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Light Intensity Attenuation-Based Fibre-Optic Chemical Sensors: 
Theoretical Analyses and Design Studies

Abstract

In the thesis light intensity attenuation-based fibre-optic chemical sensors are 

investigated. The investigation proceeds along two lines: theoretical analyses and design 

studies. Both intrinsic and extrinsic types of sensors are discussed from both aspects.

The theoretical analyses are concentrated on the construction of theoretical 

models and numerical calculations, which were previously not well developed but have 

been attracting a great deal of attention of researchers for some time. Under this topic, 

fibre-optic evanescent wave absorption sensors and fibre-optic surface plasmon resonance 

(SPR) sensors are studied as examples of the intrinsic type of sensors, and two- 

wavelength Beer-Lambert law based fibre-optic sensors as the extrinsic example.

The design studies are concentrated on the design of novel types of sensors which 

have potentially valuable applications. As the intrinsic type of sensors, novel types of 

fibre-optic surface plasmon resonance (SPR) chemical sensors are proposed and studied 

in both point and distributed systems. A fibre-optic sensor for concentration 

determination of the infusible anaesthetic Propofol is studied in detail as an example of 

an extrinsic type of sensor.
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Chapter 1

Light Intensity Attenuation-Based Fibre-optic Chemical Sensors

1.1 Introduction

This research is focused on the investigation of light intensity attenuation- 

based fibre-optic chemical sensors. The investigation proceeds along two lines: 

theoretical analyses and design studies. The theoretical analyses are concentrated on 

theoretical models and numerical calculations of light intensity attenuation-based 

fibre-optic chemical sensors, which are not well developed but have been attracting a 

great deal of attention of researchers. The design studies are concentrated on the 

design of novel types of light intensity attenuation-based fibre-optic chemical sensors 

which have potentially valuable applications. In order to give this research a 

comprehensive extensive range, both intrinsic and extrinsic types of fibre-optic 

chemical sensors have been considered here from both aspects.

As an important branch of optical fibre technology, optical fibre sensing has 

been intensively studied and developed for a few decades. Fibre-optic sensors have 

been successfully used in many areas and have exhibited highly competitive features 

compared with conventional sensors. Since first proposed in 1962 [Polanyi 1962 and 

Enson 1962], fibre-optic sensors have demonstrated significant superiority in 

chemical measurements in many aspects, such as flexibility, sensitivity and economy 

etc.

Although there are a variety of designs, optical techniques applied in fibre- 

optic chemical sensors can be generally summarised as: light intensity modulation, 

light wavelength modulation, light phase modulation, light polarisation modulation 

and time modulation. Among these optical techniques, light intensity modulation is 

possibly the simplest in principle and the widest in use. Hence much R&D effort has 

been expended on fibre-optic chemical sensors using the optical technique of light 

intensity modulation.
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Light intensity attenuation-based fibre-optic chemical sensors, as a typical 

application of light intensity modulation technique, is the topic of the research in this 

thesis.

This chapter presents a brief introduction to chemical sensors, fibre-optic 

sensors and fibre-optic chemical sensors. In addition, the light intensity attenuation- 

based fibre-optic chemical sensors are also generally reviewed. During the review the 

research orientations and directions of fibre-optic chemical sensors by light intensity 

modulation techniques are discussed in terms of both theory and design, which lead to 

the motivation of this research. Finally an overview of the thesis is given at the end of 

this chapter.

1.2 The concept of chemical sensors

Data Processing 
Quality Control

Signal

Identification,
Transport,

Pretreatment

Sample

Analyte

Specimen

Chemical Sensors

Analytical Problem 
Request

Analytical Method

Figure 1-1 The analytical procedure and data evaluation process in 
a general analytical system
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Chemical sensors provide the user with information about the chemical nature 

of their environments. One definition supported by IUPAC commission in a draft is 

[Hulanicki 1991]:

A chemical sensor is a device that transforms chemical information, ranging from  

the concentration o f a specific sample component to total composition analysis, into 

an analytically useful signal.

In analytical chemistry today it appears that the most important decision is to 

select an appropriate, highly capable instrument to adapt the chemical procedure 

recommended by the standardisation authorities [Ursula 1998]. The chemical sensor is 

the instrument itself or the central element of this instrument. Figure 1-1 shows the 

analytical procedure and data evaluation process in a general analytical system, and 

the role of chemical sensors.

*
%
0

wy>
|<? 4

B E >

Optical
Thermal
Magnetic
Electrical

Mechanical (Mass)
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Specimen Molecular
Recognition

Transduction Transmission Signal
Processing &
Computing

Figure 1-2 The general model for chemical sensors

Since the first really significant event from the commercial point of view 

occurred around 1932, when Arnold Beckman developed the modem glass electrode 

[Frant 1994], the development of chemical sensors has made great progress. In the 

present commercial market many modem chemical sensors are no longer purely
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electric devices. More and more mature techniques and principles which are 

successfully used in physical sensors, such as optics, magnetism and acoustics, have 

already been introduced in the design of chemical sensors as well.

Figure 1-2 shows a general model for chemical sensors, in which procedures 

are differentiated as specimen, molecular recognition, transduction, transmission and 

signal processing and computing.

Progress in chemical sensor development increasingly requires a multi­

disciplinary effort and access to more complex fabrication technologies, meanwhile, it 

also brings many challenges in chemical sensor research, such as:

• Improving the recognition mechanism -  this is of fundamental importance as it is 

the basis of the signal that will be obtained from the sensor.

• New materials are being investigated for use as a matrix in which to immobilise 

the receptor molecule.

• New sensor substrates are being investigated, arising mainly from a need for new 

planar fabrication designs.

• Improvement in signal processing technologies and instrumentation are making 

important contributions to the quality of sensor information.

It can be said that important features of future development trends of chemical 

sensors are computerisation and miniaturisation in the design with high accuracy and 

fast response, particularly for In vivo and In Situ monitoring.

1.3 Fibre-optic sensors

Fibre-optic sensors are classified as either intrinsic or extrinsic devices [Tracy 

1991 and Jackson 1986]. The intrinsic fibre-optic sensor usually uses inherent 

properties of optical fibres to implement the light signal modulation in intensity, 

phase, polarisation, etc.. The extrinsic sensor involves the light leaving the 

confinement of the optical fibre core temporarily, it is then modified by a sensing 

element before being intercepted again by the optical system. The sensing element 

may be either physical, chemical or biological and normally requires that a multimode 

optical fibre be used. The light intensity modulation technique is also usually more 

appropriate for the design of extrinsic type of sensors.

1-4
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There are various types of fibre-optic sensors for different measurement 

applications. The techniques by which the measurements are achieved can be broadly 

grouped in three categories depending on (a) how the sensing is accomplished, (b) the 

physical extent of the sensing, and (c) the role of the optical fibre in the sensing 

process.

Means o f  sensing

In this category, optical techniques are generally classified in terms of 

measuring light intensity change in one or more light beams or monitoring light wave 

phase change in the light beams by causing them to interact or interfere with one 

another. Thus sensors in this category are termed either light intensity or 

interferometric fibre-optic sensors. Techniques used in light intensity fibre-optic 

sensors include light intensity modulation, light wavelength modulation, light 

polarisation modulation and time modulation. These principles of modulations can 

realise the measurements via such processes as light absorption, light scattering, 

spectral transmission changes, microbending loss and reflectance changes, etc. 

Techniques used in light interferometric fibre-optic sensors are usually those physical 

effects which can induce the change of one of the optical paths, such as the magneto- 

optic effect, the laser Doppler effect, or the Sagnac effect.

Extent o f sensing

This issue is concerned with whether fibre-optic sensors operate only at a 

single point or over a distribution of points. Thus, sensors can be categorised as either 

point or distributed fibre-optic sensors. For a point fibre-optic sensor, the probe may 

be either at the end of an optical fibre using a reflector to reflect the light beam from 

the probe to realise a reflection type of sensor or at the middle of an optical fibre, the 

light source and the receiver being connected to the two ends of the optical fibre to 

realise a transmission type of sensor. For a distributed fibre-optic sensor, as the name 

implies, sensing is performed all along the optical fibre length.

Role o f optical fibre

The role of optical fibres in fibre-optic sensors is associated with different 

class of sensors, extrinsic or intrinsic, and whether measurands act externally or 

internally to the optical fibre. The optical fibre functions as a transmitter of light 

power and/or part of sensing element.
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Advantages and disadvantages o f fibre-optic sensors

The advantages of fibre-optic sensors come from both optical principles 

themselves and the features of the optical fibre, these advantages include small size, 

flexibility, good insulation, high bandwidth, high sensitivity, wide dynamic range, 

electromagnetic field immunity, opportunities for both point and distributed 

configurations, multiplexing capabilities and convenience for remote monitoring.

As with advantages, the disadvantages of fibre-optic sensors derive from the 

physics of the optical fibre. These disadvantages include the difficulty of projecting 

the radiation from the fibre deep into opaque objects and the “wire” based 

measurement of fibre-optic sensors (compared with “wireless” measurements).

Another difficulty with fibre-optic sensors (as with most kinds of sensors), is 

interference from multiple effects, for example: a sensor intended to measure strain or 

pressure may be very temperature-sensitive and a sensor, based on fluorescent 

excitation, intended to measure chemical concentration may be influenced by both 

concentration and temperature.

1.4 Fibre-optic chemical sensors

The use of optical fibres in chemical and biochemical analysis began in the 

1960s [Polanyi 1962, Enson 1962 and Kapany 1964], particularly for oximetry, the 

measurement of oxygen in the blood. Since that time, many optical techniques, such 

as light bulk-absorption, optical fluorescence, internal reflection spectroscopy, Raman 

spectroscopy and surface plasmon resonance (SPR), have been studied and developed 

in the design of fibre-optic chemical sensors.

In fibre-optic chemical sensors, the typical transduction steps are:

electrical------- > light source------- > optical fibre

 >probe& chemical--------*

optical fib re  > detector --------> electrical
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The first step of electrical to light source corresponds to the generation of light 

power from electrical power. Then light power is coupled into the optical fibre. Next 

step is to transmit light power by the optical fibre to the probe which is in contact with 

the chemical sample (possibly the optical fibre itself is the probe or a part of the 

probe). The probe&chemical to optical fibre step includes the chemical reactions, 

molecular recognition, and the transfer of the chemical signal into an optical signal 

using chemical approaches, for example, indicators immobilised on a support. Then 

this light signal related to chemical information is received by the detector in the step 

of optical fibre to detector. The final step is to convert the light signal into an 

electrical signal for recording and displaying to be analysed.

In fibre-optic chemical sensors, an important issue is the transduction of 

“chemical to optical”. The main types of the transduction of information from the 

analyte into an optical signal are:

1. The spectral properties of the analyte are analysed directly,

2. Chemiluminescence or bioluminescence is used for sensing,

3. Typical transduction is performed with an indicator, label, or potential-sensitive 

dye (PSD),

4. The intrinsic properties of optical fibres are used in the transduction process 

(intrinsic fibre-optic chemical sensors),

5. The physicochemical properties of the analyte (e.g., refractive index) are measured 

by an optical fibre,

6. The analyte can be a tracer.

Advantage o f fibre-optic chemical sensors

Besides, the common advantages of fibre-optic sensors mentioned above, 

fibre-optic chemical sensors have also some other distinguishing features:

• Chemically stable: The basic material from which optical fibres are made is 

amorphous silica. This is chemically inert, i.e., it can be used in strongly acidic or 

moderately alkaline environments.

• Thermally stable: Pure silica softens a little above 1000°C, with other glasses 

softening above 500°C, and therefore the glasses are also thermally stable. Although, 

the upper working temperature of the majority of optical fibres is limited by their 

surrounding polymer, and is still often around 125°C. With polyimide, amorphous

1-7



Chapter 1 Light Intensity Attenuation-Based Fibre-optic Chemical Sensors

carbon and metallic coatings, optical fibres are capable of withstanding higher 

temperature (>400°C).

• Adaptable: Optical fibres are easy to combine into currently used optical 

techniques and instruments in analytical chemistry, such as absorption, fluorescent 

and scattering spectrophotometry and chromatography.

• Intrinsic: Inherent properties of optical fibres, such as internal total reflection, 

can be used in the design of fibre-optic chemical sensors.

Limitations o f fibre-optic chemical sensors

The limitations of fibre-optic chemical sensors are caused by both the 

weakness of optical principles, optical fibres and chemistry, such as:

1. The influence of parasitic optical signals due to light scattering and background 

fluorescence,

2. The interaction of the light and the chemical process,

3. The limited lifetime of the immobilised reagent,

4. Photodegradation, such as by bleaching of an indicator dye.

1.5 Light intensity attenuