and threshold to enable optical return intensity

tracking using a digital potentiometer controlled using the I2C protocol. The circuit shown

used a 16 MHz crystal for oscillator timing.

The optical circuit (8.1a, b) contained a circulator designed for operation at 1310 nm

(Thorlabs CIR1310). The circulator enabled single-fibre operation by routing the laser

down the link fibre, A©, and routing the return signal to the photodiode, B©.
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The sensor node optical circuit (8.1b, a) contained a corresponding optical circulator

(CIR1310) to route the input light to a 50:50 1310 nm directional coupler (Thorlabs

TN1310R5A1). One output of the coupler, C©, connected to one of the two photodiodes.

The photodiodes were of the same type as those in the interrogator. The second output

from the coupler connected to a 99:1 directional coupler (Thorlabs TN1310R1A1). The

99 % output, D©, connected to the second photodiode. The 1 % output, E©, connected

to the input of the intensity EOM. The output of the EOM, F©, returned the modulated

signal to the circulator, where it was directed back along the link fibre to the interrogation

module.

The optoelectronic conversion subcircuit (8.1b, b) used the two photodiodes in

photovoltaic operation for the optical to electrical conversion. The photodiodes were

wired in parallel and the generated voltage was increased by a transformer resonant step-

up DC:DC converter within the LTC3108. The voltage was increased above the minimum

start-up threshold of the second DC:DC converter, a charge-pump boost converter, that

increased the voltage further. A shunt regulator limited the maximum output voltage to

5.25 V.

Wiring the photodiodes in series, as opposed to parallel, would have doubled

the open-circuit voltage available and would have negated the need for two DC:DC

conversion stages. Parallel operation was chosen to limit the current flowing through

each photodiode’s bond wires, which were specified for 20 mA. Parallel operation also

provided a level of redundancy, enabling power conversion to continue even if one

photodiode failed open-circuit.

The shunt-regulated output formed the 5.25 V rail. The rail connected to a storage

capacitor (660 µF aluminium solid polymer electrolytic, Panasonic OS-CON SEPF series)

via a current limiter (4 mA), 20 µF bulk decoupling ceramic capacitors, and a 3.3 V

low drop-out (LDO) linear voltage regulator. A second 660 µF capacitor (SEPF) was

connected to the 3.3 V LDO regulator output, as was a voltage threshold circuit that

incorporated a high-side metal-oxide-semiconductor field-effect transistor (MOSFET)

switch. The threshold circuit monitored the voltage in the storage capacitor and when

it reached (2.8± 0.2) V activated power to the micro-controller subcircuit. The current

limiter ensured predictable initial capacitor charging sequencing and therefore correct

operation of the threshold switch. The threshold switch was required to ensure the micro-

controller would have sufficient power to complete its start-up routines and enter sleep

mode in a controlled manner. Once active the threshold circuit remained latched until the
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micro-controller circuit voltage dropped below (1.4± 0.4) V and the micro-controller’s

internal brown-out detection threshold was set to 1.8 V, to ensure predictable start-up

conditions. The Linear Technology LTC3108 DC:DC converter is separated into its

functional elements for clarity, and contains the transformer resonant step-up converter,

charge-pump boost converter, 5.25 V shunt regulator, 4 mA current limit, 3.3 V LDO

linear regulator, and the voltage threshold switch.

The micro-controller subcircuit (8.1b, c) consisted of a micro-controller (Atmel

(USA) ATmega644PV) operating using an internal resistor-capacitor (RC) derived,

calibrated, and subdivided 1 MHz oscillator. Multiple digital sensors were interfaced

using the I2C protocol hardware within the micro-controller. Analogue sensors were

supported using the micro-controller’s 10-bit ADC hardware. The intensity EOM

(Thorlabs LN82S) was driven directly by the micro-controller UART hardware at 240 kHz

baud. The EOM was modulated significantly below its 10 GHz designed operation, so

the UART signal was connected to the DC bias input, rather than the main input that

incorporated a high-pass filter [291]. The voltage required to cause a π phase shift, Vπ,

was ≈ 4 V [292], so the UART was able to generate high modulation depth operating

at 0.3 V to 3.0 V. The EOM controlled the optical intensity by use of an internal Mach-

Zehnder interferometer and a lithium niobate (LiNbO3) crystal, whose refractive index

varied as a function of electric field. The field was controlled by the application of a

potential difference, which enabled this technique to be very low power, since the DC

bias input was purely capacitive featuring no measurable DC resistance. Therefore the

power consumption of the data transfer was dictated by the input’s AC reactance, which

could be varied by adjustment of the data transmission baud rate. The current required,

IRMS, for data transmission in this way was predicted from first principles:

IRMS =
VRMS
XC

= VRMS · 2πCf, (8.2)

where VRMS denotes the root mean square (RMS) of the modulation voltage, XC the

reactance of the EOM’s capacitive input, C the capacitance value, and f the data

modulation frequency.

From the block diagram a circuit was designed and the power conversion circuit

was successfully verified on breadboard, leading to the design and production of the

circuits on PCBs. A photograph of the PCB and assembly (without enclosure lid) is

shown in figure 8.2. The design featured a circular shape to enable integration into a
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(a) Annotated PCB photograph. (b) Sensor node assembled without enclosure
lid.

Figure 8.2: Photographs of the optically powered sensor system remote node.

material ageing experiment based largely on a cylindrical vessel design. The location of

the storage capacitors, photodiodes, sensors, EOM, micro-controller, and optoelectronic

conversion subcircuit are highlighted. The fibre labelling corresponds to that within

figure 8.1. The sensors are located on the PCB to minimise localised heating effects

from other components, and near cut-outs in the board to ensure measurements are of

the experimental environment. The sensors included within this design can measure

temperature, humidity, and barometric pressure, and are similar to those evaluated in

Chapter 4.

The system was programmed in C (AVR-GCC) following the flow diagram shown

in figure 8.3. Both the interrogator and sensor node would repeat their operation until

powered down, providing periodic sensor measurements indefinitely. A number of

systems were manufactured and assembled to enable experimental evaluation.
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Figure 8.3: Program flow diagram for the optically powered sensor system.

8.2 System Evaluation

The first evaluation conducted on the circuit was to measure the output current and

voltage. Figure 8.4 shows the measured Current (I) against Voltage (V ) (IV) available

from the optical to electrical conversion. The measurement shows voltage regulation at

3.28 V and that a continuous current draw of up to 200 µA was achievable from the system

without significant voltage decrease. Higher current draws resulted in output voltage

decreases, until the voltage threshold circuit deactivated at 1.0 V.

The sensor node circuit, consisting primarily of the micro-controller, sensors, and an

EOM, was measured to require (1.3± 0.1) mA for (500± 10) ms during operation, and

(5.2± 0.2) µA during sleep. The node operated in a store-then-burst operation, enabling

energy to be stored within capacitors while the circuit was in sleep, then wake to perform

sensor measurements, process the data, and transmit via the EOM, before returning to
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Figure 8.4: IV measurement for the optically powered sensor system. The voltage is regulated
at ≈ 3.3V at low currents, and the voltage threshold circuit disconnects when the voltage drops
below 1.0V.

sleep. The circuit operation was tested and found to function reliably across a temperature

range of −10 ◦C to 40 ◦C. An example of the received data by the interrogation module

is shown in figure 8.5. Good modulation depth was evident in the analogue response and

good digitisation by the comparator. The micro-controller UART peripheral was sufficient

to decode the 240 kHz baud data.

The calculated optical to electrical conversion efficiency of the sensor node was 1.9 %,

which was within the range of reviewed systems (table 2.6), but was still considered low.

To evaluate the cause of the low efficiency, the LTC3108 based conversion circuit was

evaluated in isolation. The power efficiency as a function of input voltage was measured

as shown in figure 8.6. The peak efficiency measured was (2.34± 0.09) %, which was

far below the 80 % expected [180]. The low efficiency was attributed to losses within the

transformer resonant step-up converter which was the first stage of the LTC3108 DC:DC

conversion [293].

The optical to electrical conversion efficiency of the system was low, at 1.9 %, but the

system did function and successfully measure and report sensor data from the remote node

via a single optical fibre. The system concept demonstrator satisfied the requirements: it

used SMF-28, did not require batteries within the remote node, and was within the laser

Class 1M; the work was therefore considered successful. The material suitability of the

sensor node was not evaluated within this work, but it was noted the large PCB size

presented a significant amount of fibreglass within the experimental volume. Work to
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Figure 8.5: Data reception example from the optically powered node, as received by the
interrogator. Both the analogue transimpedance amplifier output and digital comparator output
are shown.

investigate the potential impact of such fibreglass was conducted by colleagues within

AWE, but was not concluded at the time of writing.
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Figure 8.6: Input-voltage efficiency measurement for the LTC3108-based DC:DC conversion
solution. A peak efficiency of (2.34± 0.09)% was measured at an input voltage of
(0.201± 0.001)V. The data points denote the measurements; the line dotted is only for
diagrammatic clarity.

8.3 Further Research

Due to the successful demonstration of the initial sensing system, the decision to conduct

further development was taken. Where the focus of the initial system was to demonstrate a

functioning sensing system, the focus of this further development work was to increase the

optical to electrical conversion efficiency in order to support future increases in sensing

techniques used. The aim was to create demonstrator system hardware providing higher

efficiency, with a secondary aim to reduce the amount of energy stored within capacitors

on the remote node, and use different techniques to the initial system to increase the

diversity of components and methods investigated. Reducing the remote sensor node

PCB area was considered beneficial.

The work started with an analysis of the behaviour of InGaAs photodiodes in

order to understand the optical and electrical parameters which may lead to maximum

conversion efficiency. Then the efficiency of DC:DC boost converters was experimentally

investigated to decide which commercial device to use in the revised system. Lastly the

pairing of photodiode configurations with DC:DC converters was evaluated.

The definition of DC:DC efficiency equated the input and output electrical power, as

noted in equation (8.3). The optical to electrical efficiency was quantified using the same
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method, shown in equation (8.4).

ηEE (VIN · IIN) = VOUT · IOUT, (8.3)

ηOE · PIN = VOUT · IOUT, (8.4)

where η represents the conversion efficiency (EE for electrical to electrical 1, and OE for

optical to electrical), VIN and VOUT the input and output voltage respectively, PIN the optical

input power, and IIN and IOUT the input and output currents.

Photodiode analysis

Fibre-coupled InGaAs photodiodes were evaluated to investigate the parameters

important for high efficiency operation, in terms of optical input power, output load, and

output voltage.

Three photodiode models were selected for analysis: the Thorlabs (USA)FGA01FC

used in the initial design, the Fermionics (USA) FD300FC, and the Thorlabs FDGA05.

The FGA01FC is a FC fibre-coupled device with an internal ball-lens and an active area

of 0.011 mm2 (�120 µm) [286]. The FD300FC is also a FC fibre-coupled device with an

active area of 0.071 mm2 (�300 µm) [288]. The FDGA05 is not a fibre-coupled device,

so a custom housing was designed and made using a RP technique to facilitate coupling

to a FC fibre connector. The device has a 0.193 mm2 (�500 µm) active area [287].

To measure the most efficient optical power to operate the photodiodes at, the output

short-circuit current (SCC) was measured as a function of input optical power. A

200 mW 1310 nm fibre-coupled laser diode was used as the variable-power input source.

