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Abstract 

Corrosion monitoring is an important aspect of increasing the safety and 

reliability of large structures such as aircraft, ships, submarines and bridges. In general, 

current non-destructive corrosion detection techniques are only able to detect local 

changes after significant damage has occurred. Moreover, corrosion often localises in 

areas that are inaccessible for inspection, especially in large structures. This implies a 

need for sensitive detection systems with multiple sensors in order to monitor the initial 

stages of corrosion over large areas. 

Thus, the development of a wide-area detection system for continuously 

monitoring structural changes, together with a capability for non-destructive evaluation 

and early warning, is an important task. The aim of the present research is to evaluate 

the feasibility of a distributed optical fibre sensor for detecting corrosion at arbitrary 

points of interest in a large structure.  

A detection method based on the estimation of water ingress into conventional 

optical fibre during the corrosion process was tested. This method was based on changes 

in the water peak absorption in a sensor made from conventional optical fibre. This did 

not give conclusive results. This method may be attractive for sensor designs based on 

hygroscopic glasses or fibres with small cladding thickness.  

In the method chosen for further development, the fluorescence from the complex 

Tris-(8-hydroxyquinoline)aluminum (Alq3) produced by the reaction of Al3+ ions with 

the indicator 8-HQ was detected. A theoretical model was developed to evaluate the 

evanescent field interaction mechanism and critical parameters of the detection system. 

This suggested that fluorescent emissions generated by the evanescent field and coupled 

back into guided modes could be detected by means of photon counting technology. 

Moreover, the location of the fluorescence could be resolved by measuring the time-of-

flight of the fluorescent emission returned from a short excitation pulse. 

Two constructions of the optical fibre sensor, based on etched D-shaped fibre and 

declad plastic-clad fibre, were examined as sensing elements for distributed 

measurements. Evaluation of the results in terms of practical considerations such as 
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cost, additional development requirements and the risks to achieving the required 

results, led to the choice of a plastic clad fibre that could be easily declad as a sensing 

element for the detection system.  

A system based on pulsed excitation and time-gated photon counting was used to 

detect a localized source of fluorescence at an arbitrary position along the fibre length. 

Environments examined were the complex Alq3 excited at 405 nm and the infrared dye 

IR-125, excited at 780 nm. A model to characterize the response of the sensor to a 

Gaussian input pulse was developed and tested. Analysis of the Alq3 fluorescence 

response confirmed the validity of the model and enabled the fluorescence lifetime to be 

determined. The decay rate was found to be proportional to concentration, which is 

indicative of collisional deactivation. The intrinsic lifetime obtained (18.2±0.9 ns) is in 

good agreement with published data. The minimum Alq3 concentration that could be 

detected is 5×10-5 M (~20 ppm) over an exposed length of 0.2 m, whereas the detection 

limit for IR-125 is 2×10-6 M (~1.2 ppm). The model allows the spatial resolution of the 

distributed sensing system to be improved in those cases where the fluorophore lifetime 

is longer than the resolution of the sensing system. 

The absorbance and fluorescence response of the multimode optical fibre 

evanescent wave sensor was analysed to investigate the influence of different 

conditions, such as environmental refractive index, excitation wavelength, and 

launching conditions. Theoretical models were developed to investigate and improve 

the efficiency of the optical fibre detection system. The potential for using the 

developed detection system in practical sensing applications was successfully 

demonstrated in a stimulated corrosion test. 
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Chapter 1 

Project motivation 

Corrosion has been found to be one of the major damage mechanisms affecting 

engineering structures, including constructions such as bridges and pipelines, as well as 

mobile transport structures such as marine ships or aircraft which normally operate in a 

highly corrosive environment. The probability of corrosion damage increases with the 

age of the structure, particularly when the original design lifetime is exceeded. 

Therefore, detection of corrosion at the early stages is very important to reduce the costs 

of maintenance and to ensure safety.  

A major concern which increases the risk of damage and repair costs is corrosion 

in hidden or inaccessible areas. Generally, by the time that corrosion detection is 

possible without disassembly, the damage is so extensive that massive repairs and even 

replacement of entire parts are required. 

Thus, the development of a detection system for continuously monitoring large-

scale structural changes, together with the ability for non-destructive evaluation, 

remains an important task. 

1.1 Corrosion basics and sensing mechanisms for 
corrosion 

Corrosion can be defined as the destructive attack of a metal by chemical or 

electrochemical reaction with the environment that causes metals to be transformed into 

their salts and oxides. Modern corrosion science is based on the electrochemical theory 

of corrosion. The electrochemical theory presents corrosion processes as a combination 

of anodic oxidation such as metal dissolution with metal ion production and a cathodic 

reduction such as oxygen ionisation or production of hydrogen ions. The 

electrochemical theory of corrosion applies to any type of metal; in this chapter we will 



 2 

discuss the fundamental reactions during corrosion mostly for aluminium as the metal 

most relevant to the project. 

Aluminium has a highly negative standard electrode potential of -1660 mV 

(Vargel 2004), so it is expected to be very unstable in the presence of moisture. 

However, experience shows that this is not the case, and aluminium shows a resistance 

to corrosion in most environments, despite the thermodynamic prediction. This stability 

is associated with the presence of a continuous oxide film on the surface. At room 

temperature in air, a protective film is formed on the surface of aluminium in such small 

time as 10-4 seconds, which prevents further deterioration of the metal (Totten and 

MacKenzie 2003). So aluminium is a passive metal. But like all passive metals, 

aluminium is prone to localised corrosion caused by a local rupture of the passive film. 

Under certain conditions, such as a presence of active anions, variation of pH value and 

so on, localised corrosion will develop and propagate.  

In order to understand corrosion mechanisms, it is necessary to consider some 

basic facts of electrochemistry. As a simple example shown in Figure 1.1, we consider 

the corrosion process in the 2024 aluminium alloy from which most aircraft structures 

are made. Aluminium alloy 2024 is an aluminium alloy, with copper and magnesium as 

the alloying elements (copper is the chief alloying agent). It is used in applications 

requiring high strength to weight ratio, as well as good fatigue resistance.  

The microscopic grains of aluminium and copper materials in the 2024 aluminium 

alloy together with an electrolyte serve as a classical electrochemical cell. Sources of 

the electrolyte can be atmospheric moisture containing dissolved sea salt or dissolved 

acids, salts or alkalis from industrially contaminated air. In the example, a diluted 

hydrochloric acid is considered as the electrolyte. The electrode potential difference at 

the place of aluminium-copper contact causes production of positive ions within the 

aluminium (anodic oxidation):  

Al→Al3+ + 3e-      (3.1) 

Because aluminium is more electronegative than copper it will form the anode of 

the galvanic action, whereas copper acts as a cathode. The presence of the electrolyte 

allows a complete circuit to be formed. The aluminium ions attract chlorine ions from 

the electrolyte and form aluminium chloride: 
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Al3++3Cl-→ AlCl3    (3.2) 

Aluminium chloride is a salt of corrosion which is deposited at the surface of the 

aluminium. Hydrogen ions are attracted to the copper by the remaining electrons from 

the aluminium and are neutralised with production of H2 molecules, which release as a 

free gas (cathodic reduction). 

2H++2e-→ H2      (3.3) 

Corrosion is formed on the aluminium where the corrosion salt replaces the metal and 

causes severe changes in the properties of the material. 
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Figure 1.1. Electro-chemical cell in galvanic corrosion process. Adapted from (Jeppesen 

and Sanderson 1985). 

Different types of corrosion can occur on aluminium (Jeppesen and Sanderson 1985), 

such as uniform (generalised) corrosion, pitting corrosion, transgranular and 

intergranular (intercrystalline) corrosion, exfoliation corrosion, stress corrosion, etc.  

Factors causing corrosion include the presence of acids and alkalis in the working 

environment, as well as salts, some contaminating metals such as mercury, simple water 

and air which serve as media for the electrochemical reactions. A relatively new 

problem is corrosion caused by organic growth in the fuel tanks. The predominant type 
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of corrosion will depend on a certain number of factors that are intrinsic to the metal, 

the medium and the conditions of use. There is no form of corrosion that is specific to 

aluminium and its alloys (Vargel 2004). 

Corrosion is most dangerous when it develops in inaccessible areas. In the internal 

micro structure of aluminium alloys, areas of dissimilar metals provide efficient 

cathodes and anodes for corrosion formation. This type of corrosion is called 

intergranular corrosion. If corrosive action reaches the boundary between the grains 

through an interrupted protective oxide film, the corrosion can continue within the 

metal. Intergranular corrosion is difficult to detect directly because it happens within the 

metal itself, rather than on the surface. The only practical and certain fix for this type of 

corrosion is replacement of the part (Jeppesen and Sanderson 1985).  

Another type of corrosion develops in the situation when water enriched with 

dissolved oxygen from the air covers the surface of a metal such as aluminium airplane 

skins and seeps into the cracks between the lap joints of the sheets. Water and oxygen 

attract electrons from the metal to form negative hydroxide ions. The oxygen 

concentration is higher in water on the open area than in the cracks. This results in a 

difference in potential between the area of high oxygen concentration and that of low 

oxygen concentration, and provides electron flow between hidden and open areas. 

Electrons flow to the open area which becomes a cathode. The area between the skins, 

having lost electrons, now has positive aluminium ions and becomes the anode. Positive 

aluminium ions attract the negative hydroxide ions from the water and form a common 

corrosion product – aluminium hydroxide. This type of corrosion is called oxygen 

concentration cell corrosion. Oxygen cell corrosion forms under the marking tape of 

ferrules on aluminium tubing, beneath sealer that has loosened, or under bolt or screw 

heads. 

There are various techniques for monitoring corrosion in metal structures and they 

can be divided into two basic categories. There are those that provide a direct measure 

of corrosion (e.g. weight loss measurements), and indirect techniques that utilize a 

related parameter to provide an indirect indication of the presence and degree of 

corrosion. Depending on the particular corrosive environment that is anticipated, and 

the confidence of the relationship between a specific environmental parameter and the 

degree of corrosion of a certain material, monitoring of an indirect parameter to 
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establish the corrosion condition can be quite reliable. Common indirect measurements 

of corrosion include parameters such as electrochemical potential, pH, temperature, 

oxygen presence, moisture content (especially condensed water), specific ions that have 

been identified as aggressive (e.g. chlorides) and the products of corrosion (usually 

metal ions). Detection of hydrogen diffusion through equipment walls has also been 

utilized to indirectly monitor corrosion reactions in specific structures (Roberge 2007).  

1.1.1 Non-optical methods  

There are a number of monitoring techniques that provide a direct measure of 

corrosion rates. They include techniques that can be used for continuous monitoring and 

those that are suitable for periodic assessment of the corrosion condition. The most 

commonly used method of corrosion monitoring is the evaluation of weight change of a 

“tell-tale” coupon over some exposure period. The time of exposure of the coupon is 

determined by the surface area of the coupon, type of metal, anticipated corrosion rate, 

and the sensitivity of the balance used for weighing the coupon. Obviously, weight loss 

measurements of coupons are designed to provide periodic assessment of corrosion and 

require disassembly of the inspected part.  

Other appropriate non-optical techniques include electrical resistance and various 

electrochemical methods: linear polarization resistance, electrochemical impedance 

spectroscopy, electrochemical noise, harmonic impedance spectroscopy and galvanic 

current (Koch and Thompson 1994). In addition, more complex non-optical methods 

based on neutron radiography (Bossi et al. 1995) include atmospheric neutron 

radiography and fast neutron activation analysis.  

1.1.2 Optical methods 

Optical methods are some of the oldest and best-established techniques for 

sensing chemical analytes and have formed the basis of many chemical sensors. A 

corrosion process usually includes chemical or electrochemical transformations that can 

be detected by optical sensors. The development of inexpensive, high quality optical 

fibres for the communications industry has provided an essential component for 

implementation of optical sensors. There has been considerable research effort 

expended in developing sensors based on optical fibres for both physical and chemical 

analytes, with many interesting schemes proposed (Norris 2000). 
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Optical fibre chemical sensing involves the probing of matter by photons. Various 

parameters are associated with a photon flux and a change in any one of these may give 

analytical information about the materials being probed. There are several measurement 

techniques that are commonly used to monitor these parameters. 

� Absorption and reflectance spectroscopy detects changes in intensity of the 

optical signal. 

� Luminescence spectroscopy, Raman spectroscopy, Brillouin scattering 

spectroscopy and reflectance spectroscopy detect changes in wavelength. 

� Luminescence lifetime techniques detect time characteristics of the optical 

signal, e.g. decay. 

� Polarized absorbance, circular dichroism and interferometric techniques are 

used to measure changes in phase or polarization. 

An essential component of any form of analysis using optical fibres is the optical 

fibre itself. This is usually made from a silica-based glass and less frequently from an 

organic polymer (e.g. polymethylmethacrylate). The development of fibres made from 

heavy metal halides or chalcogenides is extending the wavelength range at which 

optical fibre sensors can operate. Several potential advantages arise from using an 

optical fibre as the basis of a chemical (corrosion) analysis technique:  

� Suitability for remote in-situ measurements. The small size, often less than 

1 mm in diameter, flexibility, chemical stability and high transmission efficiency of 

optical fibres enables remote in-situ chemical analyses to be undertaken using fibre 

optic sensors.  

� Electrical isolation and freedom from electromagnetic interference. As 

optical fibres are made from insulating materials, optical fibre sensors are, by their 

nature, electrically isolated from the interrogating electronics. This is especially 

important for in-vivo medical sensors and application areas where flammable or 

explosive reagents are present. The associated immunity to electromagnetic interference 

(EMI) makes them suitable for use in electrically noisy environments.  

� Potential for distributed sensing. In principle, optical fibre chemical sensors 

can be made where the whole length of the fibre is sensitised to a particular analyte. The 

presence of the analyte at any point along the fibre can modify its optical properties, 

enabling a large area to be monitored simultaneously. Alternatively, the sensitized fibre 

can be interrogated by an optical equivalent of radar (optical time domain reflectometry, 
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OTDR) to give a measure of the analyte concentration as a function of position over the 

extended area. Very few such devices have been developed (Norris 2000). 

1.2 Optical fibre sensors  
This section presents a review of the field of corrosion detection using optical 

methods, especially those methods based on optical fibre measurements where there is 

potential for distributed sensing. A special effort has been made to discuss recent 

achievements in the design of corrosion sensors and new directions in developing 

detection systems as well. 

1.2.1 Bragg-grating and long period grating sensors 

The application of strain, temperature or pressure to a fibre grating causes a shift 

in the peak wavelength owing to a change in the refractive index and length of the host 

fibre. Fibre gratings can therefore be used as sensing elements for measuring strain, 

temperature or pressure, and offer stability, compactness, linearity of response, low 

insertion loss and are potentially inexpensive.  

Unlike long-period grating sensors (LPGs), short period gratings do not easily 

lend themselves to monitoring changes in the index of refraction of the cladding. 

However, the short-period gratings may still be used to monitor corrosion using a 

technique that has been successfully demonstrated using metal-coated, prestrained 

optical fibre strain gauges. In the proposed technique, the Bragg grating is prestrained 

and coated with a layer of metal, which "freezes" the sensor in the prestrained state. As 

the corrosion process occurs and metal is removed from the sensor, the residual strain of 

the sensor element decreases and can be used to indirectly monitor the corrosion level. 

A number of sensors based on this principle have been designed and tested (Trego et al. 

1998), (Greene et al. 1996). 

Lo and Xiao (Lo and Xiao 1998) present a method to measure metal corrosion 

using a single-pitch Bragg grating sensor. A prestrained Bragg grating which is only 

partially coated with a metal can be designed as a corrosion transducer, and the section 

without a metal coating can be used as a temperature sensor. After releasing the 

preloading, the two Bragg wavelengths reflected from the Bragg grating are sufficiently 

separated that there is no cross-talk between the corrosion and temperature signals. 
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Since the temperature variation is obtained from the free section, any thermal drift in the 

Bragg grating corrosion sensor can be measured and compensated.  

In addition, sensors for the detection of corrosion precursors and by-products 

(moisture, Cu2+metal ions) were developed by Luna Innovation, Inc. (Cooper et al. 

2001). The moisture sensor was fabricated by coating a LPG sensor element with 

poly(ethylene oxide) PEO, formed from the polymerization of ethylene oxide 

monomers. In the presence of water, the PEO hydrogel coating absorbs water and 

swells, leading to a decrease in the refractive index at the surface of the fibre and a 

resulting shift in the out-coupled LPG wavelength. For the metal-ion sensor, a chelating 

polymer coating with an affinity for 2+ metal-ions is attached to the surface of the LPG 

sensing element. When metal ions are present they form inter-chain and intra-chain 

cross-links with the carboxyl groups in the chelating polymer, significantly reducing the 

phase volume of the polymer chains. This cross-linking increases the density of the 

polymer coating and results in an increase in refractive index at the surface of the fibre, 

again causing a shift in the wavelength out-coupled by the LPG.  

For the purposes of distributed sensing, fibre Bragg gratings can be deployed in a 

quasi-distributed arrangement along an optical fibre back-bone. The different sensing 

positions are essentially wavelength encoded, which implies a need for relatively 

expensive and bulky spectral interrogation systems and broadband light sources. A 

recent review states that “although grating sensors have been intensively developed for 

more than 10 years there are countless trials and there are a few commercial successes. 

The highest profile of these is in monitoring the strain excursion history in carbon fibre 

composite yacht masts for the luxury and racing market” (Culshaw 2004). Thus their 

application to distributed corrosion sensing is probably limited. 

1.2.2 Optical fibre sensing using indicator dyes 

Indicators are synthetic dyes that undergo a colour change on interaction with a 

chemical species. The purpose of using so-called indicator chemistry (i.e. a dye in or on 

a polymeric support) in optical sensing is to convert the concentration of a chemical 

analyte into a measurable optical signal. In other words, the indicator acts as a 

transducer for the chemical species that frequently cannot be determined directly by 

optical means.  
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On interaction with the target analyte, chromophore indicators change the 

absorption spectrum with one band appearing as others disappear. Fluorescent 

indicators, in contrast, are frequently of the yes/no type in that only one of the species 

(i.e. the complexed or uncomplexed form) is fluorescent. Quenchable fluorophores 

undergo a change in intensity of a single band (usually decreasing with a specific decay 

constant). There are also fluorophores that undergo a shift in their spectral maximum 

due to the changing environment. This is called the solvatochromic effect (Wolfbeis 

1997). 

The chemistry of indicators is fairly well established and there are many examples 

of using indicator dyes without optical fibre to detect the species of interest, including 

the determination of metal ions (including aluminium) for corrosion detection (Johnson 

and Agarwala 1994, Johnson et al. 1997), chloride ions (Badr et al. 2000) and changes 

in pH level (Misra et al. 2002). 

1.2.2.1 Fluorescence-based sensors 

Presence or absence of fluorescent signal 

An optical sensor for Al3+ based on the use of purpurin immobilised on XAD 4 

(styrene-divinylbenzene cross-linked copolymer) (Ahmad and Narayanaswamy 2002) 

was used to measure fluorescence from a solid surface by mean of an optical fibre 

attachment to a spectro-fluorometer. A plot of log[Al3+ concentration] against the sensor 

response was linear for Al3+ concentrations in the range from 5.0×10-5 to 3.2×10-3 M, 

with a limit of detection of 3.0×10-5 M. A fluoride solution was shown not to quench the 

complex during measurements and was used as a regenerating agent to refresh the 

probe. Good repeatability (1%) and reproducibility (4%) of measurement were obtained 

with this probe. 

The localized corrosion behaviour of a galvanic aluminium-copper couple was 

investigated by in situ fluorescence imaging with a fibre-optic imaging sensor 

(Szunerits and Walt 2002). Three different, but complementary, methods were used for 

visualizing remote corrosion sites, mapping the topography of the metal surface and 

measuring local chemical concentrations of H+, OH-, and Al3+. The first method is based 

on a pH-sensitive imaging fibre, where the fluorescent dye SNAFL 

(seminaphthofluorescein) was covalently attached to the fibre's distal end. Fluorescence 
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images were acquired as a function of time at different areas of the galvanic couple. In a 

second method, the fluorescent dye morin was immobilized on the fibre-optic imaging 

sensor, which allowed the in situ localization of corrosion processes on pure aluminium 

to be visualized over time by monitoring the release of Al3+. The development of 

fluorescence on the aluminium surface defined the areas associated with the anodic 

dissolution of aluminium. It was also shown that cerium chloride and 8-

hydroxyquinoline effectively inhibit corrosion of pure aluminium by decreasing the 

current, reducing the number of active sites on the aluminium surface and passivating 

the surface faster. From the number and extent of corrosion sites and the release of 

aluminium ions monitored with the fibre, it was shown that 8-hydroxyquinoline is a 

more effective inhibitor than cerium chloride. 

Fuhr with co-authors (Fuhr et al. 1998) investigated two fluorescent Cl¯ ion 

indicators: MEQ (6-methoxy-N-ethylquinolinium iodide) and ABQ (6-methoxy-N-(n-

aminoalkyl)quinolinium bromide hydrochloride (AAQ) with alkyl chain length of 4). 

Both are quinoline derivatives that have been exploited in the past as intracellular 

chloride indicators based on collisional quenching of their fluorescence by halide ions. 

The investigation demonstrated the potential for eventual implementation in an optical 

sensor, but immobilization into a sol-gel matrix was not successful.  

Time-resolved spectroscopy (by quenching of fluorescence) 

A novel laser-based corrosion sensor has been developed (Chin et al. 1996) using 

embedded optical fibre, near-infrared (NIR) dyes and phase-resolved fluorescence 

spectroscopy to detect corrosion by-products (aluminium and iron) at the incipient 

stage. During the initial research effort, the practicality of using phase-resolved 

fluorescence spectroscopy and the NIR dye fluorescence lifetime for characterization of 

metal ions was demonstrated.  

Improvement of an optical fibre oxygen sensor based on fluorescence quenching 

by oxygen gas was reported (Morisawa et al. 1996). Using the newly synthesized poly-

l-menthylmethacrylate (PMtMA) and its blend of poly(4-methyl-1-pentene) (PMP) as 

the cladding layer in which a sensing dye was doped, a plastic optical fibre (POF) 

oxygen sensor with high sensitivity (with the quenching rate of 5.85x103 s-1%-1) and a 

fast response time of less than 5 s was realized. In addition, this sensor was not affected 

by humidity. 
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Solvatochromic effect (shift of max of fluorescence) 

An integrated optical fibre sensor system, which allows in-situ non-destructive 

long-term monitoring of concrete structures has been developed (Grahn et al. 2002). A 

pyridinium-N-phenolat betainital dye was used as a moisture indicator. This dye shows 

strong solvatochromic behaviour in the ultraviolet-visible spectral range. The dye is 

embedded in a polymer matrix, whose moderate polarity is enhanced by free water 

diffusing into the sensor. This leads to a continuous hypsochromic shift of the 

absorption spectrum according to the water concentration. Another appropriate dye is 4-

amino-N-methylphthalimid, which shows a similar behaviour in its fluorescence 

spectrum. Derivatives of this dye and suitable polymer matrices are reported to be under 

development.  

1.2.2.2 Measurement of absorption via the evanescent field  

Fibre optic evanescent field spectroscopy for in situ monitoring of pH levels has 

been investigated (Ghandehari and Vimer 2004). The cladding of plastic clad silica fibre 

is replaced with polymethylmethacrylate doped with pH-sensitive chromoionophores. 

The chromoionophores include methyl red, thymol blue, and thymolphtalein for pH in 

acidic, neutral and basic environments, respectively. The evanescent wave is used to 

selectively excite the indicator molecules within the fibre cladding for sampling 

aqueous media surrounding the fibre. This evanescent wave optical fibre sensor was 

explored for non-destructive detection of chemical species that contribute to degradation 

of civil infrastructure materials and could possibly be used for quasi-distributed 

detection of pH ranging from the acidic to basic. 

For the determination of the pH-value of concrete, which is of major importance 

for the assessment of acidic attacks, an optical fibre sensor system has been developed 

(Grahn et al. 2002). The system consists of pH-indicator dyes immobilized in a highly 

hydrophilic polymer matrix. The doped polymer was used to coat a declad optical fibre 

to construct the evanescent optical fibre sensor. Any change in pH-value of the wet 

concrete material is indicated by a colour change of the dye/polymer system. The sensor 

system displays long term stability even in aggressive media of pH 12-13.  
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1.2.3 Direct measurement of changes in absorption and 
reflection  

A method (Fuhr and Huston 1998) of corrosion monitoring relying on direct 

spectroscopy of corroded/uncorroded materials used the “twin-fibre” technique with 

separate transmit and receive fibres. A point corrosion sensor was demonstrated in the 

experiment using the “twin-fibre” bundle. The presence of corrosion is determined via 

colour modulation of a broadband input signal. The attributes and benefits associated 

with using optical fibres are realized in a separate experiment with the use of a fibre that 

has been selectively “windowed” using a wet timed glass etching method. In such a 

scheme time-resolved analysis can be employed to determine the amount of corrosion 

that occurs within each window segment of the fibre.  

A similar simple technique (Singh et al. 2000) was based on the colour matching 

principle to detect corrosion induced colour changes. It employs a thin Y-shaped fibre 

optic bundle, which increases the quantity of light energy coupled from a white light 

source. The light reflected from the sample is incident on a PIN photo-detector through 

a complementary filter cutting the appropriate wavelength range. A series of such 

probes can be safely embedded and/or bonded to structures at pre-determined locations. 

This sensor was implemented and its feasibility for in-situ corrosion detection in 

structures was demonstrated. Measurement data was acquired for steel samples 

corroded both in concrete and under open ambient conditions.  

1.2.4 Microbending based sensor 

The simplest loss mechanism, which can be used for sensing purposes, is 

microbending, because a deliberately introduced microbend can provide a potentially 

useful sensor system. The work of (MacLean et al. 2003) describes a chemically 

reactive system in which the thin active coating on multimode graded-index fibre 

responds to a particular liquid species by expanding and thus introducing a microbend 

through the helical wrap, which cause losses in the light propagating through the optical 

fibre. By varying the active layer, sensors capable of detecting moisture and liquid 

hydrocarbons have been demonstrated. The benefits of these systems lie in their ability 

to address long interaction lengths and locate events quickly (within seconds) with 

relatively high precision (within a few meters) using a simple short range OTDR and a 

relatively inexpensive cabling format. 
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1.2.5 Total internal reflection change due to corrosion of metal 
coating 

As light propagates along a fibre due to total internal reflection at the 

core/cladding interface, any changes to this interface should result in a change in 

transmission. Thus, if the normal cladding is removed from the sensing region and 

replaced by a metal layer, the boundary of total internal reflection disappears at that 

point because of absorption by the metal film. In this way, the amount of output light 

will obviously decrease. As corrosion develops, the output power will increase again 

owing to a reduction in absorbed light until it reaches a stable situation; that is, the 

metal film disappears and total internal reflection is recovered. The corrosion rate of the 

metal film is affected by the concentration of the corrosive solution and by the corrosion 

time.  

If the basic composition of the metal cladding is the same as the material of the 

investigated structure, the metal cladding will have similar corrosion behaviour. As the 

corrosion of the metal cladding continues, its optical properties are altered, in turn 

affecting the propagation of light in the fibre. By monitoring the change of light output 

from the fibre, one may estimate the rate and degree of corrosion (Dong 2005), (Dong et 

al. 2005), (Dong et al. 2007).  

A corrosion sensor based on metal-coated optical fibre has also been used to 

monitor steel corrosion in reinforced concrete (Li et al. 2000). This type of sensor is not 

new; it was suggested in 1996 (Rutherford et al. 1996) and was tested by embedding in 

a structure that simulated the real environment. The results of the testing were 

unsatisfactory. It was found that the light attenuating mechanism in the sensor exposed 

to a salt spray environment is fundamentally different depending on whether the sensor 

is tested bare or when it is mounted on corroding aluminium. When the sensor was 

tested bare, the aluminium alloy plating on the core of the sensor gradually corroded 

away, leaving the core exposed to the relatively low index of refraction of the salt spray 

electrolyte. Thus, the sensor optical throughput increased as the corrosion progressed, as 

predicted. When the sensor was installed on a piece of corroding aluminium alloy, the 

corrosion by-products built up along the core as the aluminium alloy cladding corroded. 

The particulate or granular nature of the corrosion by-products served as scattering sites, 

causing a net decrease in optical throughput. Therefore the performance of this type of 

sensor would be unpredictable when applied to a real structure exposed to salt spray. 
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Also, the sensors were found to be very fragile and even with careful handling in a 

laboratory environment, the breakage rate was high (8 out of 24 broke). 

A low-cost optical fibre humidity sensor (Bariain et al. 2000) has been designed 

that is based on the deposition of a gel (agarose) on a biconically tapered optical fibre 

and used as a refractometer. The refractive index of the agarose gel surrounding the 

tapered zone of the fibre responds to humidity changes. In this way, the transmitted 

optical power through the taper varies as a function of the relative humidity. 

Alternatively, a mixture of swelling cellulose and hydrophobic polymer can be 

used as a sensitive cladding layer for plastic optical fibre (POF). Attachment of water 

molecules causes a change in refractive index. This POF type sensor can be easily 

fabricated by coating the cladding layer on the plastic fibre core. When exposed to 

humid air, the cladding produces a change from leaky to guided propagation depending 

on the relative humidity. The sensor showed good results over a wide humidity range 

(Muto et al. 2003). However, this sensor has a fast response time, which is not 

appropriate for corrosion monitoring where cumulative approach to water is a critical 

parameter. 

1.3 Organic dyes for corrosion sensing 
Table 1.1 summarises the information about organic dyes potentially useful for 

corrosion monitoring, as well as suitable to be implemented into an optical fibre 

detection system. 

The list of dyes is divided into two main sections: firstly, dyes which can be used 

in fluorescence analysis, and secondly, dyes which can be used in colorimetric or 

absorption analysis. Both approaches have advantages and disadvantages. In an OTDR 

measurement, the finite fluorescence lifetime can limit spatial resolution; a limitation 

that does not occur with absorption. 

Dyes 1, 2, 9, and 10 are suitable for use as corrosive environment sensors (pH). 

Dye 2 demonstrates an extremely wide sensing range. Also, dyes 1 and 2 have been 

incorporated in an optical fibre sensor construction. 

All other dyes were chosen because of their ability to detect the presence of 

aluminium as an ion, which characterises the beginning of the corrosion process. 
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Because aluminium degradation is also a problem in many areas of health protection, 

environmental pollution detection and so forth, several reagents have been reported for 

the spectrophotometric determination of aluminium. Some of the reagents for 

aluminium ions detection are commercially available; for example, Stilbazo is available 

from Tokyo Chemical Industry Co. as a spectrophotometric reagent for aluminium ions 

and other metals. The International Organization for Standardisation (ISO) suggests the 

use of 8-hydroxyquinoline for the determination of aluminium. The 8-Hydroxyquinoline 

absorption and fluorescence wavelengths at ~400 and ~500 nm respectively can be 

made compatible with the existing distributed sensor system (Stoddart et al. 2005). 

Every chemical mentioned in Table 1.1 requires particular conditions to work as 

an aluminium detection agent: pH level, presence of contaminants, solvent used, even 

some reagents which work as catalysts. Only one chemical (lumogallion) has been used 

directly in a corrosion detection system. The possibility to use other listed dyes in 

corrosion detection with an optical fibre sensing system also needs to be investigated.  
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Table 1.1. Organic dyes for corrosion sensing 
 

№ 

Common name 

(chemical name, 

chemical group) 

Excitation 

wavelength 

Fluores-

cence 

wavelength 

pH range Other issues Chemical structure of Dye Ref 

Fluorescence sensing 

1 

5-(and-6-) 
carboxysuccinimidyl 
ester 
(SNAFL-SE) 

490 nm 540/650 nm 6.2 - 8.6 

pH sensing 
application 
pH sensitive dye 
SNAFL was 
covalently bound 
to the distal end of 
the fibre surface  

(Szunerits 
and Walt 
2002) 

2 

Carboxy 
seminaphthofluoresc
ein 
(SNAFL-2) 

550 nm 640 nm 3 - 11 

pH sensing 
application, 
membrane for the 
fiber-optic sensor. 

o

oHO

COOH

O

No

o

c

o

Cl

 

(Xu et al. 
1998) 

3 Morin 430 nm 500 nm 7 

Al3+ ion detection; 
imaging fibre with 
covalently bonded 
morin 

OOH

O

OH

OH OH

OH

 

(Szunerits 
and Walt 
2002) 
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№ 

Common name 

(chemical name, 

chemical group) 

Excitation 

wavelength 

Fluores-

cence 

wavelength 

pH range Other issues Chemical structure of Dye Ref 

4 
Near Infra Red 
(NIR) dyes 

670 nm 750 nm 
Not 

specified 

Ion detection Al3+, 
Fe3+, 
fluorescence 
quenching 

N
+

N

CH3

O

CH3

OH

OOH

I
-

TG1

 

N
+

N

CH3

O

CH3

OH O

OH

I
-

TG2

 

N
+

N

CH3

O

CH3

O OH

OH

I
-

TG3

 

(Chin et al. 
1996) 

5 
Ferron 
Iodoxyquinolinesulf
onic acid 

370 nm 
Not men-
tioned 

5 
Complexes with 
Al3+, Fe3+ ions 

 

(Zhou et al. 
2006), 
(Campa et 
al. 1988) 

6 

Pontachrome Blue 
Black R 
(Alizarine Blue 
Black R, Mordant 
Black 17) 

500 nm 

Orange-red 
fluorescence 
634-698 nm 
 

Not men-
tioned 

Interference with 
Fe3+ ions 

 

(Block and 
Morgan 
1962) 
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№ 

Common name 

(chemical name, 

chemical group) 

Excitation 

wavelength 

Fluores-

cence 

wavelength 

pH range Other issues Chemical structure of Dye Ref 

7 Quercetin 450 nm 490 nm 
Not men-

tioned 
Al3+ ion detection  

 

(Chang et 
al. 2003) 

8 
N-o-vanillidine-2-
amino-p-cresol 

423 nm 553 nm 4.0 Al3+ ion detection 

 

(Kara et al. 
2007) 

9  8-Hydroxyquinoline 350-400 nm 520 nm 
Not 

stated 
Al3+ ion detection 

 

(McAdam 
et al. 2005) 

 
 

№ 

Common name 

(chemical name, 

chemical group) 

Absorption 

wavelength 

peak 

pH range Other issues Chemical structure of Dye Ref 

Absorption sensing 

10 
Derivative of 
dimethylindolenine 
bromide 

780-800 nm 10 - 16 

pH sensing 
application; 
dye entrapped within 
a Naflon matrix and 
fabricated into thin 
film. 

(Zen and Patonay 
1991), (Zen et al. 
1992) 
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№ 

Common name 

(chemical name, 

chemical group) 

Absorption 

wavelength 

peak 

pH range Other issues Chemical structure of Dye Ref 

11 Trimethynecyanine 900 nm 0.4 – 4.4 
pH-sensing 
application 

Not shown, supposedly is similar 
to previous 

(Murphy et al. 
1996) 

12 Pyrocatechol Violet 500 nm Exactly 6.10 

Indicator for metal 
titration;  
with pH > 6 acts as a 
pH sensor, with pH < 
6 – incomplete 
complexation   

(Wauer et al. 2004) 

13 
Eriochrome cyanine 
R 

535 nm Not stated 

Eriochrome cyanine 
R combines with 
aluminium to produce 
change in colour.  

 

(Hill 1959), 
(Amelin and 
Gan’kova 2007) 

14 
Chrome Azurol S 
(Mordant Blue 29) 

600 nm 6 
Al3+ ions detection 
pH dependent 
optimum pH 6 

 

(Maleki et al. 
2004), (Nadzhafova 
et al. 2001) 

15 Xylenol Orange 400-600 nm 5-6 
Al3+ ion detection 
pH dependent 

 

(Madrakian et al. 
2005) 
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№ 

Common name 

(chemical name, 

chemical group) 

Absorption 

wavelength 

peak 

pH range Other issues Chemical structure of Dye Ref 

16 
5,8-dihydroxy-1,4-
naphthoquinone 

600 nm  
Determination of 
beryllium and 
aluminium ions 

Not shown 
(Agnihotri et al. 
1993) 

17 Alizarin  510-570 nm 5.5-7.5 Al3+ ion detection 

 

(Fain et al. 2004) 

18 Aluminon 530 nm 6–7 

Change in colour, 
may be used in 
fluorescent 
measurement, with 
short wave excitation 

 

(Clark and Krueger 
1985) 

19 
Bis-(2,3,4-
Trihydroxyphenylaz
o) benzidine 

455 nm 4.8-5.3 

In the presence of 
nitrogen-containing 
organic reagents, the 
best medium for the 
complexation is 
shifted to the acidic 
region (pH 2). 

 
(Alieva et al. 2006) 

20 

2,2′,3,4-
Tetrahydroxy-3′-
sulpho-5′-
nitroazobenzene 

479 nm 4.0 Al3+ ion detection 

 

(Guray et al. 2005) 
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№ 

Common name 

(chemical name, 

chemical group) 

Absorption 

wavelength 

peak 

pH range Other issues Chemical structure of Dye Ref 

21 Stilbazo 413 nm 5.0 

Spectrophotometric 
reagent for Al3+ ions 
and other metals from 
Tokyo Chemical 
Industry Co.  

(C.U. Wetlesen and 
Omang 1961) 
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1.3.1 Aluminium corrosion monitoring by fluorescence of Alq3 

Because aluminium-based alloys are widely used in the production of aircraft 

components, one of the by-products of the corrosion process is aluminium cations. 

Previous work using fluorescence techniques has focussed on the detection of 

aluminium cations as an indication of the early stages of corrosion. The indicator 8-

Hydroxyquinoline (8-HQ) has shown promising properties for the detection of 

aluminium cations and a point optical fibre sensor was built using 8-HQ as a transducer 

(McAdam et al. 2005).  

From the sensing point of view, 8-HQ forms a stable complex with aluminium 

ions (Alq3 - Figure 1.2) with changes to its absorption and fluorescence properties as 

shown in Figure 1.3. Excitation at 405 nm is ideal in this case, because it corresponds to 

the strong absorption line of the 8-HQ/Al3+ complex (Alq3) and effectively excites 

fluorescence of Alq3, but at the same time it is not absorbed by 8-HQ.  
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Figure 1.2. Corrosion detection reaction: 8-HQ forms the complex Alq3 when exposed 
to Al3+. Adapted from (McAdam et al. 2005). 
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Figure 1.3. Spectral absorption and fluorescence characteristics of 8-HQ and its 
complex with aluminium (Alq3) in cuvette. 

 

1.3.2 Immobilization of dyes 

Suitable polymers are required to provide a solid support for indicator dyes 

together with permeation of the species of interest. The most widely used polymers 

(Wolfbeis 1997) are: 

� silicones, 

� hydrophobic polymers, e.g. poly(vinyl chloride),  

� polyethylene,  

� silica materials,  

� hydrophilic materials, e.g. so-called hydrogels.  

Immobilization methods of indicator dyes include: 

� physical entrapment,  

� covalent binding,  

� electrostatic binding and adsorption. 

The application of sol-gel materials to optical fibre sensors, especially in the form 

of thin films, has attracted considerable interest because of the ease of fabrication and 

design flexibility of the process. The nature of the sol-gel process lends itself very well 
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to the deposition of thin films using a variety of techniques such as dip-coating, spin-

coating, and spraying. In many sensor applications, the sol-gel film is used to provide a 

microporous support matrix in which analyte-sensitive chromophores are entrapped. 

Smaller analyte species may then diffuse into the matrix and interact with the 

chromophore. Sol-gel films have many advantages as support matrices over polymer 

supports, including strong adhesion, good mechanical strength, and excellent optical 

transparency (MacCraith and McDonagh 2002). 

As mentioned above, many optical sensors, both absorption and fluorescence 

based, use waveguiding principles. Many optical-fibre based evanescent-wave sensors 

employ a thin, porous sol-gel film that is doped with an analyte-sensitive reagent and 

coated on a length of de-clad optical fibre. The amount of evanescent power that can 

interact with the fluorophore is critically dependent on the refractive indices of the fibre 

core and sol-gel cladding. Hence, the ability to tailor the sol-gel refractive index is 

crucial to optimizing sensor performance. Typically, a porous silica sol-gel film has a 

refractive index of about 1.43 but this value can be adjusted by choice of process 

parameters such as sol pH, ageing time, and, in particular, the sol-gel precursor 

(MacCraith and McDonagh 2002). A number of investigations of polymer or sol-gel 

entrapped materials for optical sensing have been reported (Kao et al. 1998, Wallington 

1997, Arregui 2002). 

1.4 OTDR for distributed sensing 
Optical time domain reflectometry (OTDR) is a well established technique for the 

characterization of fibre optic communication systems. Physical parameters at every 

point along the fibre can be obtained by measuring from one end of the fibre. This 

method can also be used with a chemically sensitive optical fibre. Typically, a short 

excitation pulse is launched into the fibre and the time delay of reflected light that is 

guided back down the fibre due to scattering by physical or chemical ‘defects’ in the 

cladding is analysed. Thus, in principle, it should be possible to detect the presence and 

spatial distribution of an analyte along the active length of the fibre (Rogers 1999). 

The possibility of using OTDR principles in sensing systems is well presented in 

the literature. Distributed strain measurements using strain-induced attenuation in 

optical fibre have been reported in (Kurashima et al. 1997) and (Schaefer et al. 1996). 
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Use of a fibre optic distributed sensing system employing multiplexed bragg gratings to 

monitor structural fatigue in an aircraft has been reported in (Duncan et al. 2003).  

Distributed optical-fibre chemical sensing systems are of interest for monitoring 

broad-area chemical distributions. Different techniques have been investigated to show 

the potential of optical fibre distributed chemical sensing based on measuring changes 

in refractive index, absorption and fluorescence (Buerck et al. 1996), (Mendoza et al. 

1995), (Lieberman et al. 1989), (Mukamal et al. 2005), (Cordero et al. 2005). 

It has been shown that distributed chemical sensors can be achieved by 

immobilizing suitable reagents in the cladding of plastic-clad silica (PCS) optical fiber 

(Cordero et al. 2006b), (Cordero et al. 2006a), (Potyrailo et al. 2005), (Potyrailo and 

Hieftje 1999). Despite the number of potentially important applications, relatively few 

practical distributed chemical sensing systems based on evanescent field interactions 

have been reported. This is primarily due to the difficulty of protecting the optical fibre 

waveguide while allowing sufficiently sensitive interaction between the target chemical 

species and the guided light in the fibre core. Some new methods for signal generation 

and processing in distributed chemical sensing based on absorption measurements have 

been introduced (Potyrailo and Hieftje 1998a) to improve dynamic range and sensitivity 

of the detection system.  

Distributed optical fibre fluorosensors for pH measurement were presented in the 

literature (Wallace et al. 1997), (Browne et al. 1996). This approach did not receive 

much further development due to issues with sensitivity, stability, and fluorescence 

lifetime effects, despite the fact that some work has been done to improve detection 

parameters such as spatial resolution (Potyrailo and Hieftje 1998b). An approach based 

on OTDR was employed to build a compact detection system for simultaneous multi-

component fluorescent chemical analysis (Henning et al. 2005).  

Nevertheless, fluorescence-based techniques potentially provide a powerful 

transduction mechanism for chemical events, with a large number of fluorescent 

indicators available to detect a wide range of chemical species. 
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1.4.1 Apparatus for distributed measurements  

The “Sentor” optical fibre distributed temperature sensor (DTS) developed by 

Tyree Optech and Swinburne University can be modified for use in corrosion detection 

(Stoddart et al. 2005). The Sentor DTS uses high-speed electronics for the laser drive 

and photon detection circuits. A sensitive photomultiplier tube (PMT) detector provides 

the advantages of the photon counting method to simplify all aspects of operation. The 

time-gated electronics for signal acquisition accumulate the photon counts in bins of 2 

ns width, which corresponds to a length resolution of 0.2 m in silica fibres. An increase 

in the accumulation time can be used to improve the signal to noise ratio. A detailed 

description of the Sentor optical fibre distributed temperature sensor can be found in 

Appendix 1.  

A number of distributed optical fibre sensors are available in the commercial 

market, including several Raman scattering based sensors for temperature sensing only. 

Examples are listed below and details are available on the Internet: 

• SensorTran; 

• Weatherford’s optical distributed-temperature-sensing. 

Distributed optical fibre sensors based on Brillouin scattering for measurements of 

temperature and strain and using conventional telecommunication fibres are also 

available. Examples are listed below and details are available on the Internet: 

• OZ Optics [Foresight DSTS (Distributed Strain and Temperature Sensors)] 

• Omnisens (STA) 

• Yokogawa (AQ8603) 

• Sensornet (DTSS) 

• Neubrex (Neubrescope) 

• AP Sensing (former Agilent Technologies and Hewlett Packard) [Distributed 

Temperature Sensing] 

A distributed optical fibre acoustic sensor for reservoir monitoring (Helios) was 

developed by Fotech Solutions. The Helios sensing system from Fotech consists of two 

elements: an optical fibre cable, and the Helios Interrogator which combines the high 
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sensitivity of optical fibre interferometers with the high spatial resolution of short pulse 

optical time domain reflectometry in single-mode optical fibre. Helios is designed to 

detect acoustic signals or vibration along the entire length of the installed optical fibre. 

The Helios distributed acoustic monitoring system was installed in a coal-bed methane 

well in Scotland for Composite Energy Ltd of Stirling, UK. 

Distributed Intrinsic Chemical Agent Sensing and Transmission (DICAST) 

technology was developed by Intelligent Optical Systems, Inc. DICAST sensors have 

been developed for multiple chemical agents, including chemical warfare agents, and 

prototype systems are deployed at beta sites in Pennsylvania and California. The 

operating principle is understood to be based on optical absorption by the chemically 

sensitive cladding. 

1.5 Summary and thesis outline 

The work presented in this thesis aims to develop and investigate a detection 

system that has the potential to continuously monitor large-scale structures, together 

with the ability to non-destructively evaluate corrosion situations. It is preferable to be 

able to detect corrosion at the early stages in hidden or inaccessible areas. A way of 

achieving this goal is by combining optical fibre technology with developed chemical 

sensing of related parameters to provide an indirect indication of the presence of 

corrosion. 

Development of a fully distributed sensing system can be set as an ultimate goal 

of this technology. The fully distributed sensing system would provide constant 

monitoring and measurements of the degree of corrosion at every location along the 

sensing fibre. Practical considerations and consultations with the end-user could set 

minimal requirements that should be satisfied for the sensing system to have a potential 

for further development. Because corrosion is a complicated process it is practical for 

the system to be able to detect corrosion rather than to measure it. Detection is 

understood in terms of the signal detection theory as a “yes/no” type of detection 

according to a preset threshold. The sensing system is required to be able to localize the 

corrosion point along the sensing fibre. The optical fibre sensor is required to have the 

potential to be installed in predetermined locations that are considered vulnerable to 
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corrosion. So, the proposed sensing system should be able to perform distributed 

detection at an arbitrary location along the sensing fibre. Such a sensor could be 

considered a fully distributed sensing system. On the other hand, installing the optical 

fibre sensor at particular places (like lap joints, etc.) gives an opportunity to consider the 

sensing system as a quasi-distributed system. Thus, development of a fibre optic 

distributed corrosion sensor which can detect corrosion at the preset threshold at any 

predefined location was set as an initial target. At the same time, the system should have 

the potential to be extended to a fully distributed capability in future work. 

Prior to the experimental and modelling results, Chapter 2 provides a brief 

overview of the methods of designing an optical fibre sensor potentially suitable for 

distributed corrosion monitoring. In Chapter 3, the theoretical considerations and 

modelling that indicate critical design parameters for an ideal distributed chemical 

sensing system based on evanescent wave interactions are presented. In order to provide 

motivation for the use of the chosen optical fibre sensor design, an evaluation of the 

available techniques is given in Chapter 4. The aims of Chapter 5 are to theoretically 

and experimentally investigate the absorbance and fluorescence response of the 

multimode optical fibre evanescent wave sensor, together with the effect of excitation 

wavelength and the influence of launching conditions on the sensor performance. The 

experimental equipment, used for the distributed measurements, based on pulsed 

excitation and time-gated photon counting, are described in Chapter 6. The distributed 

detection system has been designed and used to locate a fluorescent region along the 

fibre. Also in this chapter a theoretical model is developed to characterize and predict 

the behaviour of the fluorescent response at the detector. A practical application in 

corrosion determination and characterisation of the designed detection system is the 

subject of Chapter 7. The final chapter combines a conclusion of the project and 

recommendations for further work. 
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Chapter 2 

Methods 

Employing optical fibre technology for corrosion monitoring requires optical fibre 

design making the fibre sensitive to the corrosive environment. This design should 

provide modulation of the light propagating in the fibre according to changes in the 

environment attributed to corrosion. 

In this chapter, methods of designing an optical fibre sensor potentially suitable 

for distributed corrosion monitoring are described. Different approaches to modulation 

of light in the optical fibre due to a corrosive environment are presented. An approach 

based on water diffusion in the optical fibre provides direct detection of the water 

ingression by a change in spectral intensity of the propagating light. Another approach 

utilises chemical indicators for corrosion sensing as it has been described in Chapter 1. 

To realise such an approach, special optical fibre modification providing indicator-light 

interaction through the evanescent field is required. 

2.1 Water diffusion into optical fibre 
Optical fibres inherently have extremely low attenuation or transmission loss 

which has brought their wide acceptance as a medium of transmission. Nevertheless, 

there are some factors which cause light loss and limit how far a signal can travel 

through the fibre. Total attenuation consists of material absorption, Rayleigh scattering 

in the fibre and waveguide imperfections. 

Material absorption can be divided into two categories: intrinsic absorption losses 

and extrinsic absorption. Regular telecommunication optical fibres are made from ultra-

pure fused silica glass with special dopants to obtain the desired indices of refraction 

needed to guide light. Germanium, titanium, or phosphorous are added to increase the 

core refractive index; whereas boron or fluorine are added to decrease the refractive 
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index of the cladding. So, intrinsic absorption can be associated with absorption by 

fused silica, for which electronic resonances occur in the ultraviolet region (wavelength 

< 0.4µm), whereas vibrational resonances occur in the infrared region (wavelength > 

7µm). Extrinsic absorption on the other hand corresponds to losses caused by impurities 

within silica.  

Different types of atomic defects in the silica fibres lead to additional losses 

appearing over time. There are called aging losses. These silica defects can react with 

trace amounts of hydrogen even at room temperature and cause significant losses at 

1383 nm which corresponds to the hydroxyl (OH ¯) absorption peak and at 1530 nm 

associated with the absorption peak caused by the Si-H bond vibration (Chang 2005).  

The main source of extrinsic absorption in fibres is the presence of water vapour. 

A vibrational resonance of the OH ¯ ion occurs near 2730 nm. Its harmonic and 

combination tones with silica produce absorption at 1383 nm, 1244 nm and 950 nm 

wavelengths. The presence of residual water vapour in silica causes aging losses in the 

fibre as well as increasing extrinsic absorption losses. 

Typical optical fibre spectral attenuation is shown in Figure 2.1 (Schubert 2006). 

The absorption peak around 1400 nm is associated with vibrational states of O-H bonds 

in the glass as well as in the water molecules present in the fibre as a contaminant and is 

called the “water peak”.  
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Figure 2.1. Measured attenuation in silica fibres (solid line) and theoretical limits 
(dashed lines) given by Rayleigh scattering in the short-wavelength region, and by 
molecular vibrations (infrared absorption) in the infrared spectral region (Schubert 
2006). 

Great efforts have been put into reducing water contamination in optical fibres 

during the manufacturing process. Recent advances in manufacturing have resulted in so 

called zero-water-peak fibres. Examples of these fibres include: SMF-28e+ from 

Corning, the Furukawa-Lucent OFS AllWave, Pureband Zero Water Peak Fibre from 

Sumitimo Electric Lightwave. 

Consequently, changes in the intensity of the “water peak” could potentially be 

used as an indicator of water ingression. Monitoring of the “water peak” intensity over 

time may allow the presence of water around the fibre to be detected as an indication of 

a corrosive environment development. 

In principle, this could be monitored by a modified optical time domain 

reflectometer (OTDR) operating at 1400 nm. 

2.2 Coupling via evanescent field 
An evanescent field is created whenever light undergoes total internal reflection at 

the boundary between two dielectric media. In planar media, the evanescent field decays 

exponentially away from the boundary into the lower index medium, with a decay 

constant dependent on the indices and the angle of incidence.  
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To characterise the evanescent wave a penetration parameter was introduced. The 

penetration depth pd  is defined as a distance, into optically rare medium, at which the 

amplitude of the evanescent wave decreases to 1/e of its initial value and can be given 

by 

zc

p

n
d

θθπ

λ
22

1 sinsin2 −
= ,    (2.1) 
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For the fused silica (n=1.458)/water (n=1.333) system and for VIS range (380-

780 nm), the average value of pd  is about 250 nm, but for the angles close to the 

critical angle pd  exceeds 1 µm. This value is enough to provide interaction with the 

molecules at the boundary and enables recording those absorption or emission spectra. 

It establishes a basis for the well known technique referred to as attenuated total 

reflectance spectroscopy.  

Optical fibres and waveguides may be considered, in simple terms, as guiding 

light through total internal reflection and therefore have an evanescent field extending 

from the core/cladding boundary along their entire length. This provides a useful means 

of interacting with the guided light without interrupting the fibre path. Coupling 

between two or more waveguides may be performed via the evanescent field in suitable 

configurations. Waveguides may be designed in such a way as to allow the evanescent 

field to interact with an absorber or fluorescent dye, forming the basis for many optical 

chemical sensors (Stewart and Johstone 1996). 

Further, we describe optical fibre sensor constructions developed to date with 

special attention to those potentially useful in the distributed measurements.  
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2.2.1 Exposed core fibre 

Plastic-clad-silica (PCS) multimode fibres are the most commonly used in the 

development of optical fibre chemical sensors. The simplest and cheapest method of 

sensor construction is when the plastic cladding is removed over a suitable fibre length, 

exposing the core and allowing access to the evanescent field. Another arrangement is a 

fibre surrounded by a cladding that has been impregnated with chemically active 

species. Both approaches are widely presented in the literature; advantages and 

problems are discussed and solutions suggested (Ruddy et al. 1990), (MacCraith et al. 

1991), (Potyrailo et al. 1996), (Ghandehari and Vimer 2004), (Lee et al. 2003), (Lee et 

al. 2001), (Kumar et al. 2002), (Orghici et al. 2008), (Börner et al. 2009). 

Moreover, this type of optical fibre construction provides a platform to develop 

truly distributed sensing systems. The problem is that the low percentage of total power 

carried by the evanescent field results in poor sensitivity. 

One way to overcome this problem is, for example, the tapered fibre which was 

developed to maximize interaction with the sensing region. The tapered fibre is 

produced by heating a section of single mode fibre in a methane/oxygen mixture flame 

and pulling the fibre as it melts (Moar et al. 1999). This tapered profile supports a modal 

structure that spreads out as it travels through the tapered region and extends into the 

medium surrounding the taper. It provides strong interaction with the surrounding area 

allowing efficient excitation of the species in the sensing region by the propagating light 

and possible coupling back via evanescent field. It allows the fibre taper to be used in a 

variety of applications including fibre dye lasers (Pendock et al. 1992), non-linear 

optical devices (Mackenzie and Payne 1990b), (Mackenzie and Payne 1990a) and 

optical fibre sensors (Anderson et al. 1994), (Hale and Payne 1997), (Foulgoc et al. 

1996), (Falciai et al. 1997).  

Tapered fibres have shown suitable sensitivity, but have limited application as 

distributed sensors; it is only possible to build a quasi-distributed system on the tapered 

fibre basis. In addition, the tapered regions are delicate and required special packaging. 

A relatively new approach to solve this problem is based on improving the 

efficiency of the coupling to the surrounding region by using specially designed fibres. 

For example, maximization of the fraction of the total supported modal field power in 



 34 

the evanescent field is possible by creating an optimal fibre refractive index profile 

(Gibson and Dower 2007).  

Recent developments in the fabrication of micro- structured optical fibres suggest 

that the coupling efficiency can be significantly improved in fibre designs that 

maximises the evanescent field in the sensing area. Such designs were suggested and 

analysed theoretically (Zhu et al. 2006) and low loss and high sensing efficiency were 

predicted. An approach to evanescent field sensing, in which both core and cladding are 

micro-structured, is presented in (Cordeiro et al. 2006). The fibre was fabricated and 

tested, and simulations and experimental results were shown in the visible region to 

demonstrate the utility of this approach for sensing. 

Micro-structured optical fibres can also be gainful for fibre-based fluorescence 

sensing thanks to the possibility of improving the sensing performance through fibre 

geometry optimisation and materials like high-index glasses. It has been shown that 

such fibres exhibit localised regions of high intensity which lead to approximately two 

orders of magnitude enhancement of fluorescence recapturing (Afshar et al. 2007). 

Experimental implementations of micro-structured optical fibre sensors are presented in 

the literature (Jensen et al. 2004), (Smolka et al. 2007). However, the evanescent field 

can generally only be accessed via the distal ends of the fibre. Consequently, distributed 

sensing is not possible unless the core is exposed.  

Fluorescence-based distributed sensing using exposed-core micro-structured 

optical fibres was demonstrated in (Warren-Smith et al. 2010). A time-domain approach 

that uses photon counting detection was employed. The resolution was shown to be 0.5 

m, with a range of up to 2.5 m. The improved efficiency provided by the specially 

designed fibre is accompanied by increased absorption losses, rendering this approach 

unsuitable for large detection ranges. It may be possible to improve the useful range by 

fabricating fibres with cleaner fabrication techniques or higher purity materials. 

2.2.2 D-fibre and asymmetric waveguides 

Removal of the cladding or tapering of the fibre results in a very fragile filament. 

As an alternative, a D-shaped fibre structure with the cladding removed all along the 

fibre length is another suitable candidate for distributed sensing. Such fibres are 

commercially available, but their evanescent sensing ability needs more detailed 
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investigation. Theoretical and experimental investigations have been performed to 

estimate and compare the detection efficiency of the different constructions (Marcuse et 

al. 1992), (Henry 1994), (Huntington et al. 1997).  

A number of evanescent wave sensors have been developed on the base of D-

shaped fibre. For example, in (Lee et al. 1996) a D-shaped optical fibre sensor was 

demonstrated as a surface contamination monitor for salt deposition on insulators. 

Optical fibre sensors using the evanescent field in D-fibre were used for temperature 

measurements (Chandani and Jaeger 2005), chemical sensing (Chen et al. 2005) and 

measurements of liquid level based on changes in refractive index (Chandani and Jaeger 

2007).  

In most cases, a reduction of the cladding thickness is required to provide 

effective evanescent field interaction, especially if short wavelengths are planned to be 

used for sensor excitation. Usually this is performed by wet etching with HF acid, which 

adds complications in the sensor production. Another possible solution is to mount the 

fibre in a curved slot cut in a quartz block, which is polished to produce a D-shaped 

structure on the fibre with half the cladding region removed (Kim et al. 2007). Other 

difficulties of employing D-fibre as a sensing element such as low sensitivity, second-

harmonic background signals from interference effects, as well as the practical difficulty 

in splicing compared with standard (circular) fibre, were addressed in (Stewart et al. 

1997). Surface contamination is another problem that should be taken into account 

when working with the D-fibre based sensors (Jin et al. 1995). At the same time, D-

fibres still provide potential for truly distributed measurements.  

Integrated optical waveguides may also be used as evanescent wave sensors. 

Integrated optical guides are usually asymmetric in structure (in terms of index 

distribution) and may be planar, two dimensional, single layer, or multilayer in form. 

For example, it has been shown (Draxler et al. 1996) that the combination of 

inhomogeneous waveguiding with lifetime-based sensing and imaging can be used for 

applications such as oxygen sensing. A complete integrated optical sensor system 

(Mendoza et al. 1996) has simultaneously identified and quantified traces of metal ions 

in a water stream. Despite the attraction of integrated optical waveguides for 

simultaneous chemical identification there is not much potential for them to be used in 

distributed sensing systems. 
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2.3 Summary 
This Chapter presents information on the methods of optical fibre sensor design. 

Based on the information presented here, three methods will be further evaluated as 

potentially useful for distributed corrosion monitoring in Chapter 4. These methods are: 

the method based on spectral measurements of water ingress; the method standing on 

modification of the D shape fibre, and the method of the optical fibre sensor 

construction by exposure of the core of the plastic clad fibre.  

In designing an effective distributed sensor, it is important to consider many 

factors such as: the nature and requirements of the particular application, the physical 

and chemical properties of the target species, and the parameters of the detection 

system, as these factors jointly define the detection system performance. In order to 

evaluate the potential benefits of the approach based on evanescent wave interaction in 

the optical fibre sensor, a model for an ideal distributed fluorescence sensing system 

based on photon counting detection is presented in the follow chapter.  
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Chapter 3 

Modelling of an ideal distributed sensing system 

In this Chapter, a concept of distributed measurement in optical fibre based on the 

technique of optical time domain reflectometry (OTDR) is investigated. OTDR is 

primarily used to evaluate loss and detect faults along a fibre. This system utilises an 

optical radar (or LIDAR, for light detection and ranging) concept to examine the 

continuity and attenuation of optical fibres, by measuring the characteristics of the 

backscattering against time when a short pulse of light is launched into a fibre 

waveguide.  

Combining this idea with the concept of an intrinsically sensitive optical fibre, the 

design of a distributed chemical sensing system is suggested. One of the possibilities to 

design an intrinsically sensitive optical fibre is to develop a fibre with a specially 

modified chemically sensitive cladding. The chemically sensitive cladding may be 

created by doping a primary material with indicators (probes) – synthetic dyes that 

undergo changes of spectral-luminescent properties on interaction with chemical 

species. 

A schematic of a fluorescence based OTDR is depicted in Figure 3.1. A pulsed 

laser is coupled into a section of fibre via a directional coupler, which also serves to 

couple the back-scattered light fraction, captured and returned via the intrinsically 

sensitive fibre on test, to the sensitive detection system with time resolving capability. 

The modified cladding region containing the fluorescent dye commences after the 

directional coupler at a range R0. Optical energy generated by the fluorescent dye 

molecules in the cladding is coupled into the core by means of the evanescent field of 

the guided modes.  
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Figure 3.1. Detection system schematic. 

3.1 LIDAR equation 
The use of an optical fibre for range-resolved, remote detection is analogous to the 

laser radar technique, where single-ended measurements of materials in the atmosphere 

are made. For a laser radar system, the received power Pr in a spectral component of 

frequency ν0 backscattered from an element at range R is described by the generalized 

laser radar equation. So, for instantaneous received power at time t from the distance R 

(Hinkley 1976): 
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where: ( )00 νP  is the power of the laser pulse at frequency ν0; 

 c is the speed of light; 

 τ  is the pulse duration; 

 βπ is the volume backscattering coefficient of the tested media; 

 Ar is the effective receiver aperture; 

 α is the volume extinction coefficient of the tested media; 

 K is the efficiency of the total optical system. 

3.2 Adaptation of LIDAR equation for fluorescence 
detection in optical fibre 

In the case of fluorescence measurements, the detected signal has shifted 

wavelength relative to the laser emission. Therefore, the received signal should be 

registered at the fluorescence wavelength, which is determined by the spectral and 
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luminescent properties of the dye used as a fluorescent probe. The other significant 

component which the system receives is the Rayleigh backscattered signal, which can 

be several orders higher than the fluorescence signal. Using high quality optical filters, 

similar to those used in Raman temperature sensing applications, allows efficient 

rejection of the Rayleigh component in the detection channel.  

The generalized laser radar equation allows for the received signal power to 

decrease as the inverse square of the range, as required for divergent scattering from a 

point source. This factor is not applicable in an optical fibre, due to the guided nature of 

the received light. Therefore the power detected at a range R in a fluorescence-based 

distributed sensing system is: 

n

c
RRKPRP ffr 2

)exp()exp()(),( 000

τ
ααβνν −−=     (3.2) 

where: ν 0 and ν f  are the frequencies of excitation and fluorescence 

respectively; 

   P0 is the power of the laser pulse at frequency ν 0; 

K is the efficiency of the total optical system; 

β  is the parameter which characterizes the efficiency of the interaction 

between light propagating in the optical fibre and the fluorescent 

material; 

exp(-α 0R) and exp(-α f·R) are the transmittances at the excitation and 

fluorescence wavelengths; 

n
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τ
 is the effective length of resolution; 

n is the effective optical fibre refractive index; 

τ = τp+τs+τc determines the spatial resolution of the detection system, 

τp is the laser pulse length; 

τs is the response time of the optical interaction with the fluorescent 

species; 

τc is the time resolution of the detection system. 

The range R is related to the observed time delay t by 
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3.2.1 K – the efficiency of the total optical system  

The efficiency characterises the extraneous losses in the optical system, e.g. 

splicing losses, light coupling losses. As a first approximation, K can be assumed equal 

to one (i.e. no losses).  

3.2.2 Evanescent field interaction 

Gloge (Gloge 1971) has shown that, based on the weakly guided approximation, 

the ratio of powers propagating in the core and cladding regions depends strongly on the 

particular mode propagating in a fibre. The weakly guiding approximation assumes that 

the refractive index difference ∆ between the core and cladding is small 

(
cl

clco

n

nn −
=∆ << 1, con and cln  are the core and cladding refractive indices). The 

relationship between the power propagating in the core (Pcore), the power propagating in 

the cladding (Pclad) and total power P = Pcore + Pclad is plotted in Figure 3.2 according to 

Gloge. The dimensionless parameter V , appearing in Figure 3.2, is known as the 

waveguide parameter or waveguide frequency. It is defined as 222
clco nnV −=

λ
πρ

, 

where λ  is the wavelength of the propagating light, ρ  is the diameter of the fibre core. 

 

 

Figure 3.2. Fractional power flow in the cladding and in the core of a step-index optical 
fibre as a function of the V number (reproduced from (Gloge 1971)). 
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In the same reference, it has been shown that the average value of the ratio Pclad / 

P is given by 
V3

24
 for weakly guiding multimode fibres where all modes are 

propagating. Although in reality a sensor might not comply with the weakly guiding 

condition and might not be mode-filled, the expression above gives an estimate of the 

fraction of guided power available for evanescent wave sensing. For example, a 

conventional multimode fibre, with core diameter of 50 µm, numerical aperture (NA) of 

0.2 and excitation wavelength λ 0 = 780 nm, has V ≈ 80 and Pclad / P ≈ 2 %.  

3.2.3 Transmittance of optical fibre 

As light travels along a fibre, its power decreases exponentially with distance. If 

P(0) is the optical power in a fibre at the origin (at z = 0), then power P(z) at a distance z 

further down the fibre is  

)exp()0()( zPzP α−= ,       (3.4) 

where  
exp(-α z) is the fibre transmission, and 









=

)(

)0(
ln

1

zP

P

z
α  is the fibre attenuation given in appropriate units, such 

as km-1. 
The basic attenuation mechanisms in a fibre are absorption, scattering, and 

radiative losses of the optical energy. Absorption is related to the fibre material, 

whereas scattering is associated with both the fibre material and imperfections in the 

optical waveguide. Attenuation owing to radiative effects originates from perturbations 

(both microscopic and macroscopic) of the fibre geometry. All of these processes have a 

strong wavelength dependence.  

Ultraviolet absorption decays exponentially with increasing wavelength and in the 

visible and near-infrared region below 1.2 µm the absorption losses is small compared 

with scattering loss. In the near-infrared region above 1.2 µm, the absorption loss is 

predominantly determined by the presence of OH− ions and the inherent infrared 

absorption of the constituent materials (see Figure 1.2 in Chapter 1).  

Scattering in glass occurs mainly due to variation in the refractive index, which is 

Rayleigh-type scattering, and follows a characteristic λ-4 dependence. For wavelengths 
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below about 1 µm, it is the dominant loss mechanism in a fibre and results in decreasing 

attenuation with increasing wavelength.  

3.2.4 Attenuation by core and cladding 

Since light propagates in the core and cladding regions simultaneously, the 

attenuation of both should be taken into account. Because core and cladding have 

different composition, and therefore different indices of refraction, the core and 

cladding generally have different attenuation coefficients, denoted αcore and αclad, 

respectively. If the influence of modal coupling is ignored, the loss for a particular mode 

in a step-index waveguide is: 

P

P

P

P clad
clad

core
core ααα += ,     (3.5) 

where the ratios Pcore / P and Pclad / P can be estimated as in Section 3.2.2. 

This is especially important in our modelling due to the fact that we are 

considering a cladding doped with a fluorescent material that has a significant 

absorption coefficient compared to conventional optical fibre materials. We assume that 

the main attenuation mechanism that applies in the cladding is absorption by the 

fluorescent material, while the attenuation in the core region is defined mainly by the 

Rayleigh scattering mechanism. Also, the attenuation of undoped optical fibre materials 

is small compared to the loss due to absorption by the fluorescent dye in the optical 

fibre cladding material (αabs). In this case: 

absclad αα =  and cladcore αα << .    (3.6) 

Taking into account the fact that Pcore+Pclad=P and the conditions (3.6), we can rewrite 

(3.5) as: 

( )
P

P

P

P clad
abscore

clad
corecladcore αααααα +≈−+= .   (3.7) 

We consider the situation where the fluorescent dye effectively absorbs at the 

excitation wavelength, while its absorption at the fluorescence wavelength can be 

neglected. So, optical fibre attenuation in our model is: 
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P

Pclad
abs

f

corecore αααα ++= 0 , and f

corecorecore ααα += 0 ,  (3.8) 

where 0
coreα and f

coreα  are the attenuation coefficients of the fibre core at the excitation 

and fluorescence wavelengths, respectively. In this case, the optical fibre transmission 

in our model can be written as: 

( ) ( ) 






−−−= R
P

P
RRT clad

abs

f

corecore ααα expexpexp 0    (3.9) 

The attenuation coefficient αabs depends on the concentration (molar 

concentration, Nconc) and absorption characteristics (the molar absorption coefficient, ε) 

of the fluorescent dye, so εα ⋅= concabs N . 

In general, the sensitive range will be limited by absorption in the modified 

cladding. Therefore, the transmission losses that occur in the unmodified sections of the 

detection system (see Figure 3.1) can effectively be ignored for short distances in good 

quality optical fibres. 

3.2.5 Interaction between the evanescent field and 
fluorescent material 

The parameter β in Equation (3.2) characterizes the efficiency of the interaction 

between light propagating in the optical fibre and the fluorescent material. It is the 

fractional amount of the incident energy launched back from the cladding via the 

evanescent field after absorption and fluorescent emission processes have occurred. In 

an optical fibre evanescent wave sensor this process consists of four steps: 1) coupling 

part of the propagating energy into the cladding region, 2) absorption of the energy at 

the excitation wavelength by the fluorescent dye, 3) re-emission by the fluorescent dye 

at the fluorescence wavelength, and 4) coupling the re-emitted light back into the core 

region.  

The first process – coupling part of the propagating energy into the cladding 

region – can be characterized by the Pclad / P ratio as shown in Section 3.2.2. Absorption 

of the fluorescent dye is determined by the molar absorption coefficient (ε) and molar 
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concentration (Nconc) of the dye, while re-emission is given by the dye’s fluorescent 

quantum yield (ϕ f).  

For the fourth process, we use the term “collection efficiency” (γ) from Marcuse 

(Marcuse 1988) where it is defined as the ratio of light collected in the fibre core 

relative to the total amount of light radiated by the sources, in the absence of the fibre 

core. Marcuse presented a theoretical study using computer simulation. The interaction 

between light sources in the fibre cladding and the evanescent field tails of the guided 

core modes were characterized by means of a wave optics approach and hence the 

possibility to transfer some energy between them. Note that it is not sufficient for light 

emitted by a source on the cladding to fall within the collection angle of the fibre core, 

as this process cannot couple into a stable guided core mode. Figures 3.3 and 3.4 show 

the results of the simulation for two different situations: in Figure 3.3, the light sources 

are assumed to be uniformly distributed throughout the cladding; in Figure 3.4, all light 

sources are assumed to be concentrated in a very narrow region near the core-cladding 

interface. Using these plots, we can estimate the efficiency of the fourth step - collection 

of re-emitted light back into the core region. 

Thus, the efficiency of the interaction between light propagating in the optical 

fibre and the fluorescent material can be written: 

γϕεβ fconc
clad N
P

P
=     (3.10) 

and the detected power becomes: 

( ) ( )
n

c
R

P

P
NRRKPRP clad
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f

corecorefr
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expexpexp)(),( 0
00

τ
εααβνν 







−−−=   (3.11) 
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Figure 3.3. Light collection efficiency (γ) of 
a positively guiding fibre as a function of V 
number. The light sources are distributed 
uniformly in the cladding region 
(reproduced from (Marcuse 1988)).  

Figure 3.4. Light collection efficiency (γ) 
of a positively guiding fibre as a function 
of V number. The light sources are 
concentrated in a thin layer at the core-
cladding interface (reproduced from 
(Marcuse 1988)). 

3.3 Evaluation the performance of the distributed 
chemical sensing system 

The received signal is expected to be very weak, so a sensitive detector such as a 

photomultiplier tube (PMT) in single-photon counting mode is used for detection. It is 

important that the detector have sufficient response speed to attain good range 

resolution. Photomultipliers also permit increasing the signal-to-noise ratio by signal 

averaging. The returned signal received by the photomultiplier and processed by a pulse 

amplifier is sampled or gate-ranged at time 2Rn/c in a time interval τg which 

corresponds to the effective range resolution. 

The number of photoelectrons converted from the returned signal generated by a 

single laser pulse, and detected in the time interval τg, is given by (Hinkley 1976) 

f

fgfr

f
h

RP
n

ν
ητν

ν
),(

)( = ,     (3.12) 

where ηf is the quantum efficiency of the photodetector at frequency ν f and h·ν f is the 

photon energy at ν f . 

The total measurement time over a particular range-gated interval is 

gmeaspmeas tf ττ = , where fp is the laser pulse repetition frequency and tmeas is the total 

observation time. In order to obtain the signal-to-noise ratio for this photon counting 
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scheme, we observe that the total number of photon counts recorded in a given range 

element will be 

( )
NdSbSfmeaspT nnntfN ξξξν ++= )(     (3.13) 

where nb and nd are the number of noise photoelectrons due to background and dark 

current, while ξS and ξN denote the counting efficiency for photoelectron and dark 

current pulses, respectively. The counting efficiencies usually have a value around 0.8-

0.9, determined by the pulse height distribution of the particular photomultiplier and the 

discriminator level of the receiving system. We make the approximation 1≈≈ NS ξξ . 

In the case of synchronous pulse-gated photon counting, the signal component is 

derived by subtraction of the total noise contribution ( ( )dbmeaspN nntfN += ) from the 

total count rate, both of which are detected alternately in the same time duration. 

Therefore we see that the signal-to-noise ratio is 

( )
( )

( )[ ] 2/1
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NT
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nnn
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NN

NN
NS

++
=

+

−
=

ν

ν
.   (3.14) 

The number of measurement cycles (N = measp tf ⋅ ) is used as a convenient 

quantity to characterize the efficiency of detection. This parameter expresses the ability 

of the detection system to provide sufficient response in a reasonable period of time 

(accumulation time), where sufficient response is understood in terms of achieving a 

signal to noise ratio (SNR) = 3, which is sufficient to allow reliable detection of the 

presence of the chemical species.  

( ) ( )[ ]
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f

dbf

measp
n

nnnNS
tf

ν

ν ++
==Ν     (3.15) 

A smaller number of measurement cycles (N) requires higher efficiency of the 

detection system. More measurement cycles are required to detect low concentrations. 

Increasing the parameter N is possible by increasing either tmeas (the total observation 

time) or fp (the laser pulse repetition frequency), but there are some practical and 

fundamental limitations to doing so. Firstly, for practical purposes, the measuring time 

should generally be less than 30 minutes (although this might vary considerably 
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depending on the application). Secondly, increasing the laser pulse repetition frequency 

is limited by the need to avoid pulse overlapping over the desired detection range.  

Simple calculations show that the upper limit of range for measurements along a 

fibre is 5.2 km for a pulse repetition rate of 20 kHz, 2.1 km for 50 kHz, 1.0 km for 100 

kHz. Therefore, the maximum number of N should not exceed ∼105 for a laser pulse 

repetition frequency of 20 kHz and a total observation time of 10 s; or ∼108 for fp = 100 

kHz and tmeas = 30 min, for example.  

The total effective length of range resolution (generally referred to as spatial 

resolution) – R∆  – in principle is determined by a combination of the laser pulse length 

(τp), the response time of the optical interaction with the fluorescent species (τs), the 

time resolution of the detection system (τc), and the gate time interval (τg): 

n

c
R

gcsp

2

)( ττττ +++
=∆ .     (3.16) 

In an ideal case, when the interaction with the fluorescent species takes place 

instantaneously, highly precise range finding that corresponds to a high spatial 

resolution can be achieved by shortening the pulse length and decreasing the resolution 

time of the detection system together with the gate time interval. This requires more 

sophisticated and expensive electronics to be employed in the development of the 

distributed detection system. With a time resolution in the range of nanoseconds, as 

used in the experimental part of this thesis (Chapters 6 and 7), a minimum spatial 

resolution of ~ 60 cm is easily achievable.  

In fluorescence based detection, the minimum spatial resolution is generally 

dictated by the fluorescence decay times of the indicators chosen for the sensing 

application. A moderate example of fluorescence decay times from 20 to 40 ns results in 

a spatial resolution range of ~ 2 to 4 meters, which may be excessive for practical 

applications such as corrosion monitoring. 

3.4 Modelling results 
Results for different fluorophore concentrations are shown in Figure 3.5 for a 

multi-mode fibre with V = 80. This shows that inspection over large distances is limited 
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mainly by the absorption of light by the fluorescent material in the activated cladding, 

despite the higher re-emitted signal power obtained at high fluorophore concentrations. 

Thus, detection efficiency rapidly becomes worse with distance for high concentrations. 

Figure 3.6 shows the measurement range that can be achieved within a 30-minute 

accumulation time as a function of concentration.  

For low concentrations, Figure 3.7 shows that detection is possible up to a range 

limit set by overlapping laser pulses at high repetition rates. This suggests that this kind 

of system may be suitable for early warning applications.  

Calculations for different fibre characteristics (single mode and multimode) show 

that the detection efficiency strongly depends on the characteristics of the optical fibre 

(see Figure 3.8). Therefore, it is important to control the level of interaction via the 

evanescent field to provide reasonable performance over long detection ranges. 

 
Figure 3.5. Detection efficiency for different fluorophore concentrations (SNR = 3, R0 = 
50 m). 
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Figure 3.6. Maximum range as a function of concentration for a 30 min. accumulation 
time. 

 

Figure 3.7. Detection efficiency for a fluorophore concentration of 0.01 ppm uniformly 
distributed in the cladding of a fibre with V = 80: a SNR greater than 3 is achieved for 
measurement conditions above the curve. The horizontal lines reinterpret the number of 
measurement cycles in terms of signal accumulation time at a given pulse repetition 
rate. The vertical lines show how the time-of-flight limits the range for a given pulse 
repetition rate. Depending on the time available for signal accumulation, the model 
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therefore suggests a practical upper limit to the range of approximately 1800 m in this 
case. 

 
Figure 3.8. Detection efficiency for a range of normalized frequencies V, where smaller 
V-numbers correspond to higher Pclad /P. 
 

These modelling results for the distributed corrosion sensor, based on a 

conventional multi-mode fibre with a modified cladding and sensitive fluorescence 

detection by photon counting, suggest that under ideal conditions, sub part per million 

sensitivity can be achieved over distances of more than a kilometre, which is sufficient 

for practical application in corrosion monitoring.  
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Figure 3.9. Schematic illustration of a system to detect a non-uniform distribution of a 
fluorophore in the cladding of a fibre.  

The modelling considers an extreme case when the modified cladding region 

contains a uniformly distributed fluorescent dye which interacts with the propagating 



 51 

light along the entire length of the fibre. This case is characterized by maximum 

absorption of the energy of the launched light pulse and, consequently, minimum 

detection range can be achieved. In a more practical case when there is one or just a few 

“active” spots that must be located along the sensitive fibre (as shown in Figure 3.9) , 

the detection range and detection efficiency are expected to be further improved.   

3.5 Summary 
 

In this Chapter a theoretical model of the response of the ideal distributed sensing 

system was described. Calculations based on the theoretical model were used to 

evaluate the performance of an ideal distributed sensing system. Critical parameters 

such as detection efficiency, detection range, and spatial resolution were also discussed. 

It was found that under ideal conditions, sub part per million sensitivity can be 

achieved. At the same time it was shown that the detection efficiency strongly depends 

on the characteristics of the optical fibre. In this connection, additional theoretical and 

experimental investigations were suggested to study the effect of the optical fibre sensor 

characteristics on the detection efficiency. Different constructions of optical fibre sensor 

will be discussed in Chapters 4 and 5.  

The detection range for the ideal distributed sensing system is limited by 

overlapping laser pulses at high repetition rates. The estimated range is found to be 

suitable for the purposes of corrosion sensing applications. 

As discussed in Section 3.3, the minimum spatial resolution of detection in a 

realistic situation where the fluorescence decay time can not be neglected, is limited by 

the lifetime of the fluorophore (indicator). Thus, extra theoretical and experimental 

investigations of the effect the fluorescence decay time on the spatial resolution were 

necessary. These investigations are presented in Chapter 6. The method to improve the 

spatial resolution for a long lived fluorescent indicator was developed and 

experimentally tested. This is also presented in Chapter 6. 
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Chapter 4 

Evaluation of Techniques 

4.1 Water ingress detection from spectral 
measurements 

As described in Chapter 1, water plays a significant role in creating a corrosive 

environment. The spectral attenuation due to the presence of water in optical fibre (as 

described in Chapter 2) provided the basis for the following water ingress experiment.  

The materials and equipment used in the experiments were as follows: 

� Single mode, pure silica optical fibre: F-SMF-28 from Corning with core 

diameter 8.2 µm, cladding diameter 125 µm;  

� Optical spectrum analyser: ANDO 6315E. Wavelength range 350 - 1750 nm, 

wavelength resolution 0.05 to 10 nm, measurement level range -90 to +20 dBm;  

� White light source: Apex quartz tungsten halogen source, 100W, 33 mm output 

beam, 0.81° divergence.  

F-SMF-28 fibre is optimised for use in the 1310 nm wavelength region and is 

widely exploited in telephony, cable television, submarine and utility network 

applications. It has high mechanical strength and low attenuation at the water peak 

(attenuation at 1383±3 nm does not exceed 2.1 dB/km according the specification). This 

low level of attenuation provides a low background for water ingress detection. 

F-SMF-28 fibre is protected by dual acrylate CPC coating. CPC coatings are 

designed to be mechanically stripped and have an outside diameter of 245 µm. The 

optical fibre was mechanically stripped of the protective coating for a length of 

approximately 10 m. Transmission spectra have been recorded before and after stripping 

of the protective fibre coating. The change in the power transmitted through the fibre 
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before and after stripping is shown in Figure 4.1 As it can be seen, the stripping led to a 

small increase in the propagation losses.  
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Figure 4.1. Attenuation in the power transmitted through the fibre after stripping of the 
protective coating. The stripped fibre section was 10 meters long. 

The emission from the white light source was coupled into the fibre and the 

transmitted spectra were recorded with the spectrum analyser for different water 

immersion times. After two days of the water immersion, the experiment was 

terminated because the unprotected fibre became brittle and broke down.  

 



 54 

1350 1400 1450 1500 1550 1600
1.8

1.9

2

2.1

2.2

2.3
x 10

-3

Wavelength (nm)

P
 (

µW
/n
m
)

dry

wet

2 hours

2 days

 

Figure 4.2. Optical fibre transmission spectra during the water immersion experiment. 
Notation: “dry” – for stripped fibre section in air, “wet”- stripped fibre section just 
immersed in water, “2 hours” and “2 days” – time of water immersion. 

The results of the water immersion experiment are shown in Figure 4.2. After 

immersion in water for two days no significant change in transmitted power was 

observed. The recorded transmission spectrums were closely examined to find evidence 

of water ingression. Received spectra were smoothed using Savitzky-Golay algorithm to 

eliminate noise and differences between initial spectrum (wet fibre just immersed in 

water) and spectra after certain times of water immersion were calculated. The 

differences represent change in the fibre attenuation with water immersion time (shown 

in Figure 4.3). Only a slight increase (less than 2 % from the initial values) in 

attenuation in the 1350-1400 nm spectral range using the sensing fibre length of 10 m 

long was realized.  



 55 

1350 1400 1450 1500 1550 1600
0

0.01

0.02

0.03

0.04

0.05

Wavelength (nm)

A
tt
e
n
u
a
ti
o
n
 (
d
B
)

2 hours

2 days

 

Figure 4.3. Attenuation in optical fibre after immersion in water for different times. The 
loss is referenced against the transmitted power measured immediately after immersion 
in water. 

The possible explanation might be found in considering the physical dimensions 

of the fibre. The single mode silica fibre has a core approximately 8 µm in diameter 

where the light power is confined (see Figure 4.4).  

8.2 mµ 125 mµ

 

Figure 4.4. Geometry of a single mode optical fibre: core and cladding. 

Only when water penetrates all the way through the cladding does it interact with 

the evanescent field and spectral attenuation occurs. According to published results 

(Huang et al. 2004), it can take more than 2500 h to observe changes in the absorption 

spectra in a harsh environment at a temperature of 200°C using the same type of fibre. It 
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would be expected that at room temperature such penetration through the cladding 

would take a much longer time. Similar results are presented in (Berger and Tomozawa 

2003) where changes in absorbance at the water peak wavelength were monitored to 

characterise water diffusion into silica glass optical fibre. Similar to the presented 

results, the water peak was not observed after fibre stripping. Changes in absorbance of 

values less than 0.1 were recorded after 24 hours of exposing the fibre to water vapour 

at temperatures of 600 ºC to 800 ºC.  

Longer immersion times are possible, but would require fibre protection from 

breakage. This may be achieved by leaving the polymer cladding in place, provided that 

the cladding does not significantly modify the rate of water diffusion. However, the 

results presented here assume employing a long fibre sensor, which contradicts the 

distributed sensing concept. The sensor response would be unpredictable, with 

variations probably dependant on micro fissures in the cladding. For these reasons, the 

use of a conventional stripped fibre for water ingress detection is not an immediately 

attractive method. 

4.2 Sensor construction using D-fibre 
The possibility of constructing an optical fibre sensor based on commercially 

available D-fibre was investigated. As described in Section 2.2, light propagating in the 

optical fibre penetrates into the cladding area. The depth of penetration depends on the 

propagating wavelength and the optical fibre characteristics, but generally it is 

comparable to the wavelength. The D-fibre was purchased from the KVH Company and 

had the followed specification: E-core polarization maintaining fibre, D-series, nominal 

operating wavelength 820 nm, largest fibre width 80 µm (indicated in the specification 

as a diameter) and centre of core to flat 10 µm (see Figure 4.5). The diameter of the 

coating was 230 µm. Taking into account that sensing is expected to be performed in 

the visible and near infrared spectral region, modification of the D-fibre was necessary 

to reduce the centre-of-core to flat distance to less than 1 µm. Etching with hydrofluoric 

acid was employed to gradually reduce the cladding thickness.  
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Figure 4.5. D-fibre geometry. 

D-shape fibre was cut into 5 cm pieces; every piece was chemically stripped with 

methylene chloride and cleaved using a manual fibre cutter. Also singlemode and 

multimode telecommunication fibres were cut into the same length, stripped 

mechanically and cleaved with the automatic cleaver. Fibres were mounted on the 

plastic holders and etched in 40% hydrofluoric acid for different periods of time. Etched 

fibres were examined with an optical microscope.  

Etching with concentrated (40%) HF acid resulted in the fibre geometries shown 

in Figure 4.6. Etching rates for the cladding region of D-shaped and other types of fibre 

together with the standard errors estimated from the fitting are shown in Figure 4.7 and 

Table 4.1. The error analysis and fitting procedure are explained in detail in Appendix 

2. Differences in the etch rates are normally caused by differences in the glass dopants 

and the doping concentration. For D-fibre, the germania-doped core region etches faster 

than the fluorine-doped cladding, and after less than 6 minutes of etching the acid 

reaches and quickly destroys the fibre core.  

 
  

Etching time 3 min, 
Ø 74 µm 

Etching time 6 min,  
Ø 69 µm 

Etching time 9 min, 
Ø 67 µm 

Figure 4.6. Etching results for D-fibre samples with HF concentration 40 %. The etched 
cladding diameters are shown. 
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Table 4.1. Etch rates for HF concentration 40 %. The standard errors are also shown. 

Fibre type Etching rate, µm/min 

D-fibre (KVH) 0.6±0.1 

Telecommunication SM (Corning) 1.3±0.1 

Telecommunication MM (Corning) 1.2±0.1 
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Figure 4.7. Calculated etch rates from the fibre measurements. “Thickness” refers to the 
etched cladding radius. 

In order to control the etching process more precisely, a reduced HF concentration 

of 20% was employed to etch the D-fibre cladding to a predetermined depth. To 

produce a sensing fibre suitable for distributed measurements, the middle section of the 

length of D-shaped fibre was stripped for a length of about 3 cm. After that the D-fibre 

was spliced to a standard telecommunication singlemode fibre patchcord. The output 

from a 780 nm laser diode was launched into the singlemode fibre patchcord and the 

output power was monitored during the etching process with a Newport Optical Power 

Meter (Model 1830-C) and a Universal Fiber Optic Detector (Model 818-IS-1). The 

transmitted power was recorded using Labview data acquisition software. Changes in 

the transmitted power during the D-fibre etching process are presented in Figure 4.8. 

Figure 4.8 (b) shows a detailed view near the power drop point. The fibre core was 

destroyed entirely over the period of time marked as 19 s. It caused a significant drop in 
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the transmitted power. To provide an acceptable level of loss in the sensor within, for 

example 10 %, and maintain this level for series of sensors, timing precision should be 

better than 2 seconds. This represents less than 0.1% of the total etch time. Therefore it 

is considered highly unlikely that the overall etch time could be used to determine the 

termination point, given the probable variation in etch rate due to small changes in acid 

concentration. Also it should be kept in mind that the etching process can not be 

terminated instantly; etching can still continue for some seconds during rinsing, 

depending on the process conditions. The period of time marked as 15 s could be 

considered as an ideal time for the etch termination, but there is no clearly detectable 

drop in power to identify this region. 

It was found to be difficult to etch the D-fibre to a predetermined depth due to the 

rapid drop in transmitted power as the core is approached, together with noisy 

fluctuations in the transmitted power level.  
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(a) 

Figure 4.8. (a) Changes in the transmitted power during the D-fibre etching process. 
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(b) 

Figure 4.8. (b) Detailed view near the power drop point. HF concentration 20 %. 

The use of D-shaped fibre as a distributed optical fibre sensor appears to be 

unattractive for the following reasons: 

1. It is difficult to effectively couple the output of laser diode sources into this 

type of fibre geometry. 

2. There are obvious difficulties in using HF etching on a large scale. These 

challenges are exacerbated by the fact that the etching process is difficult to control.  

3. There are difficulties with connecting (splicing) D-fibre to conventional fibres 

or even other D-fibres. 

4.3 Large core fibre as a sensing element 
Despite the fact that significantly multimode large core fibres have a low 

evanescent field fraction, they provide high power throughput and are relatively easy to 

handle. Large core fibres with plastic cladding are readily available and allow the 

possibility of constructing an evanescent field sensor using a relatively simple stripping 

and decladding technique.  
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4.3.1 Decladding technique 

Fibres with plastic cladding and pure silica core diameters of 200 µm and 600 µm 

(APC200/300N Low OH and APC600/700N Low OH - Anhydroguide PCS VIS-IR 

fibre from Fiberguide Industries) were used in the experiment. The fibre geometry is 

shown in Figure 4.9. These fibres have a theoretical numerical aperture of 0.37 (up to 2 

meters length) and “steady state” numerical aperture of 0.23 (over a 50 meters length). 

The theoretical numerical aperture, as calculated from the refractive indices of the core 

and cladding materials, only persists for short fibre lengths as guided rays near to the 

maximum acceptance angle are selectively attenuated by the cladding material so that a 

somewhat reduced effective or "steady state" numerical aperture governs transmission 

for distances over 50 meters.  

 

Figure 4.9. Large core fibre geometry. 

The standard nylon buffer coating was removed with a surgical blade over the 

proposed sensing section. A sensor section was prepared by removing the plastic 

cladding using two different techniques: either chemically using a sulfochromic acid 

mixture or burning with a gas torch. The declad fibre was tested as a sensor by coupling 

a 780 nm laser diode into a 100 m length of optical fibre with the 20 cm declad section 

close to the far end. The declad sensor section was immersed in various liquids as 

required. The transmitted energy was measured at the far end using a Newport Optical 

Power Meter (Model 1830-C) with a Universal Fiber Optic Detector (Model 818-IS-1). 

This configuration allows the equilibrium mode distribution to be attained at the sensing 

region and avoids instability caused by leaky modes.  

The sensor section was immersed in dimethyl sulfoxide (DMSO)/water mixtures 

to expose the declad core to environments with a range of refractive indices. The 

different methods of decladding result in significant differences in sensor performance. 

Burning with a torch causes noticeable damage of the core surface (see Figure 4.10) and 

leads to additional scattering at the core-cladding interface. The results for the 

transmitted power in the 200 µm diameter fibre are shown in Figure 4.11. The chemical 
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decladding technique was found to be much less disruptive of the core-cladding 

interface, delivering relatively constant transmission over the range shown.  

 

Figure 4.10. SEM image of burned cladding fibre. 
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Figure 4.11. Dependence of fibre transmission on the environmental refractive index for 
the fibre with core diameter 200 µm declad by different methods. Wavelength was 780 
nm. The curves are included as a guide for the eye. 

Additional measurements of the environmental refractive-index dependence were 

performed with the 600 µm chemically declad fibre with 406 nm excitation. The results 

are shown in Figure 4.12 and are similar to those obtained for the 200 µm fibre. 

Therefore, the chemically declad sensor was used for further experiments with the 

refractive index of the test solution adjusted to a value less than 1.45 (the pure silica 

core refractive index) to meet guiding requirements and avoid losses.  

 



 63 

1.36 1.38 1.4 1.42 1.44
0

0.2

0.4

0.6

0.8

1

Cladding refractive index

T
ra
n
s
m
itt
e
d
p
o
w
e
r
(a
.u
.)

 
Figure 4.12. Dependence of fibre transmission on the refractive index of the 
environment for the fibre with core diameter 600 µm after chemical stripping. 
Wavelength was 405 nm. The curve is included as a guide for the eye.  

4.3.2 IR spectral region. CW absorption and fluorescence 

In order to evaluate the efficiency with which fluorescence is excited in the 

cladding region and coupled back into guided modes of the fibre, an experimental 

investigation was performed under conditions comparable to those modelled earlier 

(Chapter 3). However, it should be noted that the model of Chapter 3 exploits a sensor 

in which fluorescence is excited through the whole length of the fibre. It is not possible 

to exactly represent this situation in the present experiment where all measurements are 

conducted over a short length of declad fibre. 

An organic laser dye (IR-125 from Exciton) with maximum absorption close to 

780 nm and fluorescence band with maximum at 850 nm was used as a model system to 

be excited via the evanescent field in the optical fibre sensor. The optical properties of 

IR-125 are shown in Figure 4.13 where excitation, absorption and fluorescence bands 

all correspond to the modelling parameters used in Chapter 3.  
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Figure 4.13. Spectral and fluorescent properties of IR-125 for excitation with a laser 
diode at 780 nm. 

Measurements of absorption at 780 nm due to the presence of IR-125 in the 

solution surrounding the declad section of 200 µm fibre were performed at the far end 

of the fibre using a Newport Optical Power Meter (Model 1830-C) with a Universal 

Fibre Optic Detector (Model 818-IS-1). Spectral fluorescence measurements were also 

performed with an optical spectrum analyzer (ANDO AQ-6315E) using an ultrasteep 

longpass filter (Omega Optics 850 LP) to avoid detector overload by the excitation 

wavelength. A photomultiplier tube (Hamamatsu R928) was used to detect low level 

changes in fluorescence output as a function of fluorescent dye concentration. The 

experimental setup is shown in Figure 4.14. 
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Figure 4.14. Experimental setup for spectral absorption and fluorescence measurements 
in the near IR region. 
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In-fibre measurements of the IR-125 fluorescence spectrum performed using the 

experimental setup with the optical spectra analyser are presented in Figure 4.15. The 

background and background-subtracted fluorescence signals for CW excitation are also 

shown. The IR-125 concentration was 10-4 mol/l in a 50/50 mixture of DMSO and 

water, with a refractive index of 1.37. The results show that detectable levels of 

fluorescence are coupled into forward propagating modes of the optical fibre. At the 

same time, a significant level of background is observed which can limit the sensitivity 

of the fibre sensor. This background is most probably due to residual spontaneous 

emission from the laser diode (Stoddart et al. 2005). 
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Figure 4.15. Change in the fluorescence spectrum collected by the sensing fibre in the 
presence of the laser dye (IR-125). “Background” – signal recorded in pure solvent 
(50/50 mixture DMSO and water); “Signal+Background” – recorded signal in a solution 
of 10-4 mol/l IR-125; “Fluorescence” – fluorescence signal after background 
subtraction.  

The experimental dependence and fitted model curves of the sensor response to 

changes in fluorescent dye concentration are presented in Figure 4.16 and Figure 4.17. 

The change in transmission measured at 780 nm using the experimental setup with the 

powermeter caused by absorption in the IR-125 dye is shown in Figure 4.16. The fitting 
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equation for the transmitted power as a function of absorbing dye concentration can be 

written as  

)(
00

concNlr
ePPP

εκ −+= ,    (4.1) 

where P0 is the power at the beginning of the sensing section, l is the sensing length, 

Nconc is the fluorescent dye concentration, ε is the absorption coefficient of the 

fluorescent material, r is a coefficient characterizing the level of interaction via the 

evanescent field and depends on waveguide properties of the optical fibre sensor. 

Consequently the product rεNconc has the meaning of the power attenuation coefficient 

for cladding absorption. This fitting equation is similar to Beer’s Law, but has an 

additional component κ0P . The large core fibre is a significantly multimode structure 

(the number of modes at 780 nm ~ 104) and because different modes experience 

different levels of interaction with the absorbing materials surrounding the core area, 

some modes propagate through the fibre sensor with negligible attenuation, which is 

represented by the term κ0P .  

The parameters in the fitting equation (4.1) have the same physical meaning as 

those in the model of Chapter 3, but the fact that the experiment was designed for 

integrated (CW) rather than distributed measurements should be taken into account. The 

integrated measurement was performed under CW excitation using equipment that does 

not provide time resolution. Practically such equipment ‘integrates’ all measurements 

over a measurement period of time. In contrast, distributed measurements performed on 

equipment which provides time resolution, allow changes of the measurand to be 

observed over time. This time dependence can be converted to distance by a distributed 

system like OTDR. CW measurements were used to characterize the sensor 

performance from the point of view of spectral measurement or transmission loss 

measurement, for example. While this characterization cannot be directly converted to a 

distributed measurement, it gives valuable information about physical and chemical 

processes occurring in the optical fibre sensor. 
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Figure 4.16. Transmission through the optical fibre sensor as a function of changes in 
IR-125 concentration. The fibre interaction length was 20 cm.  
 

The points and curve in Figure 4.17 represent experimental and fitting results for 

the fluorescence signal as a function of fluorescent dye concentration. The experimental 

points were recorded using the experimental setup equipped with LP filter and 

photomultiplier tube. Curve fitting is based on the equation: 

( ))(
0 1 concNlr

ePPP
εβ −−+′= ,   (4.2) 

where β represents the evanescent field coupling efficiency and P΄ is the background 

signal in the absence of the fluorescent dye. The fitted parameter for the power 

attenuation coefficient for cladding absorption (rεNconc) is given in Table 4.2 for 

absorption and fluorescence experiments. Taking into account that the experiments were 

performed independently with slightly different propagation conditions for the 

excitation and fluorescence emission, the numbers in Table 4.2 are in reasonable 

agreement. A comparison of the fitting equations shows that the total forward 

propagating fluorescence signal is proportional to the power absorbed by the dye.  
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Figure 4.17. The intensity of the fluorescence signal collected by the optical fibre sensor 
as a function of changes in IR-125 concentration. 
 
Table 4.2. Fitting parameter - power attenuation coefficient for cladding absorption 
(rεNconc). 

Fitting for: Power attenuation coefficient 

The absorption experiment (4.7 ±0.4)×10-5 

The fluorescence experiment (6.4 ±0.7) ×10-5 

 

4.3.4 Blue spectral region. CW absorption and fluorescence 

An experiment was performed to evaluate the optical fibre sensor based on large 

core fibre in the blue spectral region. As described in Chapter 1, aluminium ions can be 

detected using the 8-HQ indicator. When mixed with the aluminium ions, 8-HQ 

produces a complex Alq3, which emits fluorescence in the optical range of 490-550 nm 

with blue light excitation at 405 nm. The basis of using this reaction is well documented 

and proven to be used for aluminium detection (McAdam et al. 2005). Despite the 

optical fibres having their best performance in the near-IR spectral region, it is still 

possible to make effective use of them in the blue spectral region.  
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A 0.2 m long sensing section of plastic clad large core fibre (two samples with 

200 µm and 600 µm core diameters) was prepared by mechanical stripping with a 

surgical blade and chemical decladding, as described earlier. The sensor section was 

immersed in a bath of Alq3 solution in ethanol in a similar setup to that used previously 

for the IR experiment (see Figure 4.14). A 405 nm laser diode was used in CW mode to 

excite the system. The forward coupled fluorescence was registered with the ANDO 

AQ-6315E optical spectrum analyser through a longpass optical filter. 

The first set of recorded spectra was obtained with a long pass filter with cut-on 

wavelength at 420 nm. A typical spectrum is shown in Figure 4.18. The spectrum shows 

the expected fluorescence in the wavelength range from 490-550 nm (see (a) in Figure 

4.19, which shows a detailed view near the fluorescence wavelength range, as well as 

(b) the fluorescence spectrum with the background subtracted). However, the excitation 

wavelength of 405 nm is ineffectively blocked to permit clear fluorescence 

measurements. In addition, there is a spectral component at 410-500 nm that contributes 

to the background and may originate from the laser diode or from the optical fibre itself. 
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(a) 

Figure 4.18. Forward coupled measurements of in-fibre Alq3 fluorescence with 405 nm 
excitation. A typical spectrum. 
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(a)     (b) 

Figure 4.19. Forward coupled measurements of in-fibre Alq3 fluorescence with 405 nm 
excitation. (a) A detailed view near the fluorescence wavelength range and (b) the 
fluorescence spectrum with the background subtracted. 

An ultrasteep longpass filter from Iridian with the cut-on frequency 448 nm (ZX-

000448) was used in the subsequent experiments to provide efficient suppression of the 

excitation and background emission. This was necessary because the relatively strong 

elastic (Rayleigh) scattering which happens at the excitation wavelength is detected in 

both back-reflected and forward measurements when sensitive detection methods like 

photon counting are used. 

A fluorescence spectrum recorded in CW mode with the Iridian filter is shown in 

Figure 4.20. The Iridian filter provides excellent filtering of the exciting wavelength, 

while the fluorescent signal can be detected. However, the background signal is still 

high compared to the fluorescence signal, which potentially can limit detection 

sensitivity. This background signal originates from the long length of the fibre before 

the sensor section. Operating in the distributed (gated) mode could help to overcome 

this problem, because in CW mode the background signal is integrated along the fibre, 

whereas the fluorescence signal is only collected from the 0.2 m sensing part of the 

fibre.  
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(b) 

Figure 4.20. Spectral characterization of the sensing system for a 200 µm IR Fibreguide 
sensing fibre, 448 nm Iridian LP filter (a). Fluorescence spectrum with the subtracted 
background is also shown (b). 

Further experiments were performed to compare the efficiency of fibres with 

different core diameters. An experiment with 600 µm core fibre showed a lower 
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coupled fluorescence signal (by about one order of magnitude) compared with the 200 

µm core fibre. This result agrees with the theoretical estimation of the evanescent field 

interaction given in Section 3.2.2, where it was shown that the amount of power 

available for the evanescent interaction is inversely proportional to the fibre core radius. 

This resulted in a corresponding deterioration in signal/noise ratio. In addition, the 200 

µm core fibre was easier to handle due to the smaller bend radius and less fragile declad 

section. Therefore, the 200 µm fibre was chosen for further testing. 

4.4 Summary 
Experimental work was carried out to evaluate a detection method based on the 

measurement of water ingress into conventional optical fibre during the corrosion 

process. This provided some promising results. However, at this stage the approach 

appears to be incompatible with distributed sensing requirements. This method may be 

attractive for sensor designs based on special types of fibre glasses which possess 

hydroscopic properties.  

An optical fibre sensor based on etched D-fibre was found unattractive due to 

difficulties of coupling the output of laser diode sources into the fibre, difficulties in 

process control while using HF etching on a large scale and difficulties with connecting 

(splicing) D-fibre to conventional fibres or even other D-fibres. 

The experimental results presented here have demonstrated the effect of exciting 

fluorescence in the area surrounding the core and coupling a detectable amount of 

fluorescence into the guided modes of the exposed core optical fibre sensor. The results 

support the theoretical basis of the model, which was based on guided light propagating 

in the optical fibre interacting with the environment via the evanescent field. However, 

the results also suggest that additional factors, such as background emission and the 

dependence of the fluorescence excitation on the propagating modes in the fibre, might 

have a significant deleterious effect on the performance in practice. As mentioned 

earlier, impurities and/or structural defects within the silica materials, as well as 

chemicals from the remaining cladding material on the surface of the core may produce 

fluorescence peaks, in addition to low levels of broadband spontaneous emission from 

the laser diode. Thus, to evaluate the factors which contribute to the background 
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emission, further investigations using excitation by a source with broad spectral range 

were undertaken. The results will be discussed in Chapter 5. 
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Chapter 5 

Characterization of large core fibre sensor 

In this chapter, the analysis of the absorbance and fluorescence response of the 

multimode optical fibre evanescent wave sensor is presented. The theoretical treatment 

is based on a geometrical optics approach which incorporates the wave effects (Snyder 

and Love 1983), (Rayss and Sudolski 2000). Experimental results were obtained with a 

length of multimode step-index plastic clad silica (PCS) fibre whose cladding was 

removed from a section at the fibre far end. The sensing region was immersed in various 

solutions to emulate different sensing conditions and investigate the sensor behaviour 

using the developed theoretical model. In addition, the effect of excitation wavelength 

was studied as well as the influence of launching conditions on the sensor performance. 

5.1 Transmission dependence on refractive index  
We will consider an optical fibre sensor based on large core fibre; interaction with 

the media under detection is proposed to be through the evanescent field. As mentioned 

before, the sensing mechanism could be based on either absorption or fluorescence. 

Both mechanisms need an estimation of the absorption in the sensing area – in our case 

the region where the cladding is modified. This estimation relates to the sensitivity 

because it characterises the level of interaction with the environment, which defines 

measured losses for the absorption method or the energy available for fluorescence 

excitation for the fluorescence method. Thus the sensitivity depends on the level of 

interaction with the environment for both intensity (absorption) and wavelength 

modulated (fluorescence) sensors. Signal processing and measurement interpretation 

depends on several factors. For example, a change in the detected signal could be 

caused by a change in the sample concentration or by a change in the refractive index of 

a polymer cladding due to environmental moisture. In the case of open core fibres, 



 75 

frequent recalibration might be necessary to account for changes in the refractive index 

around the core.  

5.1.1 Theory of waveguide transmission 

The theoretical description of the evanescent wave sensor can be based either on 

mode analysis employing electromagnetic field theory or geometrical optics. The mode 

analysis can potentially give an exact description of the sensor, but needs complicated 

mathematical methods. Even for a few-mode fibre many simplifications have to be 

made. For highly multimode structures such as large core fibres, where the number of 

modes may exceed tens of thousands, finding an exact solution becomes an inaccessible 

task (Rayss and Sudolski 2000).  

On the other hand, classical geometric optics provides an acceptable approximate 

description of light propagation in situations where the refractive index has no 

significant variations over distances comparable to the wavelength of light (Snyder and 

Love 1983). This is the case for multimode optical fibres used in sensing applications. 

The most direct and intuitive way to describe light propagation in multimode fibres is 

by tracing rays along the fibre core. 

Therefore our intention is to describe the sensing mechanism in the multimode 

fibre sensor through the use of ray tracing methods. The power loss which is employed 

in the sensing process occurs in the cladding area or in the area where the fibre cladding 

is replaced with the sensitive material; formally this area can still be called a cladding. 

The power loss due to a light-absorbing cladding cannot be described directly by 

geometrical optics, because this loss occurs beyond the ray path. It must therefore be 

described by incorporating wave effects into the ray description as it is introduced in 

(Snyder and Love 1983).  

The power transmitted by an optical fibre with absorbing cladding may be written 

in the form 

),exp()0()( zPzP clγ−=     (5.1) 

where z is the distance along the fibre length, )0(P is the power transmitted in the 

absence of an absorbing species in the cladding and clγ  is an evanescent absorption 
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coefficient. This coefficient may be related to the bulk absorption coefficient α of the 

cladding material for two separate situations: either when all bound modes are launched 

and consequentially involved in the evanescent wave interaction, or when only selected 

modes are launched. In the first case the fraction of power ( PPclad / ) propagating 

outside the core should be taken into account as described in Chapter 3. The second case 

is discussed here. 

The approach is to describe light propagation along the fibre in terms of ray paths 

as done in geometrical optics and to assume that a ray only loses power at reflecting or 

turning points. The fraction of ray power lost at each reflection can be found by treating 

the ray locally as a plane wave. In the case of a fibre with a step-profile refractive index, 

the expression for power loss is identical to the expression for plane-wave reflection 

from a planar interface. Given the expression for power loss at each reflection, the 

attenuation of ray power along the fibre due to cladding absorption can be defined in 

terms of the density of reflection (number of reflections per unit length) which is 

determined by geometrical optics. 

The attenuation of ray power is fully characterised by the evanescent absorption 

coefficient which can be written as: 

,NTcl =γ      (5.2) 

where N is the number on reflections per unit length and T is the fraction of ray power 

lost at a single reflection.  

Derivation of the expression for the evanescent absorption coefficient is presented 

in (Snyder and Love 1983):  

( ) )(sin/1
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where V is the waveguide parameter corresponding to the core and cladding refractive 

indices con  and cln : 
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clco nnV −=

λ
πρ

,     (5.4) 
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ρ is the fibre core radius, λ is the light wavelength, 

zϑ  and ϕϑ  are the ray sperical polar angles to the fibre axial direction,  

cϑ  is the complementary critical angle defined by core and cladding refractive 

indices.  

The expression for clγ  is accurate for step-index profile fibres with a non-

absorbing core and slightly absorbing cladding. The weakly guiding approximation was 

also applied. It describes all bound rays, including meridional and skew rays with the 

exception of those few rays propagating close to the critical angle. Note that for a fixed 

value of zϑ , attenuation is a maximum when the ray is meridional ( 2/πϑϕ = ), and 

decreases with increasing skewness. Although the skew rays can propagate for longer 

distances, their utilisation in the sensing process is limited because of the low level of 

interaction.  

We will further simplify the expression for the evanescent absorption coefficient 

by eliminating the skew rays and once more using the weakly guiding approximation: 
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γ = ,   (5.5) 
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nϑ .    (5.6) 

In the general case of an evanescent field optical fibre sensor the weakly guiding 

approximation is not always applicable. The variation in the surrounding refractive 

index in the sensing area can be significant and low refractive index solutions such as 

aqueous solutions are widely used for sensing purposes. For an evanescent field sensor 

with low index cladding in the sensing area, the difference between core and cladding at 

the launch end of the fibre is much smaller than in the sensing area. Accordingly it is 

not possible to launch bound modes that will traverse the core/cladding interface in the 

sensing area at angles close to the critical angle. The situation is illustrated in 

Figure 5.1.  

Plastic clad large core silica fibres which are widely used in sensing applications, 

including the present work, are normally characterised by two values of numerical 

aperture. One is the theoretical numerical aperture calculated from the refractive indices 
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of the core and cladding materials. It defines a critical angle and respectively an 

acceptance angle at the launching point. This NA persists only for short fibre lengths 

(~50 m) because guided rays near the critical angle are selectively attenuated by the 

plastic cladding, as shown in Equation 5.1. The original numerical aperture and 

acceptance angle are reduced to an effective or “steady state” value for distances over 

50 m.  

The above-mentioned facts allow us to use the expression for the evanescent 

absorption coefficient in the weakly guiding approximation, even if it is not the case for 

evanescent sensing in general. 

 

Figure 5.1. Acceptance cones and complimentary critical angles at the launching point 

and at the sensing area. Here it is assumed that 0
clcl nn < . 

The expression (5.5) gives an evanescent absorption coefficient for each ray or 

mode propagating along the fibre within the acceptance angle shown at Figure 5.1. The 

ray propagation is characterised by the angle between the ray and the axial direction – 

zϑ .  

The power transmitted by this particular ray propagating along an optical fibre 

with absorbing cladding is: 
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where l is the length of the sensing fibre section with the absorbing cladding (see 

Figure 5.1). It is assumed that before and after the sensing section light propagates with 

negligible attenuation. 
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During a measurement the average value of light intensity, corresponding to a 

certain range of zϑ  angles, is recorded. The number of modes or rays to be taken into 

account is defined by a mode distribution over the fibre cross section. In other words it 

is necessary to establish how many modes propagate at every angle zϑ  and summarise 

those intensities through integration of the expression (5.7) employing a suitable mode 

distribution function.  

Then the transmitted power by all excited modes of optical fibre with an 

absorbing cladding may be written: 

∫∫ 
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where )( zI ϑ  is the mode distribution function. 

To get an idea of the mode distribution, experimental images of the output light 

distribution from the large core plastic clad optical fibre were used. The exact 

experimental set up will be presented later in this chapter. Typical output from the 

highly multimode optical fibre is presented at Figure 5.2. The CCD image of the fibre 

output on a screen shows a typical granular pattern for coherent excitation, consisting of 

a very large number of speckles. The distribution of these speckles can not be exactly 

represented by a smooth regular function. As a reasonable approximation Gaussian and 

quadratic functions were evaluated to describe the input intensity distribution. A 

uniform distribution was tested as an alternative.  
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Figure 5.2. Output light distribution from the large core plastic clad optical fibre. (a) is 
the CCD image of the output from the fibre on a screen, (b) is a 3D representation of the 
light intensity distribution, (c) is the intensity profile at the image cross section. 
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In Table 5.1 graphical representations of the different input intensity distributions 

and their analytical expressions are shown. The formulae include parameters s for the 

Gaussian input intensity distribution and parameter b for the quadratic and uniform 

distributions. These parameters represent the widths of the input distributions and are 

related to the acceptance angle of the fibre. However, they can not be substituted simply 

by the fibre acceptance angle which is calculated from the total internal reflection 

critical angle on the core/cladding interface as it seems at a first glance. Values of the s 

and b parameters depend on the abovementioned effective or “steady state” acceptance 

angle values as well as the number of modes actually launched into the sensor. 

Therefore they can be considered as independent parameters for the input intensity 

distributions. Parameter 0I  represents an absolute maximum value of the input 

intensity.  

Intensity measurements typically undergo a normalization process to cancel 

differences in the experimental routine such as different levels of laser excitation, 

variations in the connections losses for different measurement runs, etc. For that reason, 

the optical fibre sensor transmission is a convenient and representative factor to evaluate 

the sensor performance theoretically and experimentally. The sensor transmission can 

be written as: 

)0(

)(
totaltr

P

lP
P = ,      (5.9) 

where )0(totalP  is the power transmitted by all modes in the absence of an absorbing 

species in the cladding. It can be found by integration of the expression for the input 

intensity distribution over all angles corresponding to the propagating modes. 
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Table 5.1. Graphical representations of the different input intensity distributions and 
their analytical expressions. 
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Now an expression can be derived for the sensor transmission for every case of 

the Gaussian, quadratic and uniform input intensity distributions using the formulae 

(5.8), (5.9) and Table 5.1. The parameter 
con

l
A

πρ
αλ

2
=  is introduced to reduce the 

expressions and make them easier to read.  

Then for the Gaussian distribution: 
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The expression for the sensor transmission for a Gaussian input intensity distribution is: 
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For the quadratic input intensity distribution: 
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where B is a constant parameter and erf is the error function. 

The expressions for the input, output power and sensor transmission for the case 

of a uniform input intensity distribution can be written as follows: 
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All of the expressions for trP  depend on the sensor cladding refractive index in a 

complicated way through the complimentary critical angle
2

1 




−=

co

cl
c n

nϑ , where 

cln  is the sensor cladding refractive index. Nevertheless they demonstrate similar 

behaviour as it is depicted in Figure 5.3. 
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Figure 5.3. Sensor transmission ( trP ) for the different input intensity distributions: (a) 

Gaussian, (b) quadratic and (c) uniform. 

5.1.2 Sensor performance dependence on the sensor cladding 
refractive index 

The expressions derived in Section 5.1.1 characterising the optical fibre 

performance can be justified by an experiment providing a change in the sensor working 

conditions such as the cladding refractive index. The environment of the optical fibre 

sensor was changed by immersing the sensing fibre in a series of liquid mixtures where 

the refractive index was varied. A two component mixture of dimethyl sulfoxide 

(DMSO) and ethanol was chosen to allow refractive index variation from 1.36 to 

approximately 1.46, which covers the range of the guiding property of a silica core 

optical fibre. The chosen solvents not only provided a suitable refractive index variation 

range but also effectively dissolved an organic optical absorber which was used in 

further experiments for the sensor characterisation. 

It was necessary to establish a method for preparing mixtures with the specified 

refractive index and to control it with suitable precision. The Lorentz-Lorenz equation is 

the most frequently used and empirically proven rule to express the refractive index of a 

fluid (Born and Wolf 1999). According to this equation, the refractive index n is related 

to the polarizability α of the fluid molecules and to the fluid density ρ by: 

πρα
3

4

2

1
2

2

=
+
−

n

n
     (5.19) 

Molar refractivity can be introduced as: 
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where M is the molar weight of the fluid substance. 

For a system in which simple mixing occurs without any chemical reactions 

happening, the additivity principle applies to molar refractivity. Therefore for a binary 

mixture of x mole fraction of component 1 and (1-x) mole fraction of component 2, the 

additive refractivity is given by: 
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where R1 and R2 are the refractivity of each mixture component, 

 n1 and n2 are the refractive indices of each mixture component,  

 ρ1 and ρ2 are the densities of each mixture component, 

M1 and M2 are the molar weights of the mixture components. 

When we are dealing with mixtures with a large discrepancy between the sizes of 

the constituting molecules, volume fraction is a useful alternative to the mole fraction 

(Menra 2003). Also the volume fraction can be directly measured in the experiment. 

Introducing the volume fraction 
ρ

ϕ
M

x= , the mixture refractivity might be written: 
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where 1ϕ  and 2ϕ  are the volume fractions of each component, 121 =+ ϕϕ . Therefore 

the Lorentz-Lorenz equation for binary liquid mixtures can be written: 
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where n is the mixture refractive index. 

In the experiment the volume fraction of each component necessary to achieve the 

required range of refractive index was estimated with the formula (5.23). Then the 
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refractive index of each mixture was measured using a Palm Abbe Digital 

Refractometer and adjusted if necessary.  

As a rule standard Abbe refractometers measure the refractive index (nD) at the 

sodium D2 resonance line with wavelength λ=589.3 nm. Practically however, the 

excitation wavelength in the sensor system could be significantly different from the 

sodium D2 line. Thus the measured refractive index should be corrected taking into 

account the dispersion behaviour of the materials and solvents used in the experiment.  

The dispersion curves can be described with various dispersion equations. The 

most common used are the completely empirical Cauchy equation (Jenkins and White 

1976): 

6
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An +++=      (5.24) 

and the Sellmeier equation (Paschotta 2008): 
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where the C coefficients are related to the centre of gravity of the absorption bands in 

the relevant spectral range, called the resonance wavelength; A and B are wavelength 

independent constants.  

In (Kozma et al. 2005) different solvent dispersion curves based on the 

aforementioned standard models were fitted to the extensive experimental data attained 

by authors. The models were tested to parameterize the wavelength dependence of the 

refractive index. It was shown that for different solvents one or the other of the above 

models produces the best results. Accordingly the Cauchy dispersion formula was used 

to calculate the dispersion curve for ethanol and the Sellmeier dispersion formula was 

used to calculate the dispersion curve for DMSO. The constants of the dispersion 

formulae are shown in Table 5.2.  
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Table 5.2. Dispersion formula constants (from (Kozma et al. 2005)). 

Cauchy dispersion formula constants Ethanol 

A0 (1) 1.34959 

A1 (nm2) 4014.712280 

A2 (nm4) -59411155 

A3 (nm6) 3.04975x1012 

Sellmeier dispersion formula constants  DMSO 

B1 (nm-2) 0.04419 

B2 (nm-2) 1.09101 

2
1C (nm2) 46390.67309 

2
2C (nm2) 12215.43949 

 

The plastic clad silica optical fibre used in the sensor design has a core made from 

synthetic fused silica. Because it has been in common use by the optical industry and 

research laboratories for many years, information on the physical and chemical 

characteristics of this material is easily available. In the current investigation 

experimental values were used for the dispersion curve of synthetic pure silica (Kaye 

and Laby 2005). 

5.1.3 Effect of absorption 

The effect of absorption was experimentally investigated by measuring the 

absorption detection efficiency for an infrared fluorescent organic dye (IR-125). Its 

optical properties were described in detail in Section 4.3.2. The absorption peak of IR-

125 is close to the laser diode wavelength of 785 nm. IR-125 was added to DMSO and 

ethanol solutions to simulate the effect of cladding refractive index variation as was 

explained before.  
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A sensing region of length 20 cm was prepared in a step index plastic clad silica 

(PCS) fibre (Anhydroguide APC200/300N, Fiberguide Industries, core diameter 

200 µm, cladding diameter 300 µm, buffer diameter 370 µm) by applying the 

decladding technique described in Section 4.3.1. 

Figure 5.4 shows the experimental setup used for the measurements performed in 

this study. For transmission measurements, a solid state infrared laser diode emitting 

CW at a wavelength of 785 nm was used. This wavelength corresponds to the maximum 

absorption peak of IR-125 and was coupled into a 100 m length of the sensing fibre. 

The transmitted power was detected with a power meter (Newport fiber optic detector 

with 818-IS-1 head). 

DMSO/ethanol mix
+ Absorbing and 

fluorescent 
solution

Con
Sensing
 fibre

~100 m 0.2 m

785 nm 
Laser 
Diode

Detector

Powermeter

 

Figure 5.4. Experimental arrangement used to investigate the effect of absorption. Con 
= connector. 

During the experiment the concentration of IR-125 was increased gradually, with 

altogether four different concentrations (5x10-7 mol/l, 2x10-6 mol/l, 5x10-6 mol/l and 

510− mol/l) being investigated, together with the case of no absorbing dye in the 

solutions at all. Those concentrations correspond to values of the bulk absorption 

coefficient of 0.1, 0.4, 1.0, 2.0 cm-1. 

The predicted behaviour of the sensor response from the theoretical model 

described in Section 5.1.1 (Equation 5.12) is shown in Figure 5.5 for the case of a 

Gaussian input power distribution. Calculation parameters for the sensor response are 

shown in Table 5.3.These values were indicative of the conditions used in the 

experiment.  
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Table 5.3. Calculation parameters for the predicted behaviour of the sensor response. 

Parameter Value 

Input intensity distribution Gaussian 

Light wavelength, λ  (nm) 780 

Length of the sensing fibre with the absorbing 
cladding, l  (m) 

0.2 

Fibre core radius, ρ  (µm) 100 

Core refractive index, con  1.454 

Width of the input intensity distribution, s  (rad) 0.2 
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Figure 5.5. Predicted sensor behaviour with a Gaussian input power distribution and 
variation in the sensor cladding bulk absorption coefficient. α is the sensor cladding 
bulk absorption coefficient. 
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With the no absorber the curve is expected to behave as a step function, while 

increasing the bulk absorption coefficient should result in a more gradual reduction in 

transmission as the cladding refractive index approaches that of the silica core.  

These calculated results were then compared against the measured power 

transmitted through the sensor section of the fibre immersed in solutions of differing 

refractive index. The transmission was measured relative to the transmission in pure 

ethanol. The results are shown in Figure 5.6 for a range of fluorophore concentrations, 

including the case of no additional absorber. 
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Figure 5.6. Experimental dependence of transmitted power on refractive index and 
absorbing dye concentration. Error bars are shown for the “no absorber” curve only. 
Error bars for the other curves were similar, but were omitted from the graph for the 
sake of clarity.  

These results demonstrate that the sensor is relatively insensitive to changes in 

absorber concentration below about 1.415 refractive index units. However, the 

relatively small losses shown here might become significant for longer exposed regions 

in a practical distributed sensing arrangement. For the sensor setup used in this 

experiment, the absorption dependence is strongest in the refractive index range from 

1.43-1.45 as it was expected from the calculated curves.  
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To estimate how precisely the experimental data agree with the theoretical model, 

all of the experimental curves were fitted with the expressions (5.12), (5.15) or (5.18) 

corresponding to different input power distributions. The derived expressions for the 

sensor response are accurate where the sensor cladding refractive index is lower than 

core refractive index. Hence the experimental points where refractive index exceeds 

1.45 were excluded from the fitting. 

The fitting showed an excellent agreement between the predicted and 

experimental data which can be characterised by means of R-Squared (r2), also known 

as the coefficient of determination, which is commonly used to statistically evaluate 

model fits. Detailed information about the fitting procedure and goodness-of-fit 

parameters is provided in Appendix 2. For all of the fits the values of R-Squared were 

greater than 0.9.  

In Figure 5.7 the fitted curves corresponding to different input power distributions 

together with the experimental data set are shown for the case of absorber concentration 

equal to 10-5 mol/l. A similar set of curves were attained for the other concentrations. 

The consistent agreement between the experimental results and the theoretical 

predictions confirms that the model provides a satisfactory understanding of the 

processes occurring in the optical fibre sensing system.  
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 r2 = 0.9983 r2 = 0.9991 r2 = 0.9990 

 (a) (b) (c) 

Figure 5.7. Fitting the experimental sensor response with the models for different input 
intensity distributions: (a) Gaussian, (b) quadratic and (c) uniform. The points represent 
the experimental data set. 

Analysis of the fitting results demonstrated that the system is insensitive to the 

exact shape of the input power distribution. A possible explanation could be provided 
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by the well known “modal noise” phenomenon in optical fibre communication systems. 

In simple terms, this means that energy carried by multimode optical fibres is constantly 

redistributed between the modes, whereas the total intensity remains unchanged. For the 

significantly multimode structure of a large core optical fibre, rapid changes in the 

speckle structure are inherent due to small external perturbations such as vibration 

(Oraby et al. 2009), (Spillman Jr  et al. 1989). Thus the contribution of each mode to the 

evanescent interaction would constantly be changing during the sensing process, 

thereby creating an averaged impact of all modes to the detector. Further analysis of this 

issue is beyond the scope of this thesis. 

The behaviour of the experimental curve without absorber in the solution is 

different to the step function behaviour expected from the model. Nevertheless a good 

fit was obtained by applying the model to the transmission curve with zero absorber 

concentration. Analysis of the fitting parameters shows an equivalent value of the bulk 

absorption coefficient α of approximately 0.50 cm-1, which corresponds to an absorber 

concentration of 2.5x10-6 mol/l. This suggests that additional attenuation in the absence 

of an absorber may be caused by surface imperfections of the sensing fibre as well as 

contamination from the etching process. Further investigation is needed to address this 

problem, as this additional attenuation will tend to limit the sensor performance. 

5.1.4 Measurement of fluorescence 

The experimental setup for fluorescence measurements used the same excitation 

as the transmission measurements, as shown in Figure 5.8. Detection was performed 

with a PMT (Hamamatsu R928) equipped with an ultrasteep longpass filter (Omega 

Optics 850 LP, OD ≥ 5, edge steepness of 1 %, cut off wavelength 820 nm) to reject 

light at the excitation wavelength.  
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Figure 5.8. Experimental arrangements used in fluorescence measurements. Con = 
connector; LP = long pass filter. 

Figure 5.9 shows the amplitude of the fluorescence signal acquired by means of 

the PMT for an IR-125 concentration of 10-5 mol/l. The fluorescent light is excited via 

the evanescent field and a small fraction is captured back into guided modes by the 

same mechanism. The detection sensitivity is relatively low for smaller values of 

refractive index, but increases for the refractive index above approximately 1.42 until 

the guiding behaviour is completely lost at ncl = 1.45.  

1.36 1.38 1.4 1.42 1.44
0

0.2

0.4

0.6

0.8

1

Refractive index

F
lu
o
re
s
c
e
n
c
e
r
(a
.u
.)

 

Figure 5.9. Dependence of fluorescence signal intensity on the refractive index in the 
sensing region. The fluorescence signal is both excited and captured back into guided 
modes by the evanescent field. 
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The theoretical model developed in Section 5.1 can also be used to describe the 

fluorescence response of the sensor. Keeping in mind that all expressions for the sensor 

transmission give the same quality of fit, the expression (5.12) with the Gaussian input 

power distribution is chosen for further modification. The detected fluorescence signal 

is proportional to the absorbed power in the sensor cladding and can be written as: 
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where C is a constant. 

The experimental fluorescence measurements were fitted with Equation (5.26). 

The fitting provided excellent results as shown in Figure 5.10. Similarly to the 

transmission analysis, fluorescence data points with refractive index higher than 1.45 

were excluded from the fitting.  
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Figure 5.10. Fluorescence sensor response fitted with the Equation (5.9) is represented 
by the solid line; diamonds are the experimental measurements.  
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Although it is clear that the detection sensitivity can be significantly improved by 

careful choice of refractive index in the cladding region, the transmission measurements 

show that at the same time absorption losses rise significantly as well. In the case of 

distributed measurements, this improvement in sensitivity will come at the cost of 

reduced detection range. 

5.2 Dispersion effects 
The wide range of fluorescent indicators that are available for corrosion sensing, 

as described in Chapter 1, provide a number of possibilities to design corrosion 

detection systems. The combination of these various indicators with the multiplexing 

capability of optical fibre technology provides an opportunity to create distributed 

sensors that are able to fully characterize corrosion in situ by monitoring more than one 

parameter. 

Particularly in corrosion monitoring it would be useful to measure pH, moisture, 

oxygen and the concentration of by-products. Such an approach would typically require 

the use of multiple emission sources with different wavelengths. The wavelength range 

would be dictated by the spectral properties of the indicators involved and could be 

rather broad. 

The experiment presented here is aimed to evaluate large core optical fibre sensor 

behaviour within the broad wavelength range of excitation.  

Broad band measurements of the transmission spectrum were performed with a 

super continuum optical light source (Super K Compact, Koheras). The supercontinuum 

output was coupled into the sensing fibre, which was prepared in the same way as for 

the transmission and fluorescence experiments. The sensor was immersed into 

DMSO/ethanol mixtures in the same manner as in the previous experiments. 

Transmitted spectra were recorded with an optical spectrum analyzer (OSA, ANDO 

AQ-6315E). The experimental setup for the supercontinuum excitation is depicted in 

Figure 5.11. 
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Figure 5.11. Experimental arrangement used in broadband transmission measurements. 
Con = connector. 

The transmission spectra for selected DMSO/ethanol mixtures are shown in 

Figure 5.12. The shape of each spectrum is due to a combination of the super continuum 

source spectrum and the fibre absorption spectrum. Specifically, the peaks at ∼ 810 nm 

and 1064 nm were owing to the broadband source spectrum, whereas the dip at 1400 nm 

corresponds to the water peak and a dip at 1200 nm was caused by H2 absorption in the 

fibre material. 
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Figure 5.12. Transmission spectra for selected DMSO/ethanol mixtures. 
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Careful inspection shows that the reduction in transmitted power across the 

spectra is uneven. To explain this observation, analysis of refractive index behaviour is 

needed for all components of the optical fibre sensor across the entire spectral region. 

Therefore dispersion curves were calculated for the DMSO/ethanol mixtures using 

either the Cauchy or Sellmeier formulae and experimental values were used for the 

dispersion curve of pure silica, as described in Section 5.1.2. Figure 5.13 shows the 

spectral dependence of the refractive index of a DMSO/ethanol mixture and the silica. 

This demonstrates that the waveguide behaviour of the silica-DMSO/ethanol system can 

vary dramatically across the wavelength range of interest. 

 

 

Figure 5.13. Dispersion curves of DMSO/ethanol and pure silica. The DMSO/ethanol 
mix shown here corresponds to a refractive index of 1.457 at λ=589.3 nm. 

Dispersion curves similar to those of Figure 5.13 were calculated for each of the 

DMSO/ethanol mixtures that were used in this study. This allows the broadband spectra 

shown in Figure 5.12 to be reinterpreted in a more rigorous fashion, by applying the 

theoretical considerations presented in Section 5.1.1 to the data. For each 

DMSO/ethanol mix, the transmitted power at each wavelength can now be associated 

with a specific refractive index value for the cladding environment, as shown in Figure 
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5.14. The variation in transmission cut off serves to illustrate the importance of 

selecting a cladding refractive index appropriate for the operating wavelength of the 

sensor system. 
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Figure 5.14. Variation in transmission with refractive index at selected wavelengths. 

The difference between core and cladding refractive indices plays an important 

role in determining the range and sensitivity of distributed optical fibre sensors. 

Dispersion effects in the core and cladding materials can complicate matters when 

wavelength modulated measurements are performed, or in situations where multiple 

wavelengths are of interest for amplitude modulated schemes. 

5.2.1 Investigation of the attenuation of the optical fibre sensor 
in the absence of an absorber  

 

As described in Section 5.1.3, the behaviour of the experimental curves without 

absorber in the solution is different to the step function behaviour expected from the 
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model presented in this Chapter. This behaviour was observed for the all of the 

excitation wavelengths in the broad band experiment (see Figure 5.14). Nevertheless, by 

assuming a finite level of absorption in the model, good fits were obtained for all of the 

transmission curves with zero absorber concentration. This suggests that there is an 

additional attenuation in the modified cladding, even in the absence of an extrinsic 

absorber. SEM analysis of stripped fibre surfaces suggests that this may be caused by 

small residues of the cladding material on the surface of the sensing fibre (see Figure 

5.15). Contamination from the etching process does not appear to play a significant role 

in this case, as energy dispersive spectroscopy did not reveal any obvious 

contamination.  

 

Figure 5.15. Typical SEM image illustrating residues of the cladding material on the 
surface of the sensing fibre. The longitudinal axis of the fibre is oriented along the 
horizontal axis of the image. 

An intrinsic absorption coefficient, α0 , was extracted from the fitting parameters. 

The spectral dependence of the extracted parameter is shown in Figure 5.16, with a best 

fit polynomial proportional to λ
-1.5. This demonstrates that the intrinsic absorption is 

different from the characteristic λ-4 dependence, which is typical for Rayleigh-type 

scattering losses. Consequently it appears that the intrinsic absorption in the sensor 

region is caused by residues of the original cladding material. As this intrinsic loss 

mechanism will reduce the sensitivity of the sensor at low concentrations of an extrinsic 
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absorber, it is important to reduce the intrinsic losses as much as possible in practical 

applications. 
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Figure 5.16. The intrinsic absorption coefficient (α0) of the sensor for zero extrinsic 
absorber concentration, plotted as a function of wavelength. The best fit curve takes the 

form n−∝ λα 0 , with n ≈ 1.5. 

5.3 Modification of mode distribution 
This Chapter has dealt with light propagating and interacting with the species in 

the modified cladding area by only taking into account meridional rays corresponding to 

the low order modes. This model is typical for the situation of “steady state” light 

propagation. Thus skew rays were excluded from consideration and the contribution of 

higher order meridional rays propagating at angles close to the critical angle was 

limited.  

Although the model has demonstrated good agreement with the experimental 

results for “steady state” measurements, it would be useful to analyse the contribution of 

higher order modes to the sensor performance. On the one hand, it has been shown that 

selective excitation of the optical fibre higher modes can significantly improve optical 

fibre sensor sensitivity (Ma and Bock 2007). On the other hand, the modal distribution 

in a multimode fibre depends on a number of factors that are present in real detection 
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systems, such as bends (Khijwania 1999), strain, splices and components such as 

connectors, couplers, etc. These factors might affect the modal distribution causing 

mode coupling effects and consequently alter the sensor sensitivity.  

To characterize higher order mode generation the Fraunhofer diffraction pattern at 

the fibre output was collected for the case when the fibre was undisturbed and the case 

when fibre was coiled once around a 35 mm cylinder. The collected far-field spatial 

pattern is a direct image of a power distribution of guided modes in the optical fibre 

(Potyrailo et al. 1999).  

The experimental setup consisted of a solid-state infrared laser diode emitting CW 

at a wavelength of 785 nm and launched into a 100 m piece of large core optical fibre 

(Anhydroguide APC200/300N, Fiberguide Industries, core diameter 200 µm, cladding 

diameter 300 µm, buffer diameter 370 µm). The fibre output was projected onto a 

diffusing screen and the image was collected by means of a CCD camera at a fixed 

magnification. To populate the higher order modes, the fibre was coiled at a point 50 cm 

before the fibre far end.  

Figure 5.17 presents a comparison of the far field spatial patterns for straight and 

coiled fibre. The CCD images were analysed to quantify changes in the spatial pattern. 

Central cross sections of the images were fitted using the Gaussian function, which 

allowed the full width at half maximum (FWHM) and amplitude to be extracted from 

the fitting parameters. The results are presented in Figure 5.17. Coiling causes a 

redistribution of power between fibre propagating modes, resulting in relative widening 

of the beam image as well as a reduction in amplitude. The broadening of the beam 

indicates an increased number of modes propagating at angles closer to the critical angle 

i.e. higher order modes. The total power carried in the fibre will remain the same under 

an ideal condition when only propagating higher modes are excited. However, in 

practice, some leaky modes are excited as well and so significant losses in power were 

observed in the experiment. For that reason a reduction in the distribution amplitude 

was observed.  
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Figure 5.17. Mode redistribution characterization for (a) straight fibre and (b) coiled 
fibre. CCD images of the emitted beam (top) are presented together with the 
corresponding Gaussian fits to the image cross section and fitting parameters (bottom). 

5.3.1 Influence of mode population on sensor performance 

The influence of the mode population on sensor performance was assessed by 

measuring the change in the sensor transmission, as well as the ability to excite and 

couple back fluorescence. 

The optical fibre sensor arrangement used in this experiment has the same 

construction and parameters as that of the previous experiments. The sensor was 

immersed in a series of IR-125 solutions with different concentrations. In order to adjust 

the refractive index of the solution for optimum guiding conditions, the IR-125 was 

dissolved in a 50/50 DMSO/water mixture. 
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The fibre was coiled once around a 35 mm cylinder at the section just before the 

sensor to excite higher order modes. The fibre in the sensing region was kept straight, 

because the intention is to characterise the sensor response to changes in launching 

conditions, rather than simply increasing the sensor sensitivity. 

Transmission measurements were performed using the CW laser diode emitting at 

wavelength 785 nm. Transmitted power was collected at the far end of the fibre by 

means of a PMT (Hamamatsu R928) equipped with a neutral density filter to avoid 

PMT overloading (Figure 5.18).  

DMSO/water mix
+ Absorbing and 

fluorescent 
solution

Con
Sensing
 fibre

~100 m 0.2 m

785 nm 
Laser 
Diode PMT

Neutral density filter

Coiled fibre
section

 

Figure 5.18. Experimental arrangement used in transmission measurements during the 
higher order mode excitation experiment. Con = connector. 

The results of the transmission experiment are presented in Figure 5.19. The 

voltage measured by the PMT represents the power transmitted by the sensor.  



 103 

0 0.2 0.4 0.6 0.8 1

x 10
-4

3

4

5

6

7

8

9

10

11

12

Concentration (M)

V
o
lt
a
g
e
(V
)

straight fibre

coiled fibre

straight fibre - linear fit

coiled fibre - linear fit

slope = -10017 V/M

r
2
=0.7835

slope = -26730 V/M

r
2
=9939

 

Figure 5.19. Dependence of the optical fibre sensor transmission on the concentration of 
absorbing dye in the cladding area. 

Analysis of the transmission curves shows that introducing the coiling causes a 

significant drop in the transmitted power characterised by the offset at zero 

concentration. It indicates that the coiling introduces significant losses that are not 

related to the absorbance of the IR-125 in the cladding. Those losses most likely are 

caused by introducing leaky modes in the fibre mode structure. Thus, part of the 

propagating power is transferred to the optical rays propagating at angles greater than 

the critical angle, so that the power quickly dissipates in the cladding.  

The experimental points were fitted with a linear equation to estimate the slope, 

which represents sensor sensitivity. Coiling the fibre before the sensor results in more 

than a twofold increase in sensitivity, which can be attributed to the excitation of higher 

order modes with strong evanescent field coupling.  

Since the fluorescence signal level was expected to be quite low, a detection 

system with enhanced sensitivity was employed. The principles of pulsed, time-resolved 

detection using a PMT in single photon counting mode with signal accumulation are 

described in Chapter 3. The schematic is shown in Figure 5.20 and parameters of the 
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actual detection system adapted for use in the IR spectral region are provided in Chapter 

6.  
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Figure 5.20. Experimental arrangement used in fluorescence measurements during the 
higher order mode excitation experiment. Con = connector. 
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Figure 5.21. Dependence of the optical fibre sensor fluorescence signal on the 
concentration of the absorbing dye in the cladding area. Estimated error bars are smaller 
than the symbols. 
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Figure 5.21 shows the optical fibre sensor fluorescence response as a function of 

the absorbing dye concentration in the cladding area. For each data point, the time-

resolved fluorescence pulse was integrated over the pulse duration and the background 

signal level measured in pure DMSO/water solution was subtracted. Accumulation time 

for each measurement was 10 minutes.  

The data shows a rather moderate improvement in the fluorescence signal level; 

the percentage increase is shown in Figure 5.21 for each IR-125 concentration. Note 

that the fluorescence signal enhancement was uneven over the concentration range, 

which creates difficulties for signal interpretation. This relatively modest and variable 

improvement in sensor performance can be understood in terms of the increased losses 

associated with the transmission of both excitation and fluorescent light through the 

coiled section of fibre (see Figure 5.20). This interpretation is consistent with the one-

way transmission losses observed in Figure 5.19.  

From the point of view of distributed measurements, this result suggests that the 

excitation of higher order fibre modes is an undesirable effect, because the introduced 

losses reduce the detection range and the improvement in fluorescence capturing 

efficiency is not significant. However, it should be noted that this study represents an 

extreme case of higher-order mode excitation, based on a relatively small bending 

diameter. While it is conceivable that smaller shifts in mode population will lead to a 

more consistent change in sensitivity, it seems unlikely that this approach will lead to 

significant overall gains in sensitivity. Therefore further investigation of this issue was 

not pursued. 

5.4 Summary 
The results presented in this chapter show the evanescent field interaction with the 

surrounding environment is strongly dependent on the refractive index of the modified 

cladding region. This can lead to difficulties due to dispersion in the refractive index, 

particularly in fluorescence based sensors where the excitation and emission 

wavelengths are separated. Therefore a broadband supercontinuum light source has 

been used to characterize the refractive index dependence of the sensor response over a 

wide wavelength range. The critical effect of the cladding refractive index on the 

performance of an optical fibre sensor is demonstrated for both amplitude and 
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wavelength modulated situations. In principle, this approach can be used to predict the 

performance of the sensor over the full wavelength range of the broadband source.  

The theoretical modeling applied to the amplitude and wavelength results as well 

as to the broadband results demonstrated a satisfactory understanding of the processes 

occurring in the optical fibre sensing system. Parameters extracted from the modelling 

gave additional information about the nature of losses in the sensing system. The results 

suggest that residues from the original cladding of the fibre cause those intrinsic losses, 

which reduces the sensitivity at low levels of extrinsic absorption. Therefore an 

important parameter to be addressed in practical sensing applications is the integrity of 

the interface between the core and the modified cladding. 

The results of the investigation of the influence of the mode population on sensor 

performance suggest that the excitation of higher order fibre modes is an undesirable 

effect from the point of view of distributed measurements, because the induced losses 

reduce the detection range and the improvement in fluorescence capturing efficiency is 

not significant. 

The next chapter will use evanescent excitation of a fluorescent indicator in a 

modified cladding region to explore the application of time-resolved measurements in a 

quasi-distributed model sensing arrangement. 
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Chapter 6 

Quasi-Distributed Measurements 

In this chapter a quasi-distributed optical-fibre sensing system based on pulsed 

excitation and time-gated photon counting is presented. The system has been designed 

and used to locate a fluorescent region along the fibre. As discussed in Section 1.4, 

fluorescence-based distributed systems have undergone relatively little development due 

to issues with sensitivity, stability, and fluorescence lifetime effects, even though they 

could potentially be used in a wide range of actual applications.  

To overcome the problems of low excitation and coupling efficiency via the 

evanescent field interaction, an approach based on photon counting has been employed 

to increase the sensitivity of the detection system. This is analogous to distributed 

temperature sensors that use photon counting to detect weak anti-Stokes Raman 

scattering signals. Previous work has shown that this approach can be extremely 

effective when combined with appropriate background correction procedures (Stoddart 

et al. 2005).  

Another very important sensor characteristic is the spatial resolution of the 

system. This parameter represents how accurately the detection system can localize the 

fluorescent region along the fibre length. Spatial resolution is determined by a 

combination of the lifetime of the fluorophore, the type and length of the fibre system, 

and the shape of the excitation pulse. Taking these factors into account is critical to 

interpret the response of the sensor. 

In this chapter we present a model that has been developed to characterize this 

interaction and predict the behaviour of the fluorescent response at the detector. 

Experimental results are presented that validate the model for two different fluorophores 

with substantially different lifetimes in a laboratory-scale quasi-distributed arrangement. 
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The fluorescence from the aluminium complex Alq3, excited at 405 nm, and from the 

dye IR-125, excited at 780 nm, was measured at the input end of the fibre by a time-

gated detection system. The Alq3 system, as described in Section 1.3.1, has proven 

potential application for the detection of corrosion in aluminium alloys. 

6.1. Experimental set-up  
The “Sentor” optical fibre distributed temperature sensor (DTS) developed by 

Tyree Optech and Swinburne University was modified during the experimental work 

presented in this Thesis for use in corrosion detection. The modified experimental 

arrangement is shown in Figure 6.1. An optical-fibre section of 0.2 m length was declad 

as described in Section 4.3 and immersed in solutions of either the complex Alq3 for 

405 nm excitation, or the infrared dye IR-125 for 780 nm excitation. To provide 

effective fluorescence excitation, wavelengths were chosen according to the absorption 

spectra shown in Section 1.3.1 (Figure 1.2) for the Alq3 complex and in Section 4.3.2 

(Figure 4.12) for IR-125. The Alq3 complex and the IR-125 dye fluoresce in the 450–

600 nm and 800–900 nm regions, respectively. 

The declad section was approximately 3 m from the end of an 80 m length of 

fibre. The extended fibre length was designed to attenuate cladding modes near the 

excitation source and thus provide stable propagation conditions in the declad section.  

The existing DTS was also equipped with new laser sources as follows. The 405 

nm laser diode excitation source (OptoTech Ltd, Australia) had pulse widths of between 

3 and 5 ns (FWHM) with an approximately Gaussian shape and a repetition frequency 

of 25 kHz. The 780 nm laser source was developed in house using a Sanyo DL7140-

201S laser diode and a PCO-7110 laser diode driver module to provide Gaussian pulses 

of approximately 4 ns FWHM at the same repetition rate and coupled into an optical 

fibre. A 50/50 coupler that separated the forward and backward propagating light was 

custom made for the large core fibre (Diamond SA, Switzerland). 

The detection system employed ultrasteep long-pass filters (ZX-000448 from 

Iridian with a cut-on wavelength of 448 nm and from Omega Optics with a cut-on 

wavelength of 850 nm) to remove the respective excitation wavelengths, and the 

photomultiplier tube (PMT, Hamamatsu R928) was operated in the photon-counting 

mode. 
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The PMT quantum efficiency varies from 14% at 500 nm to 0.5% at 850 nm. 

Photon counts were accumulated by the time-gated electronics (Tyree Optech, 

Australia) in bins of 2 ns width, which corresponds to a length resolution along the fibre 

of 0.2 m, as defined in Equation 3.2 and assuming a propagation velocity of 2×108 m/s. 

An accumulation time of 10 min was used to obtain adequate signal-to-noise 

discrimination. 

The measurements consist of a number of photon counts corresponding to every 

bin interval. These were accumulated in computer memory and stored for further 

interpretation. The resultant bin accumulations can be regarded as waveforms of the 

fluorescence that originate at a distance along the fibre corresponding to the return time 

of flight as designated by the bin number. The raw count data was accumulated and 

stored using the Sentor DTS software (Tyree Optech, Australia), after which it was 

exported for subsequent processing in standard software (Matlab, Tablecurve, Excel). 

As the propagation time through the length of the declad sensor section in the 

present experiment is of the order of the time resolution, the fluorescence can be 

regarded as effectively originating from a point source. 

 

Figure 6.1. Experimental distributed measurements system: LP, long-pass filter; Con, 
temporary connector. 

The Alq3 complex was prepared by the reaction of aluminium nitrate with 8-

hydroquinone (8-HQ) in ethanol solvent. The IR-125 dye was dissolved in a 50/50 mix 

of DMSO/water solvent chosen to obtain a refractive index close to that of the original 

cladding (ncl = 1.42). The refractive index of ethanol is lower than the fibre original 
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cladding, but according to the investigation in Chapter 5 it should not significantly alter 

the fluorescent signal from the Alq3. 

6.2 Distributed fluorescence waveforms  
A typical detected signal is shown in Figure 6.2. This represents the time-domain 

response of the detection system when the declad fibre section was immersed in a 

5×10−3 M solution of Alq3. Reflection peaks from the coupler, connector, and the distal 

end of the fibre can be clearly identified. These peaks are due to reflections of the pump 

wavelength that were not sufficiently attenuated by the long-pass filter. The prototype 

nature of the coupler and connector for this fibre type results in relatively high reflection 

signals. These could potentially be reduced by employing telecommunication grade 

couplers and fusion-splicing techniques. Although fusion splicers are commercially 

available for large core fibres (e.g. 3SAE Technologies, USA; Fujikura, Japan), we are 

not aware of off-the-shelf suppliers of couplers for this type of fibre.  

 

Figure 6.2. Time-resolved response of the distributed sensor, plotted in terms of 
distance travelled in the optical fibre. 
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6.3 Effect of fluorescence lifetime on localization 
The time-domain response of the detection system when the declad fibre section 

was immersed into the fluorescence solution is determined by the interaction between 

the lifetime of the fluorophore and the shape of the excitation pulse, providing that the 

sensing fibre section is short enough to be considered as a point source. In this case the 

time-dependence of the fluorescence can be obtained from the solution of the rate 

equation for a 2-level system excited with a Gaussian shaped pulse. Thus, 
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where n , N  give the respective populations of the fluorescing level and the ground 

state of the 2-level system, k represents the absorption, and 0I  is the exciting pulse 

amplitude. The Gaussian excitation is centred at time T  with width parameter σ  and τ  

is the lifetime of the fluorescing level. 
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The fluorescence intensity is proportional to the population n  and can be written  
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where K  is a collection of the time-independent terms and erf  is the Error Function. 

6.3.1 Alq3 Fluorescence 

The fluorescence waveforms for a range of Alq3 concentrations are shown in 

Figure 6.3. The optical time delay due to the 80 m length of fibre preceding the sensor 

has been removed for clarity. Also shown is the background signal (solid line) from the 

ethanol solvent. The background signal arises from back-scattered excitation from the 

sensor section that leaks through the LP filter. The secondary peak which occurs 

approximately 30 ns after the signal from the declad section coincides with reflection 

from the end of the fibre.  
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Subtraction of the background signal results in single-peaked waveforms, a typical 

example of which is shown in Figure 6.4. The conspicuous trailing edge of these 

waveforms is indicative of a significant fluorescence lifetime; this is in contrast with the 

IR-125 results (see Figure 6.7 for the IR-125 fluorescence waveform). 

 

Figure 6.3. Alq3 fluorescence waveforms for a range of concentrations. The solid curve 
represents the background signal from the ethanol solvent. The waveform for the 
concentration of 1 × 10−4 M has been excluded for the sake of clarity. 

Also included in Figure 6.4 is the model fit using Equation 6.3; the fitted 

parameters σ, τ and T∆ , which represents a time delay between the maxima of the 

excitation and fluorescence pulses, are given in Table 6.1 for the concentrations shown. 

The principles of the fitting procedure, as well as methods of estimating the fitting 

parameters and errors, are described in Appendix 2. It is apparent from the consistency 

of the fitted widths σ  that the model developed provides a good description of the 

situation. The fitted values of σ  correspond to a FWHM of 9 ns, which is somewhat 

larger than those expected from the FWHM of the excitation pulse (3-5 ns). This 

broadening of the measured waveform can be attributed to the effect of the finite bin 
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width (2 ns) and jitter in the synchronization between the excitation pulse and the bin 

gates during the 10 min signal accumulation time.  

 

Figure 6.4. Alq3 fluorescence (9.4×10−3 M, circles) after subtraction of the background 
component due to the ethanol solvent. The model fit from Equation (6.3), (solid curve) 
is shown together with a reconstruction of the excitation pulse from the fitted 
parameters (dashed curve). Estimated error bars are smaller than the symbols. 

Table 6.1. Fitted model parameters for Alq3 fluorescence waveforms for the 
concentrations shown together with the delay of the fluorescence peak from the peak of 
the reconstructed Gaussian input. The standard errors of the fitted parameters are also 
shown. 

Alq3 concentration (M) σ (ns) τ (ns) T∆  (ns) 

9.4×10-3 3.73±0.04 12.3±0.1 4.70±0.03 

5.0×10-3 3.82±0.05 14.0±0.1 5.02±0.23 

1.0×10-3 4.11±0.20 17.6±0.6 5.71±0.17 

0.5×10-3 4.10±0.30 17.7±1.7 5.71±0.16 

0.1×10-3 4.19±0.26 17.9±2.4 5.82±0.23 
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Also shown in Figure 6.4 is a reconstruction of the Gaussian excitation pulse 

using the values of σ  and T∆ in Table 6.1 for the concentration of 9.4×10-3 M. This 

shows that the peak of the fluorescence waveform is delayed as expected. The distance 

along the fibre from which the fluorescence originates can be calculated more precisely 

by correcting for the time delay between the excitation and fluorescence response. For 

the data shown in Figure 6.4 for example, the delay is 4.7 ns, which is equivalent to 0.47 

m in terms of range. Thus the developed model provides a significant improvement in 

spatial resolution for fluorophores with lifetimes that are longer than the resolution of 

the sensing system. 

The decrease in τ with concentration is indicative of collisional de-excitation of 

the fluorescence level of the Alq3 as can be seen in Figure 6.5 where the decay rate is 

plotted as a function of concentration. Decay rate is the inverse of lifetime and is plotted 

here to demonstrate the linear dependence on concentration, which is expected for 

collisional de-excitation (Valeur and Berberan-Santos 2013). The intrinsic lifetime of 

18.2 ± 0.9 ns at zero concentration is comparable with the previously observed values of 

10.2 - 22.7 ns in different organic solvents (Ravi Kishore et al. 2003). 
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Figure 6.5. Concentration dependence of the Alq3 fluorescence decay rate. The zero 
concentration intercept corresponds to an intrinsic lifetime of 18.2 ± 0.9 ns. 

The peak fluorescence signal is shown to be proportional to concentration in 

Figure 6.6 and from this it is estimated that the minimum concentration that can be 

detected is ~ 5×10-5 M or ~ 20 ppm (wt) over an exposed length of 0.2 m. Greater or 

lesser sensitivities would be expected for greater or lesser lengths of exposed fibre. The 

sensitivity could also be improved by increasing the laser repetition rate and/or the total 

accumulation time. 
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Figure 6.6. Dependence of peak Alq3 fluorescence on concentration (circles) together 
with a linear fit. Estimated error bars are smaller than the symbols. 

6.3.2 IR-125 Fluorescence 

In contrast with Alq3, the lifetime of fluorescence from IR-125 is known (Lee et 

al. 2008) to be much smaller than 1 ns, which is shorter than the measurement 

resolution of this system; hence the fluorescence waveform would not be expected to 

show a significant trailing edge. A typical waveform is shown in Figure 6.7 where it can 

be seen that the waveform is roughly symmetrical with little evidence of a significant 

fluorescent lifetime, τ. However, model fitting using Equation 6.3 gives a time delay of 

approximately 2.2 ns and τ of 3.7 ns (8.6 ns in terms of FWHM). These parameters 

could be associated with the instrument response function. The FWHM of 8.6 ns is in 

reasonable accord with the resolution of 6 ns obtained for distributed temperature 

sensing with a similar detection system (Stoddart et al. 2005). 
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Figure 6.7. Fluorescence waveform for the IR-125 dye at a concentration 5×10-5 M 
(circles) together with the model fit (Equation 6.2). Estimated error bars are smaller 
than the symbols. 

It is interesting to note that the background noise level for IR-125 is much lower 

than that observed in the wavelength range relevant to the Alq3. This may be due to the 

fact that the low-OH silica optical fibre used in this study is not optimized for use with 

Alq3 at wavelengths in the UV-violet range. The reduced quantum efficiency of the 

R928 PMT in the near infrared wavelength range does not appear to play a significant 

role in this regard. In any event, the background level is sufficiently reduced to allow a 

detection sensitivity of 2×10-6 M (~1.2 ppm) for IR-125. This result suggests that 

evanescent field excitation of fluorescence can provide a sufficiently sensitive detection 

mechanism for quasi-distributed chemical sensing, under appropriate conditions.   

6.4 Summary 
In this chapter, a declad silica-core optical fibre was used to demonstrate the 

evanescent field detection of fluorescence at a single point in a laboratory-scale quasi-

distributed arrangement. With pulsed excitation and time-gated detection, the system 

has the potential to localize the source of fluorescence along the fibre length. Photon 
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counting with a sensitive PMT detector allowed the inherent problem of low signal 

collection efficiency via the evanescent field mechanism to be overcome. 

The system was used to investigate two different fluorescent environments with 

substantially different lifetimes: the complex Alq3 excited at 405 nm and the infrared 

dye IR-125, excited at 780 nm. The former environment is potentially relevant to the 

early detection of aluminium cations produced as a by-product during the early stages of 

corrosion. The results show that the spatial resolution of the detection system can be 

limited by the lifetime of the fluorophore. A model has been developed to characterize 

the behaviour of the fluorescent response at the detector. This model incorporates 

Gaussian excitation in the signal processing procedure and allows the fluorescence 

lifetime to be determined. Application of the model to the detected signal allows 

improvement of the spatial resolution.  

In principle, the results of these experiments confirm that evanescent field 

excitation can be used to detect and localise fluorescence at an arbitrary point along a 

length of optical fibre. This is a promising result in terms of the aim of this thesis, 

namely to detect corrosion at an arbitrary location along an optical fibre. While it would 

also be of interest to demonstrate the simultaneous detection of fluorescence at multiple 

locations, or even the potential for fully distributed measurements, priority was given to 

a demonstration of corrosion detection. Other extensions of the work should be 

considered in future work. A demonstration of corrosion detection is presented in the 

next chapter. 
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Chapter 7 

Corrosion sensing 

This chapter presents a practical demonstration of corrosion detection using the 

distributed optical-fibre sensing system described in Chapter 6.  

Based on past experience, as noted in (McAdam et al. 2005), areas that are prone 

to corrosion in real metal structures can generally be identified and these locations are 

seen as the most suitable to install optical fibre corrosion sensors. Particularly attractive 

sensor locations include at lap joints and under sealant beads.  

Therefore to demonstrate the sensor, a model lap-joint was constructed using 

aluminium 2024 alloy, which is one of the most utilized high strength aluminium alloys. 

Due to the high strength and excellent fatigue resistance of 2024, it is commonly used 

on structures and components in the aircraft and transportation industries. It 

demonstrates good machinability but has limited corrosion resistance. 

The optical fibre sensor was mounted in the model lap-joint. It was connected to 

the distributed sensing unit; after that the model lap-joint with the mounted sensor 

underwent simulated corrosion testing in a controlled environment. The model that was 

developed to predict the behaviour of the fluorescence response at the detector was 

applied to interpret the experimental data. The optical fibre allowed changes in the 

sensor response to be continuously monitored during the stimulated corrosion test. 

Hence we obtained a useful tool to investigate the dynamics of the corrosion process.  

7.1  Lap joint construction 
A lap joint is formed by overlapping two plates and joining them by screws, as 

shown in Figure 7.1. A gap between the top plates was introduced to allow visual 

inspection of the sensor if necessary. Channels sized 1 × 1 mm were cut along the 
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bottom plates to accommodate the optical fibre sensor. Two of the sections shown in 

Figure 7.1 were connected together and an extra aluminium sheet was added underneath 

to connect the structure. The aluminium sections were not treated with any corrosion 

protection techniques such as painting, coating, etc. 

 

 

Figure 7.1. Drawing and image of the model lap joint.  

7.2  Fluorescent sensor composition 
The 8-HQ was used as a fluorescent indicator to show the presence of aluminium 

ions in the examined location. As discussed in Chapter 1, aluminium ions provide an 

early indication of corrosion occurring in the aluminium alloy placed in the corrosion 

environment. It has been demonstrated that the optical fibre sensing system can detect 

fluorescence from the complex of Al3+ ions and the 8-HQ fluorescent dye. However to 

produce a working optical fibre sensor, a polymer is required to provide a solid support 

for the indicator dye (8-HQ) together with permeation of the species of interest. 

A supporting polymer was synthesized using the copolymer polyethylene glycol 

(3-PEG) as a precipitant together with a crosslinker (Tolonate) in the presence of an 

amine catalyst. Tolonate is used in synthetic polymer chemistry as a crosslinker of one-

210 mm 

3.2 mm 100 mm 

Channel 1 mm 
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pack heat-activated coatings (as the only crosslinker or in conjunction with 

aminoresins). 

After stripping as described in Section 4.3.1, an optical fibre sensing section was 

positioned in the model lap-joint channel and covered with the polymer synthesis 

components mixed together. The open channel lap-joint was allowed to cure in an oven 

at 50 ºC for 3 days. To activate the synthesised polymer with the 8-HQ dye, the model 

lap joint channel with optical fibre sensor surrounded by the polymer was treated with 

1% 8-HQ in 99% Ethanol for approximately 30 minutes. After that the parts of the lap 

joint were joined together and fastened up.  

The polymer condition at the lap joint was visually inspected during the curing 

process. Changes in the polymer colour were observed after curing and activating the 

polymer with 8-HQ (see Figure 7.2). Whereas the 8-HQ in 3-PEG is a colourless 

solution, application and activation on the lap joint resulted in the polymer changing to 

an opaque white colour. This indicates that there were some amount of metal ions 

dissolved in the polymer which created a complex with the 8-HQ. The three day curing 

process at an elevated temperature with moisture present in the uncured polymer may 

cause degradation in the unprotected aluminium material, thereby producing Al3+ ions.  

 

Figure 7.2. Polymer in the model lap-joint: (a) - before 8-HQ activation, (b) - after the 
polymer was activated by 1 % 8-HQ solution in 99 % ethanol with the top plates in 
position.  
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7.3  Salt spray chamber 
Corrosion simulation was performed in a 450 l Ascott Salt Spray Chamber (Ascott 

Analytical Equipment). The chamber creates a controlled corrosive environment in 

which the corrosion behaviour of the samples can be investigated. In the salt spray 

chamber, compressed air is delivered via the air saturator and mixed with salt water, 

which is delivered via the salt solution pump and flowmeter. This creates a finely 

divided salt spray (also called 'salt mist' or 'salt fog') that is oxygen rich and highly 

corrosive. The salt spray goes through an atomizer into the chamber atmosphere, where 

it then falls out onto the objects under the test.  

The corrosion simulation was performed according to the American Society of 

Testing and Materials (ASTM) test B117. This continuous salt spray test specification is 

used to test the relative corrosion resistance of coated and uncoated metallic specimens, 

when exposed to a salt spray climate at an elevated temperature. Test specimens are 

placed in an enclosed chamber and exposed to a continuous indirect spray of neutral 

(pH 6.5 to 7.2) salt water solution, which is deposited on to the specimens at a rate of 

1.0 to 2.0 ml/80 cm²/hour, in a chamber temperature of +35 °C. This climate was 

maintained under constant steady state conditions by programming the apparatus of the 

Ascott Salt Spray Chamber. 

Salt fog testing was performed by placing the model lap joint in the test cabinet; 

the lap joint was placed at an approximately 15° angle from vertical (as shown in Figure 

7.3) to allow the condensation to run down the specimen and to minimize condensation 

pooling. 
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Figure 7.3. Model lap-joint with incorporated optical fibre sensor in the salt spray 
chamber. 

The connecterized optical fibre input and output pigtails were fixed outside the 

salt spray chamber allowing continuous monitoring of the sensor response without 

interrupting the corrosion simulation. The corrosion test was run for 50 hours; after that 

the model lap-joint was inspected visually for qualitative signs of corrosion 

development.  

7.4  Results 
The distributed optical fibre sensing system employing photon counting provides 

high sensitivity, but at the same time it is not highly wavelength selective. To prove that 

the distributed optical-fibre sensing system was registering the Alq3 fluorescence, 

optical spectra were recorded before the corrosion test started and after it had been 

running for 24 hours. The emission from a 390 nm Ocean Optics LED source was 

launched into the optical fibre sensor to excite fluorescence in the model lap joint before 

it was placed in the salt spray chamber. To measure the spectrum of the fluorescence 

emission the optical fibre sensor output was connected to an Ocean Optics S2000 

Spectrometer. The 390 nm Ocean Optics LED source was used for convenience to 

excite the fluorescence instead of the 405 nm laser diode, due to the availability of 

equipment in the experiment location. 
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The recorded spectra are shown in Figure 7.4. Even without treatment in the salt 

chamber, the 440-650 nm fluorescence emission band is present, as would be expected 

for the Alq3 complex. This indicates the presence of an initial aluminium ion 

concentration, as was suggested in Section 7.2. A rise in the fluorescence signal was 

observed after corrosion simulation for 24 hours, but it was accompanied by a rise in the 

level of the transmission at shorter wavelengths (less than 450 nm). This combination of 

excitation and fluorescence wavelengths, integrated over the length of the fibre, makes 

it difficult to interpret the data unambiguously. 
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Figure 7.4. Fluorescence spectra from the optical fibre sensor in the model lap joint 
before exposure to the salt spray chamber and after 24 hours exposure. 

The distributed optical-fibre sensing system described in Chapter 6 was employed 

to investigate corrosion development in the model lap joint in more detail. A series of 

readings representing the time domain response of the detection system was recorded at 

different times during the corrosion simulation test. Figure 7.5 shows the measurement 

obtained after the model lap joint had been in the salt spray chamber for 30 hours. 
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Reflection peaks from the coupler, connector, as well as the fluorescence peak from the 

sensor can be clearly identified. The accumulation time for each reading was 10 min.  
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Figure 7.5. Time-resolved response of the distributed sensor during simulated corrosion 
testing, plotted in terms of position in the optical fibre. The fluorescence peak 
corresponds to the response of the optical fibre sensor embedded in the model lap joint 
after 30 hours of testing. 

The time dependence of the fluorescence intensity from the optical fibre sensor in 

the model lap joint is shown in Figure 7.6. Every point represents the fluorescence 

intensity integrated over the duration of the fluorescence waveform. The fluorescent 

signal increased rapidly during the first part of the experiment and peaked after about 14 

hours. From that point the signal saturated and stayed approximately the same until the 

end of the experiment. Unfortunately the data in the period from 5 to 14 hours was 

incomplete due to technical issues. A subsequent failure of the control computer made it 

impossible to repeat the experiment within the time available. 

The fluorescent signal level is related to the concentration of aluminium ions and 

therefore characterises the development of the corrosion process in the model lap joint, 

particularly in the channel in close proximity to the optical fibre sensor. It is clear that 
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the sensing system was able to detect the corrosion process from an early stage. 

Recording the signal profiles more frequently would provide additional information 

about the corrosion process in the transition period from 5 to 15 hours of the 

experiment. The results shown here suggest that the sensor could be used to develop a 

better understanding of the progression of the corrosion process in future work, 

assuming that more frequent signal recording is possible. 
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Figure 7.6. Time dependence of the fluorescence sensor response over the duration of 
the corrosion test. The fluorescence intensity has been integrated over the duration of 
the waveform in the sensor region. Estimated error bars are smaller than the symbols. 

The distributed detection system records fluorescence waveforms which contain 

additional information about internal processes occurring in the sensor environment. 

Examples of the waveforms are shown in Figure 7.7 for the initial stage before the 

corrosion test and after 30 hours of the corrosion simulation testing. The difference 

between the trailing edges of these waveforms indicates a significant change in the 

fluorescence lifetime over the course of the experiment.  
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The recorded waveforms were fitted using Equation 6.2 with the resulting curves 

also shown in Figure 7.7. The fluorescence lifetimes (τ) were extracted from the 

waveform data for each measurement and are shown in Table 7.1.  
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Figure 7.7. Alq3 fluorescence waveforms recorded before the test and after 30 hours of 
corrosion simulation testing. Estimated error bars are smaller than the symbols. 

A significant decrease in the fluorescence lifetime is indicative of collisional de-

excitation of the fluorescence level of the Alq3. Typically it is associated with a rise in 

the concentration of the fluorescent molecules, as seen in Section 6.3.1 for Alq3 

dissolved in ethanol. However, the Alq3 fluorescence lifetime is known to depend on a 

number of factors, including whether it is dissolved in a solvent, used as a solid film or 

incorporated in a polymer matrix (Ravi Kishore et al. 2003).  

Table 7.1. The extracted fluorescence lifetimes (τ).  

Corrosion simulation test duration 
(hours) 

τ (ns) 

0 20.6±0.2 
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1.2 20.5±0.2 

1.5 20.4±0.2 

14.0 12.0±0.3 

18.2 13.0±0.5 

22.3 11.0±0.3 

26.5 11.0±0.3 

30.5 11.0±0.3 

 

Indeed, the fluorescence lifetimes obtained in the initial stage of the corrosion 

experiment (up to 1.5 hours) were larger than the lifetime observed for the lowest 

concentration of Alq3 in ethanol in Section 6.3.1. Similarly, the lifetimes in the later 

stage of the corrosion experiment are significantly lower than those observed for the 

saturation concentration of Alq3 in ethanol (9.7×10-3 mol/l). This confirms that the 

precise relationship between fluorescence lifetime and concentration for Alq3 is 

dependent on the particular matrix used. Nevertheless, the overall trend indicates that 

the concentration of aluminium ions rose with the progression of the corrosion, causing 

an increase in the Alq3 concentration and consequently in the fluorescence signal. This 

continued until the Alq3 concentration reached a saturation point where the polymer 

matrix doped with 8-HQ could not take up any more aluminium ions.  

After the simulated corrosion experiment was terminated, the lap joint was 

visually inspected and a significant level of corrosion was observed (Figure 7.8). 
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Figure 7.8. The model lap-joint shown (a) before the corrosion test and (b) after the 
corrosion test was terminated. 

7.5 Summary 
The sensing system demonstrated an ability to perform in situ detection of 

corrosion in a model aluminium lap-joint. The optical fibre sensor was installed in the 

lap-joint, representing a predetermined position that is vulnerable to corrosion. The 

sensing system was able to detect the occurrence of corrosion in the model lap-joint, as 

well as locating the corrosion point along the sensing fibre. The results also indicated 

some initial corrosion in the unprotected aluminium during the polymer curing process. 

This effect would not be acceptable in practical applications. Therefore future work 

should aim to avoid this effect by applying a protective coating before installing the dye 

with 3-PEG polymer.   

The experimental data was interpreted by means of the Gaussian excitation model. 

The model gives an opportunity to extract the fluorescence lifetime from the 

experimental data. Knowing the fluorescence lifetime provides additional information 

about corrosion development at different stages during the test.  
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Chapter 8 

Conclusion and Further Work  

8.1  Summary of the Project 
The problem of optical fibre corrosion detection is still current despite 

considerable efforts during the past few decades. The literature search presented here 

has shown that, despite some technical improvements, the basic principles and 

achievements have remained much the same for the past few years and the problem of 

optical fibre corrosion detection is far from resolved. In general, recent reviews (Yin et 

al. 2008, Norris 2000) suggest that fluorescence-based techniques remain attractive due 

to their exceptional selectivity and the large amount of previous research and 

development that can be drawn upon. 

The theoretical and experimental studies presented here resulted in the 

development of a system that could perform distributed detection of fluorescent light 

coupled into optical fibre guided modes. Theoretical models were developed to 

investigate and improve the efficiency of the optical fibre detection system. The 

theoretical models allowed the spatial resolution of the sensor to be improved, while 

also confirming a sound understanding of the physics underlying the sensor. This 

understanding in turn helps to gain insight into the processes giving rise to the 

fluorescence signal and will underpin future efforts to analyse the data from fully 

distributed sensing arrangements. The developed detection system was successfully 

tested in a practical application. It was able to detect the development of corrosion at an 

early stage in a predetermined site placed at an arbitrary location along the optical fibre. 

Initial work was carried out to evaluate the most promising potential solutions, 

including the detection of water diffusion into a fibre and sensing via the evanescent 

field. Firstly a novel detection method based on the measurement of water ingress into 
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conventional optical fibre during the corrosion process was tested. The approach was 

based on changes in the water peak absorption in a sensor made from conventional 

optical fibre, but it did provide promising results. This method may be attractive for 

sensor designs based on hygroscopic glasses or fibres with small cladding thickness that 

allow faster diffusion rates. 

Two constructions of an evanescent field-based optical fibre sensor were 

examined as sensing elements for distributed measurements: etched D-shaped fibre and 

declad plastic clad fibre. Work was carried out to establish a technique for creating an 

optical fibre sensor using commercially available D-shaped fibre. The optical fibre 

sensor based on etched D-fibre was difficult to construct due to problems with 

controlling the etching process and, for this reason, it was found unsatisfactory. 

As a result of these preliminary investigations, an approach based on the detection 

of fluorescence excited through the evanescent field in an exposed core optical fibre 

sensor was selected for further study. This approach has the potential for fully 

distributed measurements of arbitrary chemical concentration along an optical fibre. 

Theoretical modelling confirmed the feasibility of using the proposed photon counting 

system to detect fluorescence excited by the evanescent field surrounding a 

conventional multi-mode fibre with a modified cladding. The modelling suggested that 

under ideal conditions sub part per million sensitivity can be achieved over distances of 

more than a kilometre, which is sufficient for practical application in corrosion 

monitoring. 

Large core multimode plastic clad fibre with the cladding chemically removed 

was evaluated in the IR and blue spectral regions. It was shown using that fluorescence 

could be coupled into the guided modes of the fibre and detected. A theoretical model 

describing the absorption and fluorescence response of the large core multimode plastic 

clad fibre sensor was developed. The model was based on a geometrical optics approach 

which incorporates the effects of the input intensity distribution. This provided a basis 

to investigate the processes occurring in the optical fibre sensing system, including the 

effects of cladding refractive index, dispersion and modal distribution. The theoretical 

model was justified by an experiment providing a change in the sensor working 

conditions such as the cladding refractive index. The effects of absorption and 

fluorescence were experimentally investigated by measuring the absorption and 



 132 

fluorescence detection efficiency for an infrared fluorescent organic dye (IR-125). The 

obtained experimental data were fitted with the model expressions showing an excellent 

agreement between the predicted and experimental data. 

In terms of practical output, these results demonstrate that the sensor is relatively 

insensitive to changes in the absorber concentration below about 1.415 refractive index 

units. However, the relatively small losses shown here might become significant for 

longer exposed regions in a practical distributed sensing arrangement. At the same time 

the absorption and fluorescence dependences are strongest in the RI range from 1.43-

1.45 as it was expected from the calculated curves. Consequently, the detection 

sensitivity can be significantly improved by careful choice of refractive index in the 

cladding region. However, the transmission measurements show that at the same time 

absorption losses rise significantly as well. In the case of distributed measurements, this 

improvement in sensitivity will come at the cost of reduced detection range. 

The large core optical fibre sensor behaviour within the broad wavelength range 

of excitation was evaluated experimentally. It was shown that dispersion effects in the 

core and cladding materials of the large core multimode optical fibre sensor can 

complicate measurement interpretation when wavelength modulated measurements are 

performed, or in situations where multiple wavelengths are of interest for amplitude 

modulated schemes.  

In addition, the effect of launching conditions on the sensor performance were 

investigated. The higher order modes were excited in the optical fibre at the point before 

the sensor by coiling the fibre section. Sensitivity of absorption and fluorescence 

detection was evaluated. Coiling the fibre before the sensor results in more than a 

twofold increase in the absorption sensitivity, which can be attributed to the excitation 

of higher order modes with strong evanescent field coupling. At the same time, a rather 

moderate improvement in the fluorescence signal level was attained. Moreover, the 

fluorescence signal enhancement was uneven over the concentration range, which can 

create difficulties for signal interpretation. From the point of view of distributed 

measurement, this result suggests that the excitation of higher order fibre modes is an 

undesirable effect, because the introduced losses reduce the detection range and the 

improvement in fluorescence capturing efficiency is not significant.  



 133 

The use of a declad silica-core optical fibre for the evanescent field detection of 

fluorescence has been demonstrated in a distributed sensing system. With pulsed 

excitation and time-gated detection, the system has the potential to localize the source of 

fluorescence along the fibre length. Photon counting with a sensitive PMT detector 

allowed the inherent problem of low signal collection efficiency via the evanescent field 

mechanism to be overcome. 

The system was used to examine two different fluorescent environments: the 

complex Alq3 excited at 405 nm and the infrared dye IR-125, excited at 780 nm. The 

former environment is potentially relevant to the early detection of aluminium cations 

produced as a by-product during the early stages of corrosion. Although the experiments 

were conducted on a laboratory-scale in a quasi-distributed arrangement, the results 

would be applicable to a fully distributed system, where the complete fibre length was 

clad with sensitive material. The results show that the spatial resolution of the detection 

system can be limited by the lifetime of the fluorophore. Analysis of the fluorescence 

waveforms confirmed that the use of a model incorporating Gaussian excitation in the 

signal processing procedure could significantly improve the spatial resolution.  

The model also allows the fluorescence lifetime to be determined, with the results 

obtained showing good agreement with published data. It is estimated that the minimum 

concentration of Alq3 that can be detected under these experimental conditions is 

~ 5×10-5 M or ~ 20 ppm (wt) over an exposed length of 0.2 m. The detection limit for 

IR-125 was found to be 2×10-6 M (~1.2 ppm). Given the relatively small total number 

of molecules that fall within the range of the evanescent field and contribute to the 

fluorescent signal, these results suggest that the evanescent field excitation mechanism 

can provide sensitive detection of chemical distributions. Greater or lesser sensitivities 

would be expected for greater or lesser lengths of exposed fibre. 

The distributed optical-fibre sensing system was used to monitor corrosion in a 

model aluminium lap-joint. The sensing system demonstrated an ability to perform in 

situ detection of corrosion under practical conditions. The experimental data was 

interpreted by means of the Gaussian excitation model, which provided the fluorescence 

lifetime. This delivers additional information about corrosion development at different 

stages during the test. Employing the optical fibre sensor gave an opportunity to 

continuously monitor changes in the sensor response during the stimulated corrosion 
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test. Hence it provides a useful tool to investigate the dynamic evolution of the 

corrosion process. 

8.2 Research Outlook 
This study has shown that an approach based on distributed measurements of 

fluorescence excited through the evanescent field in an optical fibre sensor has great 

potential for corrosion detection. In principle it can be applied to hidden areas at an 

early stage of the corrosion process.  

However an optimal optical fibre sensor construction remains the main challenge. 

It has been found that a significant level of background most likely related to 

imperfections at the core-cladding interface can limit the sensitivity of the fibre sensor. 

Therefore effective protection of the optical fibre sensing element from the environment 

is a significant problem. This problem is strongly related to the development of a 

suitable polymer carrier for the sensing dye to be employed as a sensing cladding in the 

optical fibre sensor construction. If the current polymer carrier is used in future 

development of the corrosion sensing application, care should be taken to prevent the 

carrier from initiating corrosion during installation of the sensor. 

Investigation of the effect of immobilizing the 8-HQ indicator in a cladding 

material is an interesting perspective as this could lead to changes in the Alq3 

fluorescence lifetime and therefore affect the spatial resolution of the detection system. 

While further development is required to address the requirements of the modified 

cladding, mode distribution effects can be addressed with an appropriate background 

correction procedure, provided that the application allows a stable mode distribution to 

be maintained. 

Future work could also seek to evaluate other fibre core designs for sensitivity to 

variations in cladding refractive index. For example, a structure that achieves high 

sensitivity to sample concentration with reduced sensitivity to refractive index changes 

would be attractive for a range of distributed sensing applications. 

The results show that an intense broadband light source can be used to obtain a 

large body of data relating to the overall system performance. Although the results 

presented here rely on an estimated form of the dispersion curve for the DMSO/ethanol 
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mixtures, it is expected that the dispersion curves can be obtained more directly by 

quantitative analysis of the normalized transmission curves. This may establish the 

technique as a convenient way to measure the dispersion of arbitrary fluids and could be 

addressed in future work. 

Another interesting direction follows from the fact that fluorescent probes are 

generally sensitive to multiple analytes or parameters e.g. temperature and pH that can 

interfere with the fluorescence response. One solution to this problem might be to build 

some redundancy into the system by including multiple fluorescence probes. For 

example, assuming that the materials issues can be resolved, an ability to 

simultaneously measure metal ions and pH would be attractive.  

Finally, future work should aim to investigate the potential for measurements of 

continuously distributed chemical concentrations along the length of the fibre. In 

principle it is understood that an iterative technique will be required to disentangle the 

“shadowing” effect, where the absorption due to target compounds near the start of the 

fibre will reduce the pump power transmitted to locations further down the fibre. 

Despite this understanding, there have been limited reports of studies that have explored 

this situation with evanescent excitation of fluorescence.  
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 Appendix 1. Sentor 101 overview 

Sentor 101 is a member of a family of temperature measurement systems that are 

collectively described as Distributed Temperature Sensors or DTS for short. A 

distributed temperature sensor monitors temperatures continuously along the length of 

its sensor. This technique contrasts to the use of “spot” sensors that monitor a single 

point location only.  

The Sentor 101 system comprises three major components: 

• Data acquisition unit. 

• Computer - performing control, information processing and presentation 

functions. 

• Optical fibre sensor. 

The data acquisition unit and computer comprise the SENTOR 101® unit with the 

optical fibre used as the sensor. There are many advantages gained when an optical fibre 

is used as the sensor, including electrical isolation and immunity to electromagnetic 

radiation.  

A1.1 Operation 
The Sentor 101 distributed temperature sensor works by launching pulses of laser 

radiation, typically 2-10 ns duration, into an optical fibre, which is in contact with the 

structure to be measured. As each laser pulse travels along the fibre a small fraction of 

the incident pulse is absorbed by the fibre atoms and is back scattered as Raleigh and 

Raman components. The intensity of the short wavelength Raman part depends on the 

local fibre temperature.  

The Sentor 101 monitors the back-scattered signal using: 

• the photon counting method to record intensity and 

• the arrival time to identify position. 

For a 1 km length of fibre, the travel and return time to the end of the fibre will be 

approximately 10 microseconds. After this time the Sentor 101 unit rearms itself and 

fires another sensing pulse. This process continues for the nominated acquisition time so 

that, in say a 100 second period the system will have probed the temperature profile 

along the fibre as many as 10 million times. The accumulated photon count as a 
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function of position along the fibre is then downloaded to a central processing unit. The 

central processing unit then performs a series of calculations to allow for such factors as 

splice losses, attenuation as a function of position and temperature sensitivity of the 

Raman to return a temperature value for each point along the fibre.  

The Sentor 101 requires high-speed electronics for the laser drive and photon 

detection circuits but uses the essential advantages of the photon counting method to 

simplify all other aspects of operation. Compared with intensity-based units the laser 

drive power is extremely modest and economical. There are no extremely high speed 

and costly analogue to digital converters or signal analysis and averaging systems. With 

intensity based systems many photons are required to create a measurable signal at each 

point along the fibre. With the photon counting method the opposite is true. With the 

photon counting system most of the time it is required that no photon be received and 

detected. If two photons were to arrive at the same time the system would record only 

the first and the result would be a non-uniform response. The Sentor 101 system is 

usually adjusted to have a laser power level that will create a maximum of one back-

scattered Raman photon for each 50 outgoing pulses. This still gives up to 500,000 

counts at short positions along the fibre and is a huge saving of laser power over 

intensity-based systems. 

The Sentor 101 makes no resolution sacrifice when presenting data to user-chosen 

post-averaging detail. All records can be retained with maximum detail and can be post 

processed at any time to optimise presentation accuracy consistent with user resolution 

choices. For example, if an application suffers a fault that creates a progressive increase 

in heat dissipation it is likely that heat diffusion will occur slowly in time and spread 

away from the fault point. To optimise the diagnostic view an average over many time 

periods will maximise the temperature resolution of the thermal profile as a function of 

position away from the fault point. If, instead, the fault occurs suddenly it is likely to 

create a rather rapid temperature rise. In such a case, it is unlikely that temperature 

resolution will be an essential factor in identifying the problem, rather detailed time and 

space resolution, with a sufficient temperature resolution of perhaps 20°C will be more 

appropriate. With the Sentor 101, these post-record resolution compromises are always 

available. 

The Sentor 101 makes many thousands of temperature measurements per second 

and can easily meet the most demanding time resolution specifications. The system will 

average the measurements over a user nominated acquisition time to improve the 
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accuracy of the final results. Even with intimate contact between fibre and target there 

will be very few applications that can expect meaningful results with less than 10 

seconds of measurement time. Large objects such as heavy-duty electrical cables or 

transformers have temperature time constants of the order of hours and a measurement 

time of 30 minutes will optimise temperature and long distance space resolution and 

minimise reporting needs. 

The Sentor 101 distributed temperature sensor divides its space measurements 

into 200mm intervals. For most applications, a resolution of one or more metres is 

sufficient and in these cases a system of reduced cost and improved temperature 

resolution will usually be preferred. The higher space resolution option can be 

retrofitted at any time and is determined only by the existing laser pulse duration. It is 

independent of the installed sensing fibre. 

A1.2 Performance 
The Sentor 101 distributed temperature sensor has three measurement dimensions 

so that resolution involves interaction between: 

1. Space resolution over the length of the fibre 

2. Time 

3. Temperature resolution 

A1.3 Advantages over point sensors 
The positioning of point sensors requires advance knowledge of the hottest spots 

in an asset. Since this is not predictable with certainty under all operating conditions, 

many points must be monitored. For an application requiring more than five point 

sensors, the Sentor 101 system can offer very considerable savings and provide a higher 

level of data quality. 
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Appendix 2. Techniques for statistical analysis of 
the experimental data 

Research experiments are frequently highly uncertain due to the goals of novelty 

defining research projects. Although the instrumentation used in the research project 

must function properly it is often delicate and requires considerable attention. Quite 

often experimental measuring systems whose characteristics are not completely defined 

are used during the research program. In such cases, statistical tools can be used to plan 

experiments and interpret the resulting experimental data in a sensible manner. Also 

special measurement techniques may be created to overcome imperfection of the 

measurement system and produce valid results. 

In most experiments the experimenter seeks to obtain numerical values for certain 

physical variables called the measurand. Even if a measurand is fixed and the measuring 

system stays unchanged, repeated measurements will produce different resulting values. 

It is very important to the experimenter that the output of a measuring system truly 

states the actual value of the measurand. But because there is no measuring system 

which is perfect the obtained numerical value contains an error which is normally 

unknown. The exact value of the error can not be found exactly. However, it is possible 

to estimate the uncertainty interval (or uncertainty) of the measurement. The uncertainty 

is an estimate of the error in the measurement within some level of confidence 

(normally expressed as a percentage). In other words, it can be stated, for example that 

at a 95 % confidence level, the true value of a measurand falls in the estimated limits of 

error. 

Confidence level is normally expressed in terms of a variable α called level of 

significance. The level of significance represents the probability that the estimated value 

of the measurand falls outside the confidence interval. 

The measurement result is often presented in the form: 

rRR ω±=
_

,    (A2.1) 

where 
_

R - is the estimated numerical value of the measurand, 



 152 

rω  - is the estimated uncertainty with a predetermined level of confidence or level 

of significance α. The error limits can be found by analyzing both the raw experimental 

data using suitable statistical techniques as well as characteristics of the measuring 

system. 

There are two categories of errors in an experiment: systematic errors and random 

errors. Systematic errors are consistent, repeatable errors. They are frequently caused by 

improper calibration of the components of the measuring system. They can also result 

from a particular application of the measuring system, when constant offset in the 

obtained data can be introduced. Systematic errors cannot be estimated by repeating the 

experiment with the same equipment. Systematic errors may be detected and reduced by 

the process of calibration; also they can be reduced by analytical correction of the data 

for unwanted effects. 

Random errors characterize unpredictable scattering in the output of the 

measuring system. Random errors originate not only from the measuring system by 

itself, but also from the experimental system and environment. The process under study 

itself might be highly variable. Random errors are easy to detect and reduce by 

repeating the experiment and performing statistical analysis. They can also be reduced 

by refining the measurement method or technique. 

Although random errors can be reduced by multiple repetition of the experiment, 

there are some limitations that prevent indefinite error reduction. Three main limitations 

to consider include the available time and resources, systematic errors, and 

nonstatistical fluctuations.  

A2.1 Estimating random error (uncertainties) 
 

Consider a population of the random variable x  with a mean µ and standard 

deviation σ. From this population different samples are taken, each of size n . 

The best estimation for the population mean (µ) which represents the actual value 

of the measurand will be the sample mean 
_

x . 



 153 

n

x

x

n

i

i∑
== 1

_

    (A2.2) 

The quality of this estimation is characterized by a random uncertainty of the 

measurement (denoted as xP ). The central limit theorem makes it possible to estimate 

xP  and therefore the confidence interval of the estimated population mean with a 

suitable confidence level. 

First, from the sample data a sample standard deviation ( xS ) can be calculated as: 
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Then, the estimate of the standard deviation of the sample mean can be written as: 

n

S x

x

=_σ     (A2.4) 

Estimating random uncertainty of the measurement depends on the sample size. It is 

estimated using the normal distribution if the sample size is sufficiently large. In most 

cases, to be considered large, the sample size should exceed 30. 

In the case when the sample size is large, a confidence interval can be found: 

n

S
x

n

S
x xx

2/

_

2/

_

αα ζµζ +≤≤− ,    (A2.5) 

where 2/αζ  is a coefficient which can be found from the normal distribution for a 

predetermined (desirable) level of confidence. Modern statistical software provides 

instruments easily finding the 2/αζ  coefficients. 

Or in other words the random uncertainty in the mean is: 

n

S
P x

x 2/αζ±= .      (A2.6) 

If the sample size is small, the assumption that the population standard deviation 

can be represented by the sample standard deviation may not be accurate. Due to the 

uncertainty in the standard deviation, for the same confidence level, we would expect 

the confident interval to be wider. In case of small samples, instead of the normal 
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distribution, the so called t-distribution (or Student’s distribution) is used and the 

random uncertainty can be written as: 

n

S
tP x

x ±= ,    (A2.7) 

where t  - is Student’s coefficient, which can be determined from the t-distribution with 

the predetermined level of confidence and degrees of freedom using statistical software 

tools or even the traditional tables for the t-distribution. 

A2.2 Basic statistic for a single measurement 
experiment 

 

If an experiment is conducted only once or at most a few times for each test 

condition, it is considered to be a single-measurement experiment. In this case, it is 

impossible to calculate the standard deviation of the sample xS  directly from the actual 

measurement. xS  is usually determined through a secondary source, such as 

manufacturers’ specifications or auxiliary tests run prior to taking the final data. In case 

the mean value is obtained from different set of tests than the standard deviation, the 

final value of the variable x  determined from M  measurements of x  is given: 

M

x

x

M

i

i∑
== 1

_

.    (A2.8) 

The random uncertainty in 
_

x  is given by: 

M

S
P x

x

±=_ .    (A2.9) 

where t  is the Student’s coefficient determined on the basis of the degrees of 

freedom ν  defined as 1−= nν  for the auxiliary tests used to determine xS  and the 

desired confidence level. 

It is generally recommended that xS  be determined in tests with a large sample 

size. A large sample size simplifies the uncertainty analysis considerably and provides 

more rigorous results. 
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A2.3 Combination of systematic and random 
components of uncertainties 

 

Systematic and random uncertainties need to be evaluated with the same level of 

confidence to be combined in a final figure. 

The total uncertainty is obtained by combining systematic and random 

uncertainties using: 

222
___

xxx

BPW += .    (A2.10) 

This combination rule is true for any number of so-called elemental uncertainties 

which can be determined separately during the analysis of the experiment. Each 

component of the experiment can generate either a systematic or random error. 

Normally, there are several elemental error sources in the measurement of each variable 

x , and uncertainty in x  will be a combination of the uncertainties due to these sources. 

Thus, the systematic uncertainties and the standard deviations are each combined: 

∑
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ix SS
1

22 ,    (A2.12) 

where k  is a number of elemental systematic uncertainties and m  is the number of 

elemental random uncertainties pertaining to the measured variable x . 

It is practical to separately estimate and compare the various contributions of the 

elemental uncertainties to the uncertainty of the final result. A convenient rule of thumb 

is to neglect those uncertainties that make contributions of less than 10 %. Certainly, 

some care should be applied, because several smaller contributors to the final 

uncertainty can sum up to be as important as one large uncertainty. 

Information about elemental systematic and random uncertainties caused by 

measurement instruments used in the experiment can be obtained from manufacturers’ 

specifications. It is common for manufacturers to supply the uncertainty descriptor 

called accuracy. Accuracy usually includes errors due to hysteresis, linearity and 

repeatability, but assumes that the calibration is correct and there is no zero offset. 
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When accuracy is reported, it is treated as systematic uncertainty. Other reported 

elemental errors, such as thermal stability, that are not included in accuracy, should be 

treated as separate elemental errors. Sometimes in the specifications, systematic and 

random uncertainties are listed separately. Combining random errors from the 

manufacturers’ specifications (like repeatability) with other statistically well-defined 

random elemental uncertainties can be problematic because often they are provided as a 

bonding number rather than an estimate with a set confidence level. A possible 

approach is to assume that the provided error value is a 95 % confidence random 

uncertainty based on a sample size greater than 30. With these assumptions, a value for 

the standard deviation can be obtained by dividing the provided error number by the 

value of Student’s t  for 95 % confidence level and sample size greater than 30 ( t  ≈ 2). 

The same approach can be used for other random uncertainty data given without a 

defined statistical basis. 

A2.4 Propagation of uncertainties 
 

In general, the result of the experimentation that we are interested in, is calculated 

as a function of a number of measured variables lxxx ,...,, 21 , where l  is the number of 

measured variables. That is: 

),...,,( 21 lxxxfR = .    (A2.13) 

The best estimation of R  is given by: 

_

2

_

1

__

),...,( lxxxfR = .    (A2.14) 

If we knew the actual error of every measured variable (denoted by 
ixω ), we could 

obtain an estimate of the error in the final result 
_

R  by expanding R  about the point 

_

2

_

1

__

),...,( lxxxfR = in a Taylor series. Thus the uncertainty in the result is: 
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This approximation neglects higher-order terms in the Taylor expansion. In most 

cases a first order approximation is sufficient, but in rare special cases, if the errors are 
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large, including at least second partial derivatives and partial cross derivatives might be 

necessary. 

Using the conception of the square root of the sum of the squares, a better 

estimate for the result uncertainty is given by: 
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The confidence level of uncertainty in the result is the same as the confidence 

levels of the uncertainties in the variables ix . Hence, it is important that all uncertainties 

be evaluated at the same confidence level. 

This is another significant restriction based on the fact that each of the measured 

variables should be independent of each other. In special cases, when variables are 

found to be correlated, special terms which represent correlation between the variables 

should be included. 

A2.5 Errors of photon counting with a photomultiplier 
tube 

 

Photon counting is an effective technique used to detect the very low level light 

signals that are typically present in Raman spectroscopy applications, fluorescence 

applications, as well as in chemical and biological luminescence analysis. By using a 

fast photomultiplier tube (PMT) to detect the light and equally fast electronics to 

process the signal, the arrival of individual photons can be detected and counted. Single 

photon counting becomes possible when the incident light intensity is very low and 

reaches a state in which no more than two photoelectrons are received within the time 

resolution (pulse width) of the photomultiplier tube. Thus, every incident photon 

produces a discrete pulse of an electrical current. By discriminating these discrete pulses 

at a binary level, the number of signal pulses can be counted in a digital mode. This 

process is commonly known as photon counting.  

The electronic detection of light by the photoelectric effect is fundamentally 

limited by statistical fluctuations. The statistical fluctuations which are superposed on 

the signal originate from:  

- shot noise resulting from the signal light, 
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- shot noise resulting from the background light, 

- shot noise resulting from the dark current. 

Individual photon detections can be treated as independent events that follow a 

random temporal distribution. As a result, photon counting is a classic Poisson process. 

The probability )(tPN  of counting N  photons in the time interval t  is described as: 

!
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ert
tP

rtN

N

−

= ,      (A2.17) 

where r  is the expected mean arrival rate of photons.  

If the measurement is repeated a large number of times and the measured values 

of N  are averaged, that average will approximate the mean value of Equation (A2.17), 

which is rt . And because the photon count follows a Poisson distribution, it has the 

property that its variance is equal to its expectation. That means that the standard error 

in the measured values of N  will approximate the standard deviation of Equation 

(A2.17), which is rt . Thus, if N  is a moderately large number, a reasonably accurate 

estimate of the standard deviation in N  ( Nσ ) is: 

NN =2σ  or NN =σ .    (A2.18) 

This shows that the statistical fluctuations depend on the measured values of N , and 

that their standard deviation grows with the square root of N .  

Typically in the photon counting mode the number of observations which is 

defined as a product of the laser pulse repetition frequency and the total observation 

time is sufficiently large (∼107 for a laser pulse repetition frequency of 25 kHz and a 

total observation time of 10 min, for example). This allows use of the described above 

formulae for the average and the standard error. 

In the case of synchronous pulse-gated photon counting, the signal component 

( SN ) is derived by subtraction of the total noise contribution ( NN ) from the total 

detected number of counts ( TN ), both of which are detected alternately in the same time 

duration. The total noise contribution includes the number of noise photoelectrons due 

to background ( bN ) and the number of noise photoelectrons due to dark current ( dN ): 
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)( dbTNTS NNNNNN +−=−=      (A2.19) 

The subtraction of the total noise contribution reduces significantly the systematic 

error in the signal component. But because the fluctuations in the signal and in the total 

noise are independent, uncertainties caused by those fluctuations should be combined, 

thus standard deviation in the signal component is: 

)(2 dbSNTS NNNNN ++=+=σ    (A2.20) 

where Sσ  represents the random error in the signal component. The standard deviation 

Sσ  provides a reasonable estimation for the confidence limits of the measured signal 

component in the photon counting mode.  

A2.6 Fitting models to experimental data: Estimation of 
the fit parameters 

 

It is often desirable to represent empirical data from research experiments using a 

model based on mathematical equations. The model needs to be based on a good 

understanding of the underlying physics, chemistry, electronics, and other properties of 

a problem. No graphing or analysis software can choose a model for the given data — it 

can only be useful in differentiating between models. Once a model is chosen, different 

curve fitting procedures can be employed to find parameters of the model. 

Let us consider a typical output of a research experiment when a series of N  

measurements of a pair ),( ii yx  is obtained in the experiment. Typically variable y  is 

measured at a discrete set of values of variable x ; so, x  is called the independent 

variable and y  the dependent variable. Our object is to find parameters (which will be 

denoted as A ) of function ),( Axfy =  which represents the chosen model and 

describes the relation between the variables. In the simplest well established case, 

known as linear regression, a straight line is fitted to the data. In most scientific and 

engineering models, however, the dependent variable depends on the parameters in a 

nonlinear way. 

We assume that there are experimental uncertainties in the individual 

measurements ),( ii yx  which prevent us from finding exact values for the parameters A  
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of the model function ),( Axfy = . We can only find some optimal evaluation of the 

parameters. There is no correct and unique method for optimization of the parameters 

that is valid for all problems. There is, however, a method that is well established 

experimentally and is fairly well justified. This is the method of least squares. In the 

method of least squares the weighted sum of squared residuals is used as a figure-of-

merit to adjust the parameters of the model. The weighted sum of squared residuals or 

chi-squared is: 
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where the weights are based on the experimental standard deviation in the measurement 

iy : 
2

1

i

i σ
ω = . 

The weighted sum of squared residuals or chi-squared is related to the discrepancy 

between the measured values iy  and the values calculated from the model ),( Axfy i= . 

Optimal (or best-fit) parameters A  can be achieved by minimizing the weighted sum of 

squared residuals.  

In most cases, the relationship between measured values and measurement 

variables is nonlinear. In nonlinear models, analytical methods of least-square fitting 

can not be used, so approximating methods must be considered. In general, 2χ  can be 

treated as a continuous function of the parameters A , describing a hypersurface in a 

multi-dimensional space. Then a search is performed through that space for the 

appropriate minimum value of 2χ . Alternatively, approximation methods developed for 

finding roots of coupled, nonlinear equations can be used. Because the nonlinear fitting 

procedure is usually iterative, it always starts with an initial guess of parameter values. 

A good understanding of the selected model is important because the initial guess of the 

parameter values must make sense in the real world. The most widely used iterative 

procedure for nonlinear curve fitting is the Levenberg–Marquardt algorithm, which is 

implemented in commercially available fitting softwares. Starting from some initial 

values of the parameters, the method tries to minimize 2χ  by successive small 

variations of the parameter values and reevaluation of 2χ  until a minimum is reached. 
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Often, curve fitting is done without weighting if the standard deviations iσ  for the 

data points iy  are unknown. In this case, in the formula (A 2.21) for 2χ , the weights iω  

are all set to 1.  

In the special case when all of the standard deviations are equal 22 σσ =i  

(common uncertainties) it is possible to estimate them from the data and the results of 

the fit. This requirement of equal errors may be satisfied if the uncertainties are 

instrumental and all data are recorded with the same instrument and on the same scale. 

An estimate of 22 σσ =i  for the standard deviation of an individual measurement is:  
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where mN −  is the number of degrees of freedom and is equal to the number of 

measurements minus the number of parameters determined from the fit. In Equation (A 

2.22) the value ),( Axf i  calculated using the fitted parameters was used as the expected 

mean value of iy . 

If experimental measurement errors are known and they are different from one 

another (variable uncertainties), they should be introduced into the fitting procedure as 

iσ . They then provide an uneven weighting of different experimental points: the 

smaller the measurement error for a particular experimental point, the larger the weight 

of that point in 2χ . Curve-fitting software normally allows users to supply 

measurement errors for use in the fitting process. 

A2.6.1 Goodness-of-fit statistics: Criteria for comparing models 

Because of experimental errors, typical data never exactly fit the model that is 

being used, even when that model is correct. Therefore after fitting data with the model, 

it is necessary to evaluate the goodness of fit. A visual examination of the fitted curve 

and the graphed data points is a first step to check that the curve provides a good 

representation of the data. The residuals plot is also useful because it provides insight 

into the quality of the fitted curve. Residuals are the deviation of the data points from 

the fitted curve. Normally, if the curve fits the data well, the data-point deviations are 

randomly distributed around the fitted curve. On the other hand, a nonrandom 
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distribution of residuals means that the behaviour may be driven by a hidden variable 

which was not accounted by the model. 

Beyond that, there is a need to test goodness-of-fit against some useful statistical 

standards. 

Sum of squares due to error (SSE) measures the total deviation of the measured 

values ( iy ) from the fit to the measured values ( ),( Axf i ). It is also called the summed 

square of residuals. 
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This is identical to the chi-squared statistic in Equation (A 2.21). A calculated 

value closer to 0 indicates that the model has a smaller random error component, and 

that the fit is more useful for prediction.  

The R-squared ( 2R ) statistic is the square of the correlation between the measured 

values ( iy ) and the predicted values ),( Axf i . It measures how successful the fit is in 

explaining the variation of the data.  
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where 
_

y  is the mean of the observed data values and ∑
=

−=
N

i

ii yySST
1

2
_

)(ω  is the total 

sum of squares. 

R-squared can take on any value between 0 and 1. Values closer to 0 indicate that 

the model accounts for a bigger fraction of the variance between the data and the model. 

Increasing the complexity of the model, which is usually done by bringing extra fitted 

coefficients into the model, will increase value of R-squared. But it does not 

automatically mean that the fit is improved. Often the data does not contain enough 

information to estimate the extra fitted coefficients accurately. In other words, the more 

complex model overfits the data. To avoid this situation use of the degrees of freedom 

adjusted R- squared statistic is recommended. 
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The degrees of freedom adjusted R- squared statistic (or adjusted R- squared) is: 
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where mn −=ν  is the residual degrees of freedom defined as the number of the 

measured values n  minus the number of fitted coefficients m  estimated from the fit. 

The value ν  indicates the number of independent pieces of information involving the n  

data points that are required to calculate the sum of squares. 

The root mean squared error (RMSE) also known as the fit standard error or the 

standard error of regression is defined as: 

ν
SSE

MSERMSE ==      (A 2.26) 

where MSE  is the mean square error or the residual mean square. Similar to the 

SSE , an RMSE  value closer to 0 indicates a fit that is more useful for prediction. 

The goodness of fit tests can be used to compare different fitted models on an 

objective basis. We can compare nested models fitted to the same dataset with the F 

test. This has been designed to allow hypotheses involving multiple parameters to be 

tested simultaneously. 

Two models are nested if one (the reduced model) is obtained from the other (the 

complete model) by setting some parameters to zero (i.e. removing terms from the 

model), or some other constraint on the parameters. The F-test consists in comparing the 

SSE  for the reduced model ( RSSE ) and SSE for the complete model ( CSSE ). The 

restricted model includes k  parameters, the complete model has pk +  parameters. A 

test statistic called the F-ratio is introduced as: 
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It has an F distribution with degrees of freedom ( 21,νν ), where 

)1(, 21 ++−== pknp νν . At the chosen level of significance α  the calculated F-

statistic is compared to an 
21,, νναF  which can be obtained from tables or calculated by 
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statistical software. If 
21,, νναFF ≥ , the difference between the reduced model and the 

complete model is statistically significant. In other words, for the F-statistic to increase 

with an additional parameter, that parameter must make a significant contribution to 

improving the overall fit. 

The degrees of freedom adjusted R- squared statistic as well as the F-statistic are 

generally the best indicators of the fit quality when two nested models are compared. If 

models are not nested, using other goodness-of-fit statistics such as R-squared or 

RMSE  is preferable.  

The parameters estimated from the fit will also have uncertainties (standard errors 

of parameters). They can be found using the error propagation method discussed in 

Section 4. Each of the data points iy  has been used in the determination of the 

parameters and each has contributed some fraction of its own uncertainty to the 

uncertainty in the final determination.  

Thus, the obtained standard errors in the parameters indirectly tell how well the 

curve fits the data. If the standard error is small, it means that a small variation in the 

parameter would produce a curve that fits the data much worse. If the standard error is 

large, a relatively large variation of that parameter would not modify the fit much; 

therefore, the parameter’s value is not determined well. 

Standard errors are related to another quantity, usually obtained from the fitting 

and computed by curve-fitting software: the confidence interval. This shows how good 

the obtained estimate of the value of the fitting function is at a particular value of ( ix ). 

The confidence interval gives a desired level of statistical confidence α . For a 

particular value of ix , it can be claimed that the correct value for the fitting function lies 

within the obtained confidence interval. Curve-fitting software can compute the 

confidence interval and draw the confidence interval lines on the graph with the fitted 

curve and the data points. The smaller the confidence interval, the more likely the 

obtained curve is close to the real curve. 

Another useful quantity usually produced by curve-fitting software is the 

prediction interval. Whereas the confidence interval deals with the estimate of the fitting 

function and describes modelling error, the prediction interval deals with the data and 
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includes modelling and sampling errors. It is also computed with respect to a desired 

confidence level. The prediction interval is the interval of y  values for a given ix  value 

within which a desired percentage of all experimental points in a series of repeated 

measurements are expected to fall. The narrower the interval, the better the predictive 

nature of the model used. The prediction interval is represented by two curves lying on 

opposite sides of the fitted curve. Because the prediction intervals reflect both 

modelling and sampling errors, they are larger than the corresponding range of the 

residuals. 

 
 
 
 
 
 
 