The laser was controlled from a constant-current power supply, and the optical output

was monitored using a calibrated 0.9 % optical fibre tap and Thorlabs PM20 optical

power meter. The SCC was measured using a calibrated Fluke (USA) 87V multimeter

on its mA range which has a nominal shunt resistance of 1.8 Ω [294]. The resulting

measurement for the three photodiode models is shown in figure 8.7. The FDA01FC and

FD300FC photodiodes were both found to saturate within the optical power range tested,

but the FDGA05 photodiode did not reach saturation within the 193 mW tested. The

FDA01FC achieved the highest responsivity of the photodiodes tested, but the FDGA05

achieved the highest SCC. All three photodiodes were operating below their specified

1The electrical to electrical efficiency was always measured for the DC:DC conversion circuit only, and
does not take into account the electrical to optical laser efficiency. It is not the wall-plug efficiency.
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Figure 8.7: Photodiode short-circuit current and responsivity as a function of optical input
power. The data points denote the measurements; the line dotted is only for diagrammatic clarity.
Responses from models of photodiode are shown: The FGA01FC has a peak responsivity of
0.78mA mW−1 at 28.19mW generating 22.04mA of SCC. The FD300FC has a peak responsivity
of 0.67mA mW−1 at 1.43mW generating 0.96mA of SCC. The FDGA05 has a peak responsivity
of 0.64mA mW−1 at 28.96mW generating 18.46mA of SCC.

responsivities, which was likely due to the SCC measurement technique. An increased

measurement impedance may have increased the measured responsivity, but for the

purposes of comparing the three photodiode models and evaluating their peak optical

power efficiency point, the technique used was considered appropriate.

The FD300FC photodiode had the lowest SCC and responsivity at the higher optical

powers than the other two types tested. As the energy over fibre system will likely operate

in excess of 10 mW, it was decided that the FD300FC would not be evaluated further,

since the other two photodiode options were more likely to result in a higher-efficiency

system.

The FDA01FC and FDGA05 photodiodes were evaluated using a constant optical

input power and a varying resistive load to generate an IV relationship. IV plots for

the two photodiodes in three configurations are shown in figure 8.8. The dual and

quad experiments were conducted with the photodiodes in a series string arrangement.

For all the measurements the laser diode was operating at 180 mW which was split

equally between the number of photodiodes being measured. In general as the number

of photodiodes increased, the open-circuit voltage increased and the SCC decreased, but

it was difficult to determine more significant trends. As a result, figure 8.9 plots the IV

responses on a common x-axis scaled to each measurement’s open-circuit voltage. This
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(a) Single FGA01FC.
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(b) Single FDGA05.
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(c) Dual series FGA01FC.
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(d) Dual series FDGA05.
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(e) Quad series FGA01FC.
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(f) Quad series FDGA05.

Figure 8.8: IV measurements of photodiodes illuminated with 1310 nm at 180mW (sum of power
incident during each measurement).

enabled a direct comparison between the configurations. The power generated by each

photodiode configuration is also shown.

The single FDGA05 photodiode generated the highest output current of the

configuration tested, but the dual and quad photodiode configurations converted more

power. The significant increase in power converted was likely due to the reduction in

optical power incident on each photodiode in the series string, and therefore operating
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Figure 8.9: Comparison of IV and output power for single and dual series photodiodes scaled to
their peak open-circuit voltage. Photodiodes were illuminated by a fibre-coupled 1310 nm laser at
180mW (sum of power incident during each measurement).

closer to the photodiode’s peak optical efficiency point (see figure 8.7). The FDGA05

photodiodes, with custom fibre-coupling solution, converted more power than the

FGA01FC photodiodes due to the high optical powers tested and difference in saturation

levels. Increasing the number of photodiodes in a series configuration significantly

increased the converted power. The maximum power point for MPPT was found

consistently to be between 60 % to 70 % of open-circuit voltage.

From the analysis of photodiodes, further work is recommended using four series

FDGA05 photodiodes, ideally operating at approximately 70 % of their open-circuit

voltage.

DC:DC converter analysis

Previous work had identified a number of DC:DC converter options potentially suitable

for use within an energy over fibre system, which were summarised in table 2.6. The

LTC3108 was used in the initial design and upon evaluation was found to operate at

low efficiencies (below 2.5 %) even when tested with a low-impedance power supply.

The remaining three converter options: the Linear Technology (USA) LTC3525D-3.3,

Texas Instruments (USA) BQ25504, and Texas Instruments BQ25570, were evaluated for

electrical to electrical efficiency as defined in equation (8.3).

For each a test configuration was created featuring a variable voltage low-impedance
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power supply, calibrated voltage and current meters for both the input and output

connections from the converter, and a variable load in the form of a multi-turn 10 kΩ

potentiometer. The input voltage was varied from 0 V to V MAX
IN for each converter, while

the potentiometer was used to load the converter’s output just below the regulation set-

point to ensure no pulse-skipping algorithms were running. For each input voltage tested,

the input and output voltages and currents were logged. A schematic of the configuration

is shown in figure 8.10.

Variable
Power Supply

DC:DC 
Converter

Voltmeter
(V)

Ammeter
(mA)

Ammeter
(mA)

Voltmeter
(V)

Figure 8.10: DC:DC input voltage dependence on power efficiency test configuration schematic.

The LTC3525D-3.3 was initially tested and was found to poorly regulate the output

under light loads, with the output voltage increasing up to 6 V. Since the sleep current of

the previous energy over fibre system was low, this lack of regulation was of concern. As

a result further evaluation of the LTC3525D-3.3 was not conducted.

The BQ25504 was evaluated as described, and the results are shown in figure 8.11.

The peak efficiency measured was (88± 3) % at an input voltage of (1.263± 0.002) V.

Figure 8.11: Input-voltage efficiency measurement for the BQ25504-based DC:DC conversion
solution. The data points denote the measurements; the line dotted is only for diagrammatic
clarity.
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For the experiment the BQ25504 circuit was configured to disable MPPT and regulate the

output to 3.12 V. MPPT was disabled due to the periodic VIN sampling technique used by

the BQ25504, which caused measurement inconsistencies and loss of output regulation

during photodiode operation. The MPPT sampling is specified to occur every 16 s and

disconnects the input from the circuit for 256 ms in order to sample the open-circuit input

voltage. This voltage is then used to regulate VIN to the resistor-specified maximum power-

point [182]. During both circuit testing and for photodiode operation, the nominal 256 ms

sampling disconnection time was found to cause a significant drop in output voltage,

likely due to the minimal storage and output capacitance in the test circuit (104.8 µF).

The BQ25570 was evaluated using the same method, and the results are shown in

figure 8.12. The peak efficiency measured was (74.8± 0.8) % at an input voltage of
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Figure 8.12: Input-voltage efficiency measurement for the BQ25570-based DC:DC conversion
solution. The data points denote the measurements; the line dotted is only for diagrammatic
clarity.

(1.166± 0.002) V. For the experiment the BQ25504 circuit was also configured to disable

MPPT and regulate the output to 1.8 V, and energy storage (100 µF) at 4.2 V.

The BQ25570 was measured to operate at a lower peak efficiency than the BQ25504,

and the ability of increased energy storage density was of low interest, since a secondary

aim of the further research was to reduce the quantity of stored energy in the sensor

node. Therefore, from the selected devices in table 2.6, the BQ25504 showed the highest

efficiency and closest match to the research aims, so was selected for all further evaluation

and development.
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Photodiodes coupled with BQ25504

The BQ25504-based DC:DC conversion circuit, configured with MPPT disabled and to

regulate to 3.12 V, was powered by Thorlabs FGA01FC photodiodes. Each photodiode

was powered from (30.0± 0.3) mW of optical power at 1310 nm. The circuit was tested

in four configurations: a single photodiode, two in series, four in series, and four in a

paired series-parallel. The measured IV response for each is shown in figure 8.13. The
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Figure 8.13: Output IV measurements for the BQ25504 converter with Thorlabs FGA01 InGaAs
photodiodes, illuminated at 1310 nm with 30mW per photodiode. The data points denote the
measurements; the line dotted is only for diagrammatic clarity.

four photodiodes in series configuration achieved the consistently highest output current

across the voltage range tested. The peak-power output measured was (13.20± 0.04) mW

at (2.629± 0.002) V and (5.02± 0.01) mA. The optical to electrical efficiency was

calculated to be (11.0± 0.2) %, and the BQ25504 operated at (86.3± 0.6) % electrical

to electrical efficiency with a photodiode input voltage of (1.587± 0.002) V. The optical

conversion efficiency was a significant improvement on the initial system developed, and

the BQ25504 was operating at close to its peak efficiency.

The BQ25504-based circuit was evaluated using the same method for the Thorlabs

FDGA05 photodiodes, fibre-coupled using custom-designed housings. The resulting

IV measurements are shown in figure 8.14, for both four series and three series

arrangements of the photodiodes. As before, the four photodiodes in series configuration

achieved the highest output current, with a peak-power output of (17.25± 0.05) mW

at (3.071± 0.003) V and (5.63± 0.02) mA. The optical to electrical efficiency was
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Figure 8.14: Output IV measurements for the BQ25504 converter with Thorlabs FDGA05
InGaAs photodiodes, illuminated at 1310 nm with (50± 2)mW per photodiode. The data points
denote the measurements; the line dotted is only for diagrammatic clarity.

calculated to be (8.54± 0.09) % and the BQ25504 operated with an electrical to electrical

power efficiency of (89.9± 0.5) %. The optical conversion efficiency was lower than

expected, but the BQ25504 efficiency was the highest so far measured.

To investigate the lower optical conversion efficiency, the quad-series FDGA05

photodiode arrangement was measured while varing the 1310 nm optical input between

0 mW and (200± 3) mW, with the aim to find the highest efficiency operating optical

power. The electrical output was resistively loaded, using a variable resistor, to maintain

an output voltage of (2.3± 0.1) V to provide consistency between results. Figure 8.15

shows the measured optical to electrical efficiency and the output electrical power for

the circuit as described. The highest optical to electrical power efficiency measured

was (17.6± 0.6) % at a total combined optical input power of (32± 1) mW. The

BQ25504 operated at an electrical to electrical power efficiency of (92± 2) %. The

optical conversion efficiency measured was significantly higher than the previous highest

measurement, of (11.0± 0.2) % and that of the previous system demonstrated (1.9 %).

The use of FDGA05 photodiodes, fibre-coupled in custom housings, connecting to a

BQ25504-based DC:DC circuit was selected to form the basis of the next hardware

demonstrator.
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Figure 8.15: Electrical and optical efficiency measurements for the BQ25504-based DC:DC
conversion solution using four Thorlabs InGaAs FDGA05 photodiodes in series and using self-
aligned fibre coupling enclosures. The data points denote the measurements; the line dotted is
only for diagrammatic clarity.

Technique confirmation

The technique used in both the initial demonstration hardware and the further research

was based around generating a low voltage from photodiodes, and boosting via a DC:DC

converter to the circuit operating voltage. It was conceivable to remove the DC:DC

converter step by increasing the number of photodiodes in series, such that their operating

voltage equals the circuit operating voltage. This is similar to the technique used within

specialised photovoltaic converters, which are able to reach high efficiencies [295].

A test was performed using eight Thorlabs (USA) FGA01FC photodiodes in series

with a combined optical input of 180 mW at 1310 nm. The measured IV performance

and converted power are shown in figure 8.16. If a shunt regulator was added to limit

the voltage output to 3.3 V for light loads, the technique appeared suitable for providing

power to a micro-controller based circuit.

The efficiency achieved of (17.0± 0.2) % was similar to that of the FDGA05 and

BQ25504 coupled system. This eight photodiode technique would constrain the number

of photodiodes the circuit requires, reducing the flexibility of the system design, and

resulting in potentially higher costs due to the additional lasers or optical fibre splitters
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Figure 8.16: SCC IV measurement for eight series FGA01FC photodiodes. The calculated power
converted is also shown.

required.

This test therefore confirmed the validity of the technique chosen for development,

which utilised one to four photodiodes and DC:DC converter to boost the voltage as

required.

Analysis summary

Investigations on photodiodes and DC:DC converters yielded an updated set of

components for inclusion in a redesigned remote sensor node. Changing the photodiodes

from the Thorlabs (USA) FD01FC to the FDGA05 had the potential to increase the

conversion efficiency, especially at higher optical powers. Operating the photodiodes in a

quad series configuration would also be beneficial, especially compared to the inefficient

dual parallel mode used in the initial system, but at the expense of redundancy. The

LTC3108 DC:DC converter was also recommended to be changed for the BQ25504

converter which was expected to provide significantly higher efficiency operation,

especially when paired with the quad-series photodiode configuration.

The use of FDGA05 photodiodes in custom housings (to provide fibre-coupling),

and use of the BQ25504 DC:DC converter was recommended for the second generation

demonstrator. Increasing the optical power output from the interrogator from 50 mW to

200 mW was also recommended.
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8.4 Revised System Design

The revised energy over fibre system was designed to incorporate the recommendations

from the further research analysis, but also offer a reduced footprint and additional

sensors. A block diagram of the revised sensor node is shown in figure 8.17. The

InGaAs 
Series 

Photodiode 
String 

BQ25504 
DC:DC 

converter Micro-controller 
Atmel 644PV 

Laser 1 mW 
Data (20mA) 

Laser Drive / 
TX/RX Switch 

Resistance 
Measurement 

Circuit 

Temperature 
Sensor 

Support 
Passives 

Humidity  
Sensor 

Barometric 
Pressure 
Sensor 

Accelerometer Gyroscope Magnetometer  

Transimpedance 
Amplifier 

Optical 
Fibre 

Connector 

JTAG 
Header 

User LED Electrical 
Connector 

Figure 8.17: Functional block diagram for the revised energy over fibre sensor node.

node was designed to operate from a number of FDGA05 InGaAs photodiodes in a series

string. These would connect to a BQ25504 DC:DC boost converter which would provide

a regulated 3.4 V circuit supply. A 1 mW fibre-coupled laser diode operating at either

1310 nm or 1550 nm (Laser Components (UK) PL13/15 FP Series [296]) was designed

for data communications. Bi-directional data transfer was achieved using the single laser

diode by employing a half-duplex communication scheme. The band-gap junction within

the laser itself was used for data reception, operating similarly to a photodiode. Care

was taken within this design to ensure inter-cavity intensity would not be exceeded when

receiving light from the interrogator. The circuit configuration to achieve bi-directionality

is represented in figure 8.18. Due to the increased conversion efficiency expected from the

(a) Data transmission. (b) Data reception.

Figure 8.18: Schematic for half-duplex data using a single laser diode, showing the significant
current path during data transmission and during reception.

revised design, it was possible to provide sufficient current to drive the laser diode. It was

considered advantageous to include the laser diode, despite its high power requirements,

due to the ability for bi-directional data transfer with minimal additional components. It
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also provided an additional technique for evaluation, compared to the EOM used in the

initial system design.

The same Atmel micro-processor was used, along with the same temperature,

humidity, and barometric pressure sensors. A three-axis accelerometer, gyroscope, and

a magnetometer were added. Some analogue sensors for measuring parameters such as

temperature or gas concentration are interrogated by measuring their resistance. A four-

wire compatible resistance circuit was therefore added to enable future demonstration of

a range of sensing parameters.

A circuit diagram was constructed from this block diagram and subsequently a PCB

was designed. Photographs of the PCB are shown in figure 8.19. The PCB measured

Figure 8.19: Photograph of revised optically powered electronics PCB. Left photograph shows
the PCB underside and is flipped to provide alignment with the right photograph, the PCB top.

50.8 mm by 30 mm representing a board area reduction of 91 % from the initial design.

The system used custom-mounted photodiodes supported in pairs, as shown in

figure 8.20. The figure shows the reverse side detailing the phododiodes, the front side

featured two FC/PC bulkhead fittings to enable simple and robust fibre connection. The

photodiodes were aligned while illuminated and their short-circuit current was monitored.

Once a maximum was found which provided a greater than 28 mA short-circuit current,

epoxy resin was applied to the rear face to secure the photodiode in place. The process was

repeated for the second device and the assembly was then placed into a 60 ◦C incubator

for a minimum of 12 h to cure the resin.

The redesigned remote sensor node used the FDGA05 photodiodes, which were
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Figure 8.20: Custom rapid prototyped photodiode mount.

different to those used in the initial design. It also used the BQ25504 DC:DC converter,

which was again different to that used in the initial design. Additional sensors were added

to the node along with the ability to measure resistance. A laser diode was included to

provide half-duplex data communication, a change from the low power EOM used in the

initial design.

The revised node was manufactured and assembled for evaluation. The initial system

interrogator design was reused with a 200 mW laser diode. Data communication was

tested using a breadboarded circuit, pending a redesign of the interrogator to support the

bi-directional data configuration.

8.5 Revised System Evaluation

The revised system hardware was evaluated for correct operation, and for optical

to electrical conversion efficiency. The system was assembled with four FDGA05

photodiodes in series and a 1310 nm laser diode for data.

The module was programmed to perform periodic sensor measurements in a similar

way to the initial system, but since the revised design did not feature storage capacitors,

no charging time was required. The temperature, humidity, and barometric pressure

sensors were measured and operated as expected. The accelerometer, gyroscope, and

magnetometer, were not measured during the evaluation, instead left for future testing.

The resistance measurement circuit was tested and evaluated for resistances between 5 Ω

and 200 Ω. Data transmission and reception were demonstrated using the laser diode at

1310 nm and 960 kHz baud rate. The baud rate was increased from the initial system

since the power consumption was now proportional to transmission time, so inversely

proportional to baud rate. Ideally faster baud rates would have been used, but due to a

design oversight, no crystal oscillator was added to the remote node. As a result the UART

timing was derived from a RC oscillator with inherently lower accuracy. The timing
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variations could have been overcome in the interrogator software, but that development

work was not deemed necessary at the time. Instead the node operated at a baud rate

balanced between reducing power consumption and maintaining timing accuracy.

The assembled system’s optical to electrical conversion was evaluated in two

experiments using the test configuration shown in figure 8.21. The first experiment
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Figure 8.21: Diagram of experimental evaluation configuration.

operated the system at a fixed optical input power to measure the output IV and related

characteristics. The second experiment varied the optical input power to find the system’s

peak efficiency.

The IV measurement experiment was conducted with an optical input power of

(194± 1) mW from a 1310 nm fibre-coupled laser diode; the results are shown in

figure 8.22. The photodiode voltage was measured across the four-diode series string

during circuit operation. While load was being drawn from the circuit the photodiode

voltage dropped to (1.149± 0.003) V from the open-circuit voltage of (1.183± 0.003) V,

suggesting a photodiode operating point of 61 %. This was in the range suggested by

figure 8.9 for the photodiode maximum power point. Therefore power extraction from

the photodiodes was indicated to be highly efficient, even without MPPT activated within

the BQ25504.

The conversion efficiency was measured across optical input powers ranging from

(12.4± 0.2) mW to (202.8± 0.2) mW, as shown in figure 8.23. Peak total conversion

efficiency (optical to electrical output) was measured to be (24.0± 0.2) % at a total

combined optical input power of (25.0± 0.2) mW.

The wallplug efficiency represents the electrical input power to electrical output
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Figure 8.22: Revised optically powered electronics system performance evaluation with a
constant optical input power of (194± 1)mW. The data points denote the measurements; the
line dotted is only for diagrammatic clarity.

power efficiency, so incorporates the laser driving circuitry and laser electrical to optical

efficiency. The efficiency for the laser drive and laser was measured to peak at

(8.5± 0.2) % while generating (87.4± 0.2) mW from the optical fibre. The laser used

in these experiments was not highly efficient but was chosen due to its output power

capability at the wavelength desired. The 50 mW laser diode used in the earlier system

operated at a higher efficiency, measured up to 15 %. The wallplug efficiency peaked at

(1.58± 0.05) % with an optical input power of (38± 2) mW. As the optical input power

increased the electrical output power also increased within the range tested. Therefore

even though the highest efficiency operation was possible at optical input powers less

than 100 mW, there are practical uses at higher optical powers due to the increase in output

power. The majority of the optical power transmitted to the OIES node was not converted

to electrical power, and likely resulted in localised heating within the experimental

volume. Consideration of sensor and photodiode placement within an experiment will

be required to ensure sensors measurements are representative and minimise impact to
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Figure 8.23: Revised optically powered electronics system performance evaluation with a varying
optical input power. The data points denote the measurements; the line dotted is only for
diagrammatic clarity.

the chemical evolution within the experiment.

The module was successfully programmed and demonstrated measuring on-board

sensors, resistance, and transmitting and receiving digital data. The optical to electrical

conversion efficiency was measured to reach (24.0± 0.2) %, which was more than 12

times greater than that achieved by the initial design.

8.6 Conclusions

Optically powering electronic sensors was considered as a potential technique for

providing electronic sensor measurements within an electrically isolated experiment.

Commercial solutions were searched and open literature reviewed, and subsequently two

hardware systems were designed, manufactured, and evaluated.

Both systems operated from 1310 nm lasers using SMF-28 optical fibre, remaining

within the 1M laser classification (less that 500 mW at 1310 nm [179]). The first system

developed used two photodiodes in parallel and a dual-stage DC:DC conversion topology.

An EOM was used for data transmission from the temperature, humidity, and barometric

pressure sensors. The system included the design and production of an interrogator

module to power and receive data from the remote node. The evaluation of the system
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was successful and an optical to electrical conversion efficiency of 1.9 % was measured.

The second system developed aimed to improve upon the first system in terms

of conversion efficiency and by reducing size. Four photodiodes were used in series

connected to a single-stage DC:DC converter, and a laser diode was used for bi-directional

data communication. The evaluation of the system revealed an optical to electrical

conversion efficiency of (24.0± 0.2) %, and a wallplug efficiency of (1.58± 0.05) %.

This conversion efficiency was significantly improved from the first design and the size

was greatly reduced.

The project requirements were satisfied: both systems used SMF-28; all components

used were readily available, and through the development of two designs typically two

components were evaluated for each function; periodic measurements and pre-processing

were supported in both designs; no batteries were required in the sensor node, and in the

second design no stored energy was required; both systems used Class 1M lasers. A 2018

internal AWE technical memorandum reviewed the component diversity achieved with

the two designs and confidence was achieved that such a system would be supportable in

the future even if specific parts used became obsolete.

The work demonstrated a potentially useful technique which could enable the use

of high maturity electronic sensors within areas typically excluded from electrical

connections. The use of telecommunications wavelengths was advantageous since

components such as lasers, photodiodes, circulators, and optical couplers, were all readily

available. The electronic components required were also readily available given the

current rise in low-power IoT targeted devices.

From a research project perspective the work reported in this chapter was complete,

having delivered its requirements and two sets of concept demonstrator hardware. Future

development in the short-term could design an interrogator for the second system which

would support the bi-directional data transfer provisioned within the sensor node. In

the medium-term a future system could be developed from a combination of the two

demonstrated here, customising the solution to satisfy the requirements of a specific

application. Also a review of the newly available Broadcom (USA) PV arrays could be

conducted, but their operating wavelength range of 800 nm to 850 nm [161] would likely

result in use of a Class 3B or 4 laser [179]. In the longer-term, further improvements to

the conversion efficiency, or the inclusion of energy storage capacitors within the second

system topology, could enable the use of relatively high-power sensing techniques such

as metal oxide chemical and NDIR gas sensors. For example, the Sensirion (Germany)
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SCD30 NDIR CO2 sensor module requires 250 mW [297] during a measurement, which

would either require an increase of over 10 times in electrical output power, or use of

energy storage capacitors. Use of such sensors could provide a valuable technique to

measure gaseous species otherwise difficult to measure by absorption spectroscopy via

NIR optical fibres.
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Fibre Integration and Conclusions
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The project work discussed so far has included the design of interrogation hardware,

long-term stability assessments of temperature and pressure sensors, development

and evaluation of gas sensing options, and design of optically powered electronic

sensor systems. Maturing these technologies is vital to provide options for future

diagnostic capabilities, but to be deployed within an experiment, additional infrastructure

components are required. These components must be matured to a similar level or else

there could be the situation where a sensor is considered ready for use, but there is no way

to connect fibres to it within the experiment.

The work in this chapter investigated techniques to enable integration of diagnostics

with a materials ageing experiment. These techniques included optical fibre hermetic

seals, a fibre connector suitable for use inside an experiment, practical techniques for

optical fibre feed-throughs, rugged sensor packaging, optical fibre encapsulation, and an

optical fibre umbilical connector.

Together these approaches could provide the ability to connect optical fibres from the

interrogation system to the experimental system, enable the fibres to enter the hermetically

sealed experimental volume, and interface with sensors while remaining chemically

compatible with the experiment. Techniques to simplify the assembly of an experiment

containing diagnostics, and increase the ruggedness of the sensors and fibres, are also of

interest.

Requirements

This chapter discusses a number of techniques, each with a similar set of requirements. A

matrix mapping the requirements to the techniques is included in table 9.1.

Chemical compatibility required the diagnostics and support components to not

interfere with the chemistry of the experimental system. This was to ensure the

diagnostics measure the correct chemical evolution, not that of a system perturbed by

the presence of diagnostics. The specific chemical compatibility requirements would
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Requirement Hermetic Internal Feed- Sensor Fibre Umbilical
seals connections through packaging encapsulation connector

Chemically
compatible
Long-term

stable
Physically

small
( )

Physically
robust

( ) ( )

User
friendly

Hermetic
seal

Environment
seal

Table 9.1: Project requirements mapping to optical fibre ruggedisation techniques. Brackets
denote desirable features.

depend on the experiment being performed, but in general metals such as stainless steel

were considered suitable, whereas organic materials, such as plastics, were considered

unsuitable. Techniques were required to exhibit long-term stability if they were to be

located within the experimental system, and therefore would be unable to be accessed

throughout the duration of the experiment. Confidence in continued operation without

intervention was required. Techniques were also required to be physically small (mm to

cm scale) to fit within an experimental configuration. Physical robustness was required

to ensure that during the assembly process the diagnostics and accessories would not be

broken. Typically optical fibres and components are fragile, especially when compared

to typical engineering assemblies. Both the internal fibre connector and the umbilical

connector were desired to be user friendly. The internal connector would need to be mated

during the experiment assembly, possibly in confined locations. The umbilical connector

may be connected and disconnected many times over the experimental duration. Hermetic

sealing within this project was defined as achieving below a 1× 10−9 mbar l min−1 helium

leak rate, to ensure the fibre seals performed to the same specification as commercial

research-grade gas fittings [195], but this was an order of magnitude lower than typically

specified in commercial optical fibre products [184, 298]. The fibre umbilical connector

required environmental sealing, to reduce the chance of water or other contaminants

entering and depositing on the fibre end faces. Hermetic sealing was not required since

the umbilical would only be used outside of the experimental volume. The umbilical was
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also required to connect a minimum of 30 optical fibres, and it was advantageous if the

type of optical fibre used (such as SM and MM) could be varied during development.

These design requirements were used to evaluate commercially available options, and

inform the development of suitable techniques and their subsequent evaluations.

9.1 Hermetic Fibre Seals

A technique for creating compact and long-term stable hermetic seals was desired in order

to enable optical fibres to pass into the sealed environment of the experiment. The seal

was required to provide hermeticity to a leak-rate of 1× 10−9 mbar l min−1, be chemically

compatible with the experiment, and be physically compact to fit within the experimental

design. A technique which was able to adapt to different experimental configurations and

geometries was considered advantageous.

Use of polymeric and adhesive seals were discounted due to a lack of long-term

confidence and potential incompatibility with the experimental chemistry. A technique

using COTS electronics Tin-Silver-Copper (SnAgCu) solder was devised, utilising

commercially purchased metal-coated optical fibres, to develop an all metal hermetic

seal. Silver-solder seals have been reported [188–191] including applications such as

telecommunications under-sea seals, suggesting the method could satisfy the project

requirements.

The manufacturing technique devised consisted of placing one or more copper coated

optical fibres within a short section 3 mm stainless steel Swagelok tube. The tube was

heated at the centre of its length with an hot air gun set to 400 ◦C. Commercial electronics

SnAgCu solder wire, with embedded flux, was fed into the tube from one end, alongside

the optical fibre. The heat was slowly moved towards the solder feeding end while the

solder was continuously applied. Once the heat reached the open end of the tube, the

solder application ceased and the heat was withdrawn. The tube assembly was then

allowed to cool to room temperature. The solder used consisted of 0.5 % copper, 3 %

silver, and 96.5 % tin, with rosin-based flux.

The technique was found to be easily achievable within the laboratory environment.

Swagelok tubing was utilised to aid with seal evaluation, but it was thought possible to

adapt to other geometries in the future if the technique was successful. The inclusion of

flux within the solder was considered necessary to assist in providing wetting to the fibre

coatings and to the stainless steel tube, but the potential for trapped flux gasses within the
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tube was undesirable. Over the protracted time-scale of an experiment, the gasses could

migrate into the experimental volume and impact on the experimental chemistry.

The manufactured seals were evaluated using a vacuum helium leak-tester. Once

optical continuity through the fibre had been confirmed, the optical fibre was terminated

short at one end of the tube, and a Swagelok tube fitting was used to connect to the

leak-tester. The optical fibre feed-through created is shown in figure 9.1. Under test,
Solder FT Evaluation

Figure 9.1: Photograph of solder seal optical fibre feed-through with Swagelok (USA) adaptor
fitted for leak-testing.

with helium gas flowed around the rear surface of the seal, the measured leak rate

was 3.5× 10−10 mbar l min−1, which was at the sensitivity limit of the leak-tester, but

satisfied the requirement of 1× 10−9 mbar l min−1. The seal was temperature cycled

between −40 ◦C to 100 ◦C daily for a two week period and then re-tested at ambient

conditions resulting in the same leak-rate measurement as before. The temperature

cycling suggested the seal created was stable with minimal amounts of solder creep within

the tube, suggesting a good bond was made between the fibre coating and the solder, and

between the solder and the stainless steel tube. Longer durations of thermal cycling would

increase confidence in the stability of the seal. This feed-through was not considered

sufficiently robust for experimental integration, since the fibre entry into the seal was

vulnerable to damage. A concept for integrating this sealing technique into an experiment

is detailed in section 9.4.

To further assess the bonding achieved with the solder seal, the tube was sectioned

using a hand saw and polished using silicon carbide polishing film, using grit sizes from

30 µm to 5 µm, under distilled water. The total polishing depth, from the cut point, was

less than 1 mm resulting in cut damage remaining visible after the polishing was complete.

Deeper polishing depths were not feasible due to the maximum grit size available of

30 µm.

The polished feed-through section was placed within a scanning electron microscope

(SEM). The sample was imaged and chemically mapped using energy-dispersive X-ray

(EDX), as shown in Figures 9.2a and 9.2b. Significant deformation to the solder and
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Solder FT Evaluation

Void

Good bonding

Optical
fibres

(a) SEM image at 100× magnification.
Significant cut damage is visible across the
lower portion of the solder seal.

Solder FT Evaluation

(b) EDX mapping overlaid on SEM image
analysed for tin (Sn) within the solder, silicon
(Si) within the silica optical fibres, iron (Fe)
within the stainless steel tube, and copper (Cu)
coating the optical fibres.

Figure 9.2: Analysis of solder seal feed-through test section.

fibre on the lower portion of the seal was attributed to cut damage, due to the shallow

polish depth. Around the interface between the solder and the stainless steel tube shows

areas of good bonding and a well-defined interface. Other areas, however, appear as

voids suggesting an inhomogeneous sealing along the tube. From the analysis, the bond

between the solder and the copper-coated optical fibres was considered good.

The inclusion of voids within the seal suggests the low leak-rate performance

measured was due to the seal’s physical length within the tube. Each cross-section taken

of the seal revealed variations in fibre location and solder voids. These randomly placed

voids meant no gas path existed through the seal, as each void was sealed further along

the tube. Therefore shorter seals may not perform as well. Another concern is that the

voids may contain flux gases which over time could permeate into the sealed volume

and affect the chemistry of the system. A technique incorporating an annealing stage

within a vacuum furnace to remove any trapped gases could mitigate these concerns and

potentially improve bonding consistency within the tube. Evaluation would be required

to ensure damage to the optical fibres was not sustained during the annealing process.

Initial proof of principal work was conducted and the manufactured seals were

evaluated. The concept achieved the required leak rate and was considered potentially

viable. Further work would be required to investigate the consistency of the solder seal

along the tube length, develop techniques for the removal of the flux chemicals or negate
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their use, develop techniques for alternative seal geometries, and evaluate the long-term

stability. The use of copper coated fibres, and copper within the solder, was not ideal,

since a chemical reaction with oxygen would be expected over time. Evaluation of

alternative coatings, such as nickel or gold, should be conducted.

9.2 Internal Fibre Connections

Incorporating optical diagnostics within an experimental design required consideration of

internal optical fibre connections. In an ideal case there would be no fibre connections

within the experiment, ensuring the highest confidence in the stability of the optical

signal throughout the experimental duration. However, the practicalities of assembling

a complex experiment would likely necessitate the ability to incrementally insert

diagnostics throughout the assembly process.

An optical fibre connector was therefore required to provide the means for connecting

fibres that was compatible for use within the sealed environment of the experiment. The

connector was required to be chemically compatible with the experiment, physically

small, simple to connect in confined spaces, and be able to maintain a consistent

connection for the duration of the experiment. The connector was not required to be

removable or re-usable, but for development such features were advantageous.

No specific requirement was stated for the number of fibres the connector should

support, but given the range of optical diagnostic techniques being investigated, a multi-

fibre solution was deemed beneficial. A scheme using the commercially available

MPO/MTP connector ferrule [202, 203, 299] was developed. The MPO/MTP ferrules

are available from a number of manufacturers, able to support between 8 and 72 optical

fibres, while maintaining the same outer dimensions. This work used the 24 fibre variant,

which was considered a sufficiently high number for the project, while remaining practical

to hand assemble in the laboratory. The MPO/MTP ferrules align using high-precision

pins which locate in holes within the ferules themselves. The pins provide the sub-

micron alignment required for effective single-mode fibre connection. The connector

system developed was required to hold the ferrules with sufficient rigidity to maintain

face contact and avoid applying bending forces to the pins. Commercially available

ferrules are constructed from organic polymers, such as polyphenylene sulfide resin [299],

which as discussed previously was not ideal for use within a long-term experiment. It was

considered likely that either ferrules could be custom made from a metal or ceramic in the
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future, or metal coating the ferrule sides and rear would be deemed sufficient for isolation

with the experimental environment.

A connector system was devised which consisted of two parts: a ferrule support, and

an interconnection spar. This initial design connected by the use of four M2 machine

screws, which enabled the connector to be re-used. A diagram of the connection system,

shown mating two MPO/MTP ferrules, can be seen in figure 9.3. A future version was

MPT/MTP
ferrule

Optical
fibres M2 screws

Ferrule
support

Interconnection
spar

Swagelok
tube

Figure 9.3: Diagram of the developed MPO/MTP ferrule-based connector system. The two ferrule
support components are shown in blue, and the two interconnection spars are shown in green.
Diagram is representative; not to scale.

intended to remove the need for screws, opting for a self-latching single-use design.

This future version was not designed within this project, but would potentially enable

connection of fibres in highly confined spaces.

The ferrule support component was designed to be as compact as possible, opting

for a largely cylindrical shape not much larger than the MPO/MTP ferrule, as shown in

figure 9.4. The ferrule is located within a U-shaped notch and protruded by 1 mm. The

Figure 9.4: Photograph of MPO/MTP ferrule-based connector: ferrule support component with
ferrule in place.

diameter of the main section of the connector was (7.9± 0.1) mm which stepped down to

(5.8± 0.1) mm at the rear. The narrower section was hollow to enable the optical fibres to

pass through, and was sized to enable an 8 mm Swagelok tube to locate over. This enabled

the connector to be used in a system where the fibre is contained within Swagelok tubing,

isolating it from the experimental environment. Two tapped holes were included in the
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forward section of the support, one on each side of the U-notch, to facilitate connector

mating.

The interconnection spar was designed to mate two ferrule support components. The

spar featured an internal radius to match the outer of the ferrule support and provide

lateral constraint to the connected assembly, shown in figure 9.5. Two M2 machine screws

Figure 9.5: Photograph of an MPO/MTP ferrule-based connector assembly with two ferrules
mated, two ferrule supports, and two interconnection spars. The plastic yellow connector boot on
the right was fitted for laboratory evaluation only.

attached each spar to the ferrule supports. Connection of the fibres was achieved by

inserting the alignment pins from one ferrule in to the other, and attaching two spars with

four screws. As the screws were tightened slight pressure was applied to keep the ferrule

faces touching.

The ferrule support and interconnection spars were manufactured in-house at AWE in

stainless steel 316. The ferrules purchased were the 24F MM MT from USConec (USA).

The connector parts were physically assembled with SMF-28e fibre installed within the

ferrules. A custom adaptor was produced to enable polishing of the ferrule within an

automated polisher, while located within the ferrule support. For long-term use, a thread-

locking technique would be required for the M2 screws.

The connector was optically evaluated using a 1310 nm laser and an optical power

of 0.8 mW using SMF-28e single-mode optical fibres. For fibre channels in the centre

of the ferrule, the attenuation was measured to be 0.2 dB, but for fibres at the outside of

the ferrule, the attenuation was measured to be 0.4 dB. No significant difference in loss

was noted between the rows of the MPO/MTP ferrule, but the attenuation was found to

increase the further from the centre of the ferrule the fibre was located. This suggested a

slight curve was present across the face of the ferrule, which was a known phenomenon of

the ferrule polishing process used. The attenuation measured was considered acceptable

when compared to typical commercial optical connector specifications of between 0.2 dB

and 1 dB [201].

The connector system was considered successfully demonstrated and provided a
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simple and robust option for future use. Further work would investigate developing a

push-fit single-use variant of the connector, and evaluating the connection for long-term

stability and across a range of environmental conditions.

9.3 Fibre Feed-Through

The solder-based hermetic seal technique discussed in section 9.1 demonstrated the ability

to enable optical fibres to enter a sealed environment. The technique on its own was

not well suited to deployment in an experimental system, since it required passing the

fibre through a hole in a experimental vessel, sealing of the fibre within the hole, then

terminating the fibre. The process would require significant modification to a vessel to

achieve, and result in a delicate feature within the vessel which would require additional

care during assembly of the experiment.

This work aimed to provide a solution where the hermetic fibre seal could be achieved

separately, and only mated with the experimental vessel during assembly. The technique

would require a small modification to the vessel, but could reduce the risk of damaging

the seal during experiment assembly.

Since the feed-through was intended to be inserted during assembly, the optical fibres

would also need connecting to the sensors during assembly. The connector scheme

discussed in section 9.2 was therefore utilised, to provide a 24 fibre feed-through solution

(expandable to 72 fibres). The MPO/MTP ferrule support of the internal connector design

had a maximum diameter of 8 mm and was designed to locate within a 8 mm diameter

Swagelok tube.

A short length of Swagelok tube was assembled with a bespoke internal connector

located at each end, as shown in figure 9.6. The solder seal would be achieved within the

Swage FT in-tube

Figure 9.6: Photograph of fibre feed-through concept based around 8mm Swagelok tubing and
the bespoke internal connector design. Shown coupled onto a test breakout protected by a yellow
plastic boot and furcation tubing.

Swagelok tubing and the ferrule supports could be welded or crimped to the tube. The

resulting tube can be passed through a 8 mm hole, or used in conjunction with a Swagelok

tube fitting.

Use of this feed-through concept could include attaching a 12 mm Swagelok tube
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(1.0 mm or 1.5 mm wall thickness) to the experimental vessel. This modification was

considered minor, simple to achieve, and would not significantly affect the vessel’s

robustness. A Swagelok 12 mm to 8 mm coupler, with fully bored centre, could then be

attached to the installed tube. During assembly the optical fibre sealed 8 mm tube could

be inserted into the fitting and secured. A diagram overlay of a demonstration assembly

is shown in figure 9.7. The hermetic seal is provided by the solder seal within the optical

Figure 9.7: Photograph and diagram of feed-through assembly of a demonstration assembly. The
feed-through is shown separating the (red) experimental environment and the (green) ambient
environment. An 8mm fibre tube is fitted with two ferrule supports and ferrules, connected by
optical fibre. A solder seal is shown in the centre of the tube. A 12mm tube is attached to the
experiment vessel wall, and a Swagelok fitting connects the two tubes.

fibre tube, and the two Swagelok ferrule connections within the fitting. The long-term

integrity of the Swagelok fitting technique was not evaluated within this work.

This work demonstrated a practical application of the solder-seal technique discussed

in section 9.1. A technique was devised utilising Swagelok tubing and fittings to enable

the separation of the optical fibre hermetic seal and the experiment vessel until final

experimental assembly. This would potentially reduce the chance of damaging the optical

fibres or hermetic seal. The internal connector system devised for this project was used.

The feed-through concept was assembled and presented internally at AWE. It was

considered a potential technique for future use following further development. It was

noted the technique had the potential to significantly reduce the number of concurrent

fibres present during experiment assembly, since it used a multi-fibre connector, and the

feed-through can be added when required. Further development was not conducted within

this project to enable the potential applications for this connector system to be understood,

before creating an updated requirements set for future development.
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9.4 Sensor Packaging

Integrating sensors within an experimental design requires careful consideration to ensure

the sensor measures the expected parameter, the sensor response is not influenced by

unexpected or changing factors, and the sensor is sufficiently robust to survive the

experiment assembly process. In some cases sensors could be integrated within materials,

which may offer some mechanical protection. In other cases, where the ambient

conditions require monitoring, the sensors may wish to be in their own housing. This

work investigates the creation of a robust sensor package to provide an option for the

deployment of FBG temperature sensors and FFP barometric pressure sensors.

The diagnostics element of this project investigated temperature, barometric pressure,

and gas sensing techniques. FBG based temperature sensors were evaluated for long-

term stability with promising results (Chapter 5), but the commercial housings used were

physically large. FFP based barometric pressure sensors were also evaluated and were

also promising (Chapter 6), but the sensors were physically fragile. The gas spectroscopy

cell developed within Chapter 7 was designed to be compact and robust, so did not receive

further attention.

A sensor package was designed that could house one FBG sensor for measuring

temperature, and one FFP sensor for barometric pressure monitoring. A secondary

package was also designed that housed two of the FBG temperature sensors to provide an

increased confidence dual temperature sensing option.

It was decided to base the sensor packaging on the MPO/MTP ferrule and ferrule

support which was under development as an internal connector solution. The sensor

package would need to connect to a fibre within the experimental configuration, so it was

logical to use the connector designed to be used within that environment. A support

housing was designed to hold the sensors in place and locate them to selected fibre

channels within the MPO/MTP 24 way connector, which can be seen in figure 9.8.

To ensure the FBG only reported temperature effects, it was strain-isolated within

a glass capillary tube which had an internal diameter of 128 µm, which prevented fibre

bending that could have been erroneously interpreted as a change in temperature. The

FBG was purchased from Micron Optics (USA), written into SMF-28 fibre.

The FBG position was located in the fibre by sweeping a localised heat source along

the length of the fibre while actively monitoring the FBG reflection wavelength. Once

the location was known to within a few millimetres the fibre was fractured to one side
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Figure 9.8: CAD rendering of sensor housing within an MPO/MTP ferrule and ferrule support
component. Also shown in red a strain-isolated FBG sensor and in green a FFP pressure sensor.

of the FBG. The fibre coating was removed and the sensor was inserted into the glass

capillary. The fibre was secured to the capillary by epoxy once it was located within

the sensor housing and MPO/MTP ferrule. The epoxy was intended to only contact the

outside of the capillary, leaving the FBG itself uncoated. The volume of epoxy used was

small (< 0.2 ml), but its use was still undesirable within this project. In the future, the use

of a metal solder would be advantageous.

The FFP sensor was designed to be of the same type used in Chapter 6 and would

have its fibre cut to the correct length, coating stripped, and be inserted into the sensor

housing and ferrule. Due to a limited number of FFP sensors purchased and at the time

the ongoing nature of the long-term evaluation, only the dual temperature variant of the

sensor package was assembled.

For evaluation the sensor housings were manufactured in-house at AWE on a Stratasys

(USA) J750 UV-cured acrylic resin 3D printer. For long-term use, the housings would be

required to be manufactured from stainless steel or similar, since plastic was not suitable

for introduction into the experiment. The processing of the FBG sensors proceeded as

described, but the mating of the sensor housing and the MPO/MTP ferrule required care.

Aligning the two uncoated FBG fibres between the capillary tubes and the ferrule was a

highly delicate procedure; achieved using a steady hand and a microscope. Figure 9.9

shows an assembled sensor package.

The assembled sensor packages were connected to a Micron Optics (USA) SM125

FBG interrogator using the internal connector system developed. All FBGs were able to

be measured, but it was noted that they had consistently experienced a wavelength shift,

compared to their pre-assembled response, equating to approximately a 6 ◦C offset. Their

temperature sensitivity was evaluated and was found to be consistent with their initial

performance.
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Figure 9.9: Photograph of assembled sensor package with the green sensor housing supporting
two glass capillary tubes visible.

A rugged optical fibre sensor package was designed, manufactured, assembled, and

evaluated. The package was designed to enable both temperature and barometric pressure

measurements, but only all-temperature packages were assembled. Handling uncoated

optical fibres required practice and delicate treatment, especially when manoeuvring them

into ferrules. The strain-isolated FBGs were evaluated within the assembled packages and

were found to be functional, but had experienced a base-line shift during the assembly.

The sensor packaging provided a robust sensor housing option which could enable the

deployment of sensors into an experiment, confident they would be unlikely to experience

physical damage. The shift in wavelength experienced by the FBG sensors suggested they

were under strain within the assembly, most likely caused by epoxy wicking within the

capillary tube. This process, if occurring, was considered undesirable since any change in

epoxy properties during the experiment duration could be misinterpreted as variations in

temperature. The wavelength shift demonstrated the requirement to re-calibrate sensors

once they are within their final assemblies, and not relying on initial evaluations.

Further work would demonstrate the inclusion of a FFP pressure sensor within

the package as designed, and confirm the cause of the FBG wavelength offset. The

inclusion of further sensors, or combining the temperature and pressure sensors within

the spectroscopic gas cell would also be avenues for further development.

9.5 Optical Fibre Encapsulation

Techniques have been presented here to enable optical fibres to enter the experimental

vessel while maintaining hermeticity, and to package sensors to make them sufficiently

robust for use within a complex experiment. Connecting the feed-throughs to the sensors

and gas cells would require optical fibre links. The fibre links were required to be

chemically compatible with the experiment chemistry, easy to handle, and physically
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robust to prevent damage during experiment assembly.

Fibres are commercially available with coatings such as acrylate, polyaimide,

ORMOCER R© [300, 301], and a variety of metals. Due to the wide range of coatings

available, it is likely that depending on the experiment at least one coating would be

chemically compatible. However, some coatings are more complex to remove for fibre

termination, and single fibres are typically delicate and bend unpredictably when handled.

This work looks at a technique to encapsulate a number of fibres so that the fibre

coating is isolated from the experiment, and to increase the mechanical robustness and

ease of handling.

Polyimide (Kapton R© [302]) was chosen as an encapsulation material to form a flat

fibre assembly, similar to an electrical ribbon cable. Kapton R© is a thin, mechanically

robust, and typically chemically compatible material. The fibre coating chosen for

development was acrylate due to its high commercial availability and simple mechanical

stripping compatibility.

Multiple fibres were assembled in parallel on top of a length of self-adhesive Kapton R©

film. A second layer of film was then applied on top, resulting in a ribbon-like

assembly. The ribbon was simple to manage since it could only bend in one axis,

therefore as it was handled it would bend in predicable directions. The Kapton R© provided

additional mechanical protection to the optical fibres, but the additional protection was not

considered robust. If the encapsulation was performed optimally, it would serve to isolate

the acrylate from the experiment chemistry. The self-adhesive film used was not ideal

for long-term use, but a heat-sealable variant of Kapton R© is available [302] which could

produce a stable assembly. Using the self-adhesive film also introduced the potential to

create small pockets of trapped gas which could migrate into the system over time. The

use of the heat-sealable variant, and assembly within a vacuum oven, could remove this

potential issue.

The optical fibre encapsulation technique was demonstrated and successfully

produced a 1×24 fibre MPO/MTP to 3×8 fibre MPO/MTP fan-out assembly, shown

in figure 9.10. The fibre was well contained within the Kapton R© encapsulant and was

provided significant mechanical support. The flat ribbon structure constrained the fibre

assembly to one axis of bending providing a higher level of predictability and control

when routing the fibres within an experiment. The mechanical robustness was not tested,

but was considered an improvement over non-encapsulated fibres and would only improve

as the encapsulation technique was developed. Chemical compatibility of the resulting
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Figure 9.10: Photograph of encapsulated ribbonised optical fibre fitted with internal connectors
and forming a 1 to 3 fibre fan-out.

assembly was not assessed, also pending development of the technique.

Further work would investigate improved techniques for producing encapsulated

optical fibres and fibre assemblies, and evaluate their robustness and chemical

compatibility. No further work was conducted within this project beyond that presented.

The technique demonstrated was considered a potential direction, but considerable

resources would have been required to continue. Further resourcing was not allocated

due to the low technology readiness level (TRL) of 2 (Appendix A) attributed to the

work demonstrated. It was decided to delay further resource allocation until the sensing

and feed-through techniques were more mature, and the requirements for routing fibres

within an experiment were better constrained.

9.6 Fibre Umbilical Connector

Connecting multiple optical fibres between the interrogation system (Chapter 3) and the

material ageing experiment required careful consideration. The method was required to be

simple to use, support over 30 fibres, robust, and flexible. The quantity and type of optical

fibres required for an experiment was not known at the time of this work, so a solution

was required which could be adapted over time as the requirements were revisited.

Commercial options were reviewed but none simultaneously met the requirement for

fibre count and adaptability. High fibre count connectors were available, but only as full

assemblies created from standard fibre bundles. Therefore an adaptable approach or a

customisable selection of fibre types would not be possible without significant expense.

As a result a bespoke connector and umbilical system was developed.

A connector utilising the MPO/MTP ferrules was designed. Three ferrules would

enable an umbilical of up to 72 fibres using 24-fibre ferrules, but expandable to 216
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fibres if 72-fibre ferrules were used. Since MPO/MTP ferrules are available as loose

components, the connector could be loaded with any type of fibre in any location. An

advantage of using multi-fibre ferrules within the larger connector was that only three

polishing operations were required, as opposed to one per fibre.

To maximise the room for polishing the ferrules, the connector was designed so it

could be assembled around the pre-terminated and polished fibres and ferrules, as shown

in figure 9.11. The design was formed of two connectors, one panel-mounting and the

Figure 9.11: Expanded CAD view rendering of the bespoke umbilical connector showing both the
panel-mounting and corresponding cable-mounting connector parts in an ‘exploded’ arrangement.

other cable-mounting. The panel-mounting connector consisted of a shell and a ferrule

pusher. Assembly required one shell and two ferrule pushers, which were assembled

around three pre-terminated MPO/MTP ferrules, and four M2 machine screws. The

design supported MPO/MTP ferrules which were parallel-flat polished or angle polished,

but it was only evaluated using flat polished ferrules. A flat polish is generally more

widely supported by mechanical polishing equipment, but an angle polish could be

preferable in systems where back-reflections need to be minimised. The cable-mounting

connector consisted of a shell, spring support, locking ring, connector body, and a cable

mount. Assembly required one of each component and two connector bodies, three pre-

terminated MPO/MTP ferrules, two M2 machine screws, and four M3 machine screws

with nuts. The ferrules were fitted with alignment pins and springs which were standard

MPO/MTP components. The cable mount supported attachment of a variety of protective

sheath for the optical fibres, such as flexible electrical conduit or non-conductive rubber

hosing.
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In the panel-mounting connector the ferrules were held rigidly within the shell in

tight-toleranced slots. The recess in the rear of the panel-mounting shell was designed

to support adhesive potting materials, which together with an o-ring groove, could

provide environmental sealing. In the cable-mounting connector the ferrules were

individually spring-loaded. The alignment was achieved via tight-toleranced slots in the

cable-mounting shell, and contract pressure between the ferrules in each connector was

maintained by the individual springs, which were held in place by the spring support

connector. The locking ring connected the two connectors with a quarter-turn operation

for ease of use, once the two shells are fully engaged. The cable-mounting connector

featured o-rings to provide environmental protection to the fibres, and once mated the

ferrule faces are also environmentally sealed. Caps were designed for each connector to

protect the ferrule ends while not mated. Ferrule faces were recessed within the two shell

components to reduce the chance of accidental damage during use.

The connector parts were manufactured in-house at AWE on a Stratasys (USA)

J750 UV-cured acrylic resin 3D printer, shown in figure 9.12. Metals parts were not

Figure 9.12: Photograph of umbilical connector parts which were 3D printed for evaluation.

manufactured for evaluation given the physical complexity of some of the components.

Providing engineering drawings of such parts would have required considerable support

from a drawing office draughtsman, which was not considered beneficial before the design

had been verified. However, a final production version would be manufactured from

metal.

The parts were initially assembled for mechanical evaluation; the cable-mounting

connector is shown in figure 9.13. The connectors were tested to mate as expected,

so a test umbilical was assembled using with SMF-28e fibre. Assembly was achieved
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as described with all components mating as expected. Good access was provided for

polishing the MPO/MTP ferrules due to the connector design.

Figure 9.13: Photograph of cable-mounting umbilical connector assembled to verify mechanical
operation.

The umbilical was found to align the ferrules sufficiently to enable the MPO/MTP

pins to achieve final alignment. The spring pressure applied ensured ferrule face contact

was maintained even if the umbilical was flexed. The locking ring enabled quick and

user-friendly operation of the connector.

The umbilical was optically evaluated at a wavelength of 1310 nm and a power of

0.8 mW for an MPO/MTP connector ferrule in the central position of the connector loaded

with 24 SMF-28e single-mode optical fibres. No significant difference in loss was noted

depending on which row of the MPO/MTP ferrule the fibre was, but the attenuation was

found to increase the further from the centre of the ferrule the fibre was located. In the

centre the attenuation was measured to be 0.3 dB but at the outside the attenuation was

measured to be 0.7 dB.

An optical fibre connector was designed which enabled user-friendly simultaneous

mating of 72 fibres (expandable to 216). The design used industry standard MPO/MTP

ferrules and components to simplify the umbilical build process. Assembly of the

connector was possible after the ferrules were terminated and polished. The connector

was found to function with low attenuation losses.

Due to the lack of availability of a connector suitable for this project which motivated

the design of the presented work, the optical fibre connector was reviewed by an

independent panel at AWE. The design was considered novel, with significant market

potential, and subsequently the design was passed to the Ministry of Defence (MOD) for

further review and their decision was to pursue a patent. The patent was drafted and filed

on the 11th December 2018 with application number: GB1820122.8 [3].
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Further work would see the umbilical connector manufactured from a metal such

as aluminium, to enable its robustness to be evaluated. Environmental testing would

be required of the connector once manufactured from metal. No further development

or evaluation of the connector design was conducted since a functioning umbilical

demonstrator had been achieved. Focus was therefore aligned to the remaining streams of

the project.

9.7 Conclusions

Techniques were developed to aid in the practical deployment of long-term material

ageing experiments. The techniques included optical fibre hermetic sealing, fibre

internal connector, fibre feed-throughs, sensor packaging, fibre encapsulation, and a fibre

umbilical connector. These were seen as enabling technologies which were required to

ensure optical diagnostics were a practical option for future use.

The hermetic seal technique utilised silver-based solder to create a non-organic

solution for passing optical fibres into a sealed experimental vessel. The technique was

used to create highly performing seals, but long-term robustness was not evaluated.

A connector suitable for use within a material ageing experiment was designed,

manufactured, and evaluated. The connector used the industry standard MPO/MTP

ferrule allowing up to 72 fibres to be mated at once. The internal connector was

compact and manufactured from stainless steel. A single-use variant was planned but

not developed.

A feed-through technique was developed which utilised the solder-seal method and

internal connector design. The aim was to enable the delicate optical fibre part of a feed-

through to be constructed separately from the experimental vessel and only mated during

experiment assembly. The physical concept was demonstrated but the method was not

experimentally evaluated.

A packaging option for optical temperature and pressure sensors was developed. A

housing which located within an internal connector was designed, and a dual-temperature

module was assembled for evaluation. The technique provided a robust package which

could enable inclusion of optical sensors in locations where physical robustness was

required.

Optical fibres were encapsulated within Kapton R© film to form a ribbon-like assembly.

The film added a layer of physical robustness to the fibres and restricted their movement
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such that their handling resulted in predicable results. The Kapton R© had the potential to

isolate the experimental chemistry from the fibre coating, but further work was required

to enable evaluation.

A multi-fibre umbilical connector system was designed which could support up to 72

fibres (and expandable to 216 fibres) within one housing. The connector was prototyped

and evaluated to function as a fibre connector. Further work would manufacture the

connector design to enable the robustness of the design to be evaluated.

These enabling techniques together support the deployment of optical diagnostics

within an experimental system, as shown in figure 9.14.

6x Sensor
Package

Interrogation
System

Outer
Enclosure

Experimental
Environment

5x Internal
Connector

9x Encapsulated
Fibre

2x Feed-
Through

2x Solder-
Seal

Fibre
Umbilical

Figure 9.14: Diagram of enabled experimental configuration demonstrating (yellow) sensor
packages, (black) internal connector, (gold) encapsulated fibre, (grey) feed-though containing
(cyan) solder seal, and (blue) fibre umbilical.

Further work

Future development of the solder seal would improve the technique to ensure consistency

of the seal and removal of trapped flux chemicals. The long-term reliability of the seal

would also be conducted.

Further work on the internal connector would develop the single-use push-fit variant

which would enable its use within confined spaces. Additionally removing the polymer-

based ferrule in preference to a ceramic or metallic solution would be beneficial. Long-

term reliability of the connector would require evaluation.

The feed-through technique would require experimental evaluation and potentially

development to reduce the size and complexity of the design. Due to the removable

nature of the fibre tube from the feed-through, commercial production of the solder-seal

within the tube could be investigated.

The sensor packaging technique would benefit from the experimental assembly of a

combined temperature and pressure node for evaluation. Miniaturisation of the housing
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would be a potential avenue for further development, or integration into the spectroscopic

gas cell.

Further evaluation of the fibre encapsulation technique would require heat-sealing of

Kapton R© film around the optical fibres. A full evaluation of the chemical compatibility

of the technique could then be experimentally assessed. Alternative options such as metal

coatings of fibres should also be investigated.

The umbilical connector required evaluation after manufacture in metal. The optical

performance, mechanical robustness, operation across a range of environments, and long-

term use would be evaluated.
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This research project developed diagnostic options for in situ use within future materials

ageing experiments. The techniques included: optical fibre, and electronic, sensor

evaluation and integration; a bespoke modular interrogation system; and novel fibre

routing and connector solutions.

In this chapter the results of the work are discussed, explained within the context

of a proposed experimental scenario, and concluded. Potential avenues for further

development are presented.

10.1 Discussion

This research project aimed to produce technologies and techniques as options for

potential future use within long-term materials ageing experiments at the Atomic

Weapons Establishment (AWE). The work utilised optically interrogated sensors and

techniques, to ensure the experiment could be electrically isolated, if required. A

focus of the work was to produce concept demonstrating hardware to enable laboratory

evaluation of the developed technologies. The scope of the project covered the hardware

required for delivering a long-duration experiment, including diagnostic sensor packages,

interrogation hardware, and hardware required for integration into an experimental

system. The project objectives and requirements were satisfied, and AWE was provided

with numerous technology options for further development towards a diagnostic system

suitable for future long-term materials ageing experiments. A discussion of the work

detailed in this thesis is presented below.

Chapter 1 described the motivation of this research project, and presented the aim,

objectives, and requirements. As noted, these targets were considered satisfied, providing

AWE with a conceptual diagnostic system with the ability, following further maturation

and development, to support future materials ageing experiments. A discussion of the

project objectives is noted below, and within each chapter the techniques are evaluated

against their specific project requirements.
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Chapter 2 detailed a survey which was conducted to search for previously

presented and commercially available interrogation systems, and for optical fibre-

based: temperature sensing, barometric pressure sensing, gas phase chemical speciation

techniques. Interrogation systems able to measure multiple types of sensors with the long-

term confidence required by the project were not identified within the review, motivating

the development of a bespoke solution, as documented in Chapter 3. A large number

of fibre Bragg grating (FBG) interrogators were commercially available, with suitable

performance specifications, but their lack of integration and long-term support hindered

their use within this thesis. Temperature sensing using FBGs was recommended and a

novel experimental long-term investigation was performed, as discussed in Chapter 5.

Other techniques, such as fibre Fabry-Pérot (FFP) sensors, luminescence, and distributed

sensing were reviewed, but FBGs were considered suitable to satisfy the project

requirements while being a well matured technique. Barometric pressure sensing using

FFP cavities was considered likely to satisfy the project requirements, and the technique

was further investigated in Chapter 6. The use of a FBG pressure sensing configuration

was considered, but the smaller size and commercial availability of the FFP sensors

was considered advantageous. Gas sensing techniques were considered, with absorption

spectroscopy being the technique of interest. Cavity ring-down (CRD) spectroscopy and

tunable diode-laser absorption spectroscopy (TDLAS) were reviewed, with TDLAS being

the recommended technique, and forming the basis of the work reported in Chapter 7.

The typical use of high-finesse gas cells in the CRD technique was considered a potential

source of error within a long-term experiment, since changes of finesse would be difficult

to detect remotely, a feature TDLAS did not require.

Chapter 3 discusses the modular interrogation system, which was designed to be a

standalone system suitable for interrogating all deployed diagnostics within the ageing

experiment. The system was based on replaceable modules to provide long-term

serviceability, and full AWE intellectual property (IP) ownership ensured a supply of

replacement modules was achievable. The interrogation system infrastructure was fully

designed and assembled within this project, and supported demonstration of the modules

operating in situ. Two smaller system enclosures were also developed to provide

secondary uses for the modules, potentially supporting shorter-term experiments. System

modules, such as those for power, cooling, and controlling the system were produced

and integrated. Interrogation modules for measuring FBG temperature sensors were

developed, opting to pursue two measurement techniques to provide both module and
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design diversity and redundancy. The developed swept laser module was demonstrated

measuring a FBG temperature sensor successfully, and the developed optical spectrum

analyser (OSA) module was successfully evaluated. The optically isolated electronic

sensors (OIES) interrogation module was demonstrated providing power to a bespoke

OIES sensor node, and receiving the returning digital sensor data. Modules for optical

fibre routing were vital for operation as an integrated diagnostic system. Such modules

were developed, manufactured, and evaluated. A novel study was also performed to

evaluate the performance of the optical fibre switches used within this work for repeated

use, concluding that multi-year operation was predicted.

Chapter 4 detailed the selection and performance evaluation of electronic sensors

that were integrated throughout the modular interrogation system. The sensors were

included on each of the modules to enable module-level environmental conditions to

be monitored, and the data used to support system maintenance over the multi-decade

duration of an experiment. A review of electronic sensing techniques was conducted and

commercial sensors were selected which featured digital data interfaces, inter-integrated

circuit protocol (I2C), which simplified their integration onto the interrogation modules.

Four electronic sensors were chosen for experimental evaluation and were integrated

into a bespoke test-bed system. The sensors were evaluated for measuring temperature,

barometric pressure, and humidity. All the sensors evaluated performed within the

measurement requirements, and two were selected for integration into the interrogation

system, between which the three environmental parameters could be monitored. The

selected sensors were subsequently integrated into all of the interrogation system modules

developed.

Optical fibre temperature measurement using FBGs was considered likely to satisfy

the project requirements, but no systematic study of long-term performance or failure

modes was found. Chapter 5 details a novel experiment where three commercial off-the-

shelf (COTS) FBG temperature sensors were cycled 180 times over a range of −40 ◦C

to 100 ◦C during the period of one year. No sensor failures were identified during the

experiment, providing confidence in their use, but since no failures occurred, a sensor

lifetime prediction was not formed. Further evaluation would be required to gain the

confidence needed to deploy such sensors into a long-term experiment, due to the inability

to calibrate the sensors once the experiment has commenced.

A similar experiment was conducted in Chapter 6 on FFP-based barometric pressure

sensors. Six COTS sensors were pressure cycled in excess of 7300 times from vacuum

210



Chapter 10: Discussion and Conclusions

to (1000± 4) mbar, with no sensor failures discovered, over the period of one year. As

with the temperature sensors, no sensor lifetime prediction was able to be concluded, but

additional confidence in the technique was gained. Further evaluation of these sensors

was also recommended.

Chapter 7 detailed the development of a bespoke fibre-coupled multi-pass gas cell,

and the evaluation of an optical fibre fluorescence based oxygen sensor. The gas cell

was designed, manufactured, and evaluated for detecting water vapour (H2O). The design

was supported by mathematical beam-path modelling which predicted the beam position

throughout its multiple reflections in the cell. The design utilised the Herriott cell

geometry, and had an optical path-length in excess of 6 m within an enclosure 140 mm

long. The design was considered mechanically robust, and featured a novel two-hole

mirror arrangement to aid in fibre-coupling of the cell. The oxygen sensor was measured

in excess of 250 000 times and was not found to be long-term stable, requiring frequent re-

calibrations to provide accurate data. The oxygen sensor was therefore not recommended

for use within a long-term materials ageing experiment. Further development of the

gas cell was recommended and it was considered possible to measure multiple gaseous

species within the single cell, such as H2O, CO2 and CH4.

Following the experimental evaluation of both electronic and optical sensors, as

described, a technique to power electronic sensors over an optical fibre was pursued.

The technique developed, OIES, discussed in Chapter 8, used light sent down a

fibre, converted to electrical power at the remote node, to enable electronic sensor

measurements and optical data transmission of the results back along the fibre. This

potentially enabled electronic sensors to be used without compromising the electrical

isolation of the experiment. The technique was demonstrated successfully, using a

bespoke arrangement of readily available commercial components, and achieving an

optical to electrical conversion efficiency of 1.9 %. Following the success of the hardware

demonstration, further development was conducted and a revised version of the node was

designed and manufactured, improving the conversion efficiency to (24.0± 0.2) %. The

increase in efficiency provided higher continuous power in the node, which potentially

enabled an increase in measurement frequency, and broadened the range of electronic

sensing techniques that could be supported in the future.

Chapter 9 described development work of optical fibre infrastructure components,

that provided options to aid in the practical deployment of a long-term experiment.

The project had investigated diagnostic sensor options and interrogation hardware, but

211



Chapter 10: Discussion and Conclusions

integrating the sensors and optical fibres into the experimental system also required

consideration. The techniques developed included: optical fibre hermetic sealing, fibre

internal connector, fibre feed-throughs, sensor packaging, fibre encapsulation, and a fibre

umbilical connector. Together these techniques were seen to form enabling technologies

which would be required if optical diagnostics were to be considered a practical option

for future use. Of the six techniques developed, the sensor packaging, fibre internal

connector, and fibre umbilical connector were the most mature; offering practical

solutions for fibre interconnections and robust sensor housing. The fibre feed-through

technique, and optical fibre encapsulation, would require the most further development

and maturation before use within a materials ageing experiment.

The project objectives were assessed against the work conducted. The objective to

investigate sensor interrogation hardware solutions was completed by the creation of

the bespoke modular interrogation system. The objective to develop optical diagnostic

techniques, was considered completed due to the long-term evaluation conducted on FBG

and FFP sensors, and the development of a sensor packaging technique. The gas phase

speciation development consisted of the design, manufacture, and evaluation of a bespoke

multi-pass gas cell, and the evaluation of a commercial oxygen sensor. The objective

to develop optical fibre integration technologies was completed by development of the

optical fibre support components. Each technology was evaluated as satisfying its specific

requirements, as noted throughout the chapters.

10.2 Experimental Scenario

From the work described, a future materials ageing experiment incorporating the

diagnostics discussed could be assembled as shown in figure 10.1. The schematic includes

the modular interrogation system and modules discussed in Chapter 3, the electronic

sensors investigated in Chapter 4, FBG temperature sensors evaluated in Chapter 5,

FFP barometric pressure sensors evaluated in Chapter 6, multi-pass gas cell detailed

in Chapter 7, the OIES node discussed in Chapter 8, and the optical fibre support

components discussed in Chapter 9.

Together these techniques provided concepts for possible technology solutions for

delivering a complete experimental system that incorporated comprehensive optical

diagnostics.
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Figure 10.1: Schematic concept of a future materials ageing experiment incorporating the
diagnostic techniques developed.

10.3 TRL Assessment

A range of technologies were developed throughout this project. Each was assessed

against their requirements, as described in the relevant sections of this work, but they

were not often assessed for readiness. Table 10.1 summarises the technologies developed

and details the appropriate equivalent technology readiness level (TRL), following the

guide shown in Appendix A.

To visualise the overall readiness of the technologies discussed, the assignments from

the table are shown in histgram form in figure 10.2. The majority of the hardware was

assessed as TRL 5/6, but a significant amount of work would be required to elevate the

technologies to TRL 8/9, which would be necessary before use within a materials ageing

experiment.
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Chapter Technique/Technology TRL
Modular Interrogation System Module system, frame, and UI 5

Control Card 2 (CC2) 6
Interface Buffer (IB1) 6
Module Buffer (MB1) 6
Routing (OR) Module 6

SLED Module 6
Photodiode (PD) Module 6

Spectrometer (OSA) Module 6
Swept Laser Module 6

OIES Interrogation Module 6
SUBCACE Enclosure 5
MINICACE Enclosure 5

Electronic Sensor Integration Sensor test-bed 6
Gaseous Chemical Detection Multi-pass multi-gas cell 5

Optical Isolated Electronic Sensors Initial Sensor Node 5
Revised Sensor Node 5

Optical Fibre Infrastructure Hermetic Solder Seals 3
Internal Fibre Connector 6

Fibre Feed-through Technique 2
Sensor Packaging 6

Optical Fibre Encapsulation 2
Fibre Umbilical Connector 4

Table 10.1: Technology readiness level assessment for the techniques and technologies developed
within this project.

Figure 10.2: Histogram of TRL assignments.
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10.4 Conclusions

This research project aimed to produce technologies and techniques as options for

potential future use within long-term materials ageing experiments at AWE. The work

utilised optically interrogated sensors and techniques, to ensure the experiment could be

electrically isolated, if required. The project objectives were satisfied, and AWE was

provided with numerous technology options for further development towards a diagnostic

system suitable for future long-term materials ageing experiments.

The modular interrogation system discussed in Chapter 3 was based on replaceable

modules to provide long-term serviceability satisfying requirement 1g. The design

provided full AWE IP ownership ensured a supply of replacement modules was achievable

over a multi-decade experimental duration, satisfying requirement 1b. The interrogation

system infrastructure was designed and assembled, and supported demonstration of the

modules operating in situ, satisfying requirement 1a. Two smaller system enclosures were

also developed to provide secondary uses for the modules, potentially supporting short-

term experiments. System modules, such as those for power, cooling, and controlling the

system were produced. Interrogation modules for measuring FBG temperature sensors

were developed, opting to pursue two measurement techniques to provide diversity and

redundancy. The swept laser module was demonstrated measuring a FBG temperature

sensor successfully, and the OSA module was successfully evaluated operating in the

1550 nm region with a bandwidth of 150 nm and a resolution of (140± 10) pm, satisfying

requirement 1c and 1d. The OIES interrogation module was demonstrated providing

power to a OIES sensor node, and receiving sensor data, satisfying requirement 1e.

Modules for optical fibre routing were vital for the system operation, and such modules

were created and evaluated. The framework demonstrated through the creation of these

modules was considered to satisfy requirement 1f.

Chapter 4 detailed the selection and performance evaluation of electronic sensors

that were integrated throughout the modular interrogation system, satisfying requirement

1h. The sensors were included to enable module-level environmental conditions to

be monitored and the data used to support system maintenance over the multi-decade

duration of an experiment. All the sensors evaluated performed within the measurement

requirements 1i, 1j, and 1k of: −10 ◦C to 40 ◦C with an accuracy of ±1 ◦C; 10 %RH to

90 %RH with an accuracy of ±5 %RH; and 900 mbar to 1100 mbar with an accuracy of

±5 mbar. Two were selected for integration into the interrogation system, between which
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the three environmental parameters could be monitored.

Optical fibre temperature measurement was required using FBGs to satisfy

requirement 2g, but no systematic study of long-term performance or failure modes

was found. Chapter 5 details a novel experiment where three COTS FBG temperature

sensors were cycled 180 times over a range of −40 ◦C to 100 ◦Cin a 1 year period.

No sensor failures were suggested during the experiment, providing confidence in their

use, but a sensor lifetime prediction was not possible. This work provides evidence

in support of requirement 2d for long-term stability. The technique was based on a

mature technology, was chemically compatible not requiring the use of organics, and

was inherently integrated with optical fibres, satisfying requirements 2a, 2b, 2c, and

2e. With the custom housings developed within Chapter 9 strain-isolated FBG sensors

were possible in a length shorter than 20 mm, satisfying requirement 2f. Previous work

reviewed in Chapter 2 provided confidence the measurement range and accuracy of

−20 ◦C to 70 ◦C / ±1 ◦C would satisfy requirement 2h.

A similar experiment was conducted in Chapter 6 on FFP-based barometric pressure

sensors to satisfy requirement 2i. Six COTS sensors were pressure cycled in excess of

7300 times in a 1 year period, with no sensor failures discovered. As with the temperature

sensors, no sensor lifetime prediction was concluded, but additional confidence in the

technique was gained. As with the FBG evaluation, this work supported requirement 2d

and satisfied requirements 2a, 2b, 2c, 2e, and 2f. The measurement requirement, 2j, of

0 mbar to 1200 mbar with an accuracy of ±2 mbar was considered achievable based on

the literature review within Chapter 2.

Chapter 7 detailed the development of a bespoke fibre-coupled multi-pass gas cell

to provide H2O sensing capability in support of requirement 2k, and the evaluation of

an optical fibre fluorescence based oxygen sensor to support requirement 2m. The gas

cell was designed, manufactured, and evaluated. The design had an optical path-length

of (6.47± 0.05) m and achieved a detection resolution of (38± 12) ppm with a design

capability of measuring from 40 ppm to 100 000 ppm, satisfying requirement 2l. The

design was 140 mm long, was considered mechanically robust, chemically compatible,

and featured a novel two-hole mirror arrangement to aid in fibre-coupling of the cell,

satisfying requirements 2f, 2d, 2b, 2c, and 2e. The oxygen sensor (requirement 2n) was

measured in excess of 250 000 times and was not found to be long-term stable, requiring

frequent re-calibrations to provide accurate data. It was therefore not recommended

for use within a long-term materials ageing experiment, therefore a technique to satisfy
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requirement 2m was not found within this thesis. The specification of the sensor was

however suitable to satisfy requirement 2n.

A technique to power electronic sensors over an optical fibre was developed,

OIES, discussed in Chapter 8. The technique was demonstrated successfully using a

bespoke arrangement of readily available commercial components, achieving an optical

to electrical conversion efficiency of 1.9 % and satisfying requirement 2o. Further

development was conducted and a revised version of the node was designed and

manufactured, improving the conversion efficiency to (24.0± 0.2) %. The increase in

efficiency provided higher continuous power in the node, which potentially enabled

an increase in measurement frequency, and broadened the range of electronic sensing

techniques that could be supported. The technique utilised SMF-28 optical fibre satisfying

requirement 2p, and used a Class 1M 200 mW 1310 nm laser satisfying requirement 2q.

Chapter 9 described development work of optical fibre infrastructure components,

that provided options to aid in the practical deployment of a long-term experiment.

The techniques developed included: optical fibre hermetic sealing, fibre internal

connector, fibre feed-throughs, sensor packaging, fibre encapsulation, and a fibre

umbilical connector, to satisfy requirements 3e, 3f, 3g, 3h, and 3i. Together these

techniques were seen to form enabling technologies which would be required if optical

diagnostics were to be considered a practical option for future use. The techniques were

designed to satisfy the project size requirement (3d) and were all below the threshold

length of 160 mm. The umbilical connector was designed to incorporate environmental

sealing and was evaluated to be user-friendly to use, satisfying requirement 2j.

All the requirements were considered satisfied, but the following were highlighted as

the focus for future development:

2b Concepts that are chemically compatible with materials ageing experiments.

2c General chemical compatibility within this thesis focuses on minimal inclusion of

organics and metals which may interact with oxygen and water (e.g. copper).

2m A technique to measure gaseous oxygen (O2) concentration.

3a Concepts that are chemically compatible with materials ageing experiments.

3b General chemical compatibility within this thesis focuses on minimal inclusion of

organics and metals which may interact with oxygen and water (e.g. copper).
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3c Concepts with the potential to be long-term stable over multiple decades.

Requirements 2b, 2c, 3a, and 3b were not fully satisfied due to the inclusion

of small quantities of organics in the FFP sensor design (adhesive) and internal

connector multiple-fibre push-on-pull-off/mechanical transfer polished (MPO/MTP)

ferrule (plastic). A technique for requirement 2m was identified, but after evaluation the

specific design chosen was found not to be sufficiently long-term stable. Requirement 3c

was not experimentally evaluated due to the low maturity of the Chapter 9 components,

but the aim of long-term stability was included within the design of the concepts.

10.5 Future Work

This research project was intended to provide technology concepts for future development

towards potential deployment. As such, potentially advantageous routes of further

development are presented for each topic investigated.

The development of further interrogation modules for the modular interrogation

system could expand the interrogation system beyond FBG sensing and the OIES system,

to incorporate techniques such as TDLAS and/or fluorescence sensing. The modular

interrogation system infrastructure could also be developed into additional module count

configurations, further supporting small and medium-scale experiments.

The electronic sensors, which were embedded within the interrogation system, could

benefit from an investigation of their long-term performance, to further support their use in

long-term condition monitoring. It could also be advantageous to periodically investigate

newer models of similar sensors that may offer performance improvements. Such sensors

could be incorporated into the design as existing modules are revised, or as future modules

are designed.

Further assessments of FBG and FFP sensors would benefit from monitoring a larger

number of sensors in order to increase the likelihood of observing a failure. Conducting

the experiments with greater environmental stability would be beneficial, to assist in

the data analysis. Testing the sensors within the mechanical housings they would be

deployed within, in an experiment (such as the one developed in Chapter 9), would also

be worthwhile, to ensure the entire sensor system is correctly evaluated.

Further development of the near infrared (NIR) absorption spectroscopy technique

could be achieved by improving the optical fibre collimator coaxial tolerances, which

together with creating a TDLAS interrogation module, could improve the performance of
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the technique. Investigation of chemicals of interest which could be measured within an

SMF-28 fibre coupled system could also be completed to maximise the use of the gas cell

once located within an experiment.

The OIES technique presented underwent a significant design revision within this

project, but further improvements to the conversion efficiency are likely possible.

The inclusion of energy storage capacitors within the revised system topology, could

potentially enable the use of higher-power sensing techniques such as metal oxide

chemical and non-dispersive infrared (NDIR) gas sensors. Use of such sensors could

provide a valuable technique to measure gaseous species otherwise difficult to measure

by absorption spectroscopy via NIR optical fibres.

Future development of the solder seal technique could improve consistency of the seal

and ensure removal of potentially trapped flux chemicals. The long-term reliability of the

seal could also be further assessed. Further work on the internal connector could develop

a single-use push-fit variant that could enable use within confined spaces. The feed-

through technique could be experimentally evaluated and potentially further developed

to reduce the size of the design. Due to the removable nature of the fibre tube from

the feed-through, commercial production of the solder-seal within the tube could also

be investigated. The sensor packaging technique could benefit from the experimental

assembly of a combined temperature and pressure node for evaluation. Miniaturisation of

the housing would be a potential avenue for further development, as would investigating

integration into the spectroscopic gas cell. Further evaluation of the fibre encapsulation

technique could benefit from heat-sealing the Kapton film around the optical fibres. A full

evaluation of the chemical compatibility of the technique could then be experimentally

assessed. Alternative options such as metal coatings of fibres could also be investigated.

The umbilical connector could be experimentally evaluated if it were manufactured in

metal. The optical performance, mechanical robustness, operation across a range of

environments, and long- term use could be evaluated.

From this thesis multiple avenues for further development have been identified, and

would be required before a mature diagnostic system is available to AWE. At the time of

writing, many of the techniques have started further investigation though two part-AWE

funded PhD projects based at Heriot-Watt University, which are focusing on optical fibre

infrastructure components and optical sensors.
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Appendix A: Technology Readiness Levels

The Ministry of Defence (MOD) definition of TRLs from their framework agreement

for technical support (FATS) [303, 304] are provided in table A.1 for reference. These

definitions were used when assigning the appropriate TRL of the hardware concepts

developed and evaluated within this project.

TRLs are typically used as a measure of technical risk, but the risk would only be

realised if the proposed technology were introduced operationally at that time.

TRLs relate to individual technologies, and do not suggest the individual technologies

could be integrated and work together.

The TRL does not indicate that the technology is right for the job or that application

of the technology will result in successful development of the system [305].
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Title Description
1 Basic principles observed and

reported
Lowest level of technology readiness. Scientific research
begins to be evaluated for military applications. Examples
might include paper studies of a technology’s basic
properties

2 Technology concept and/or
application formulated

Invention begins. Once basic principles are observed,
practical applications can be postulated. The application
is speculative and there is no proof or detailed analysis to
support the assumptions. Examples are still limited to paper
studies

3 Analytical and experimental
critical function and/or
characteristic proof-of-concept

Analytical studies and laboratory studies to physically
validate analytical predictions of separate elements of the
technology are undertaken. Examples include components
that are not yet integrated or representative

4 Technology component and/or
basic technology sub-system
validation in laboratory
environment

Basic technology components are integrated. This is
relatively “low fidelity” compared to the eventual system.
Examples include integration of “ad hoc” hardware in a
laboratory

5 Technology component and/or
basic sub-system validation in
relevant environment

Fidelity of sub-system representation increases
significantly. The basic technological components are
integrated with realistic supporting elements so that the
technology can be tested in a simulated environment.
Examples include “high fidelity” laboratory integration of
components

6 Technology system/subsystem
model or prototype
demonstration in a relevant
environment

Representative model or prototype system, which is well
beyond the representation tested for TRL 5, is tested in
a relevant environment. Represents a major step up in
a technology’s demonstrated readiness. Examples include
testing a prototype in a high fidelity laboratory environment
or in simulated operational environment

7 Technology system prototype
demonstration in an operational
environment

Prototype near or at planned operational system. Represents
a major step up from TRL 6, requiring the demonstration of
an actual system prototype in an operational environment,
such as in an aircraft or vehicle. Information to allow
supportability assessments is obtained. Examples include
testing the prototype in a test bed aircraft

8 Actual technology system
completed and qualified
through test and demonstration

Technology has been proven to work in its final form and
under expected conditions. In almost all cases, this TRL
represents the end of Demonstration. Examples include test
and evaluation of the system in its intended weapon system
to determine if it meets design specifications, including
those relating to supportability

9 Actual technology system
qualified through reliability and
maintainability demonstration
in service

Application of the technology in its final form and
under mission conditions, such as those encountered
in operational test and evaluation and reliability trials.
Examples include using the system under operational
mission conditions

Table A.1: Technology readiness level definitions used within the evaluation of hardware within
this project.
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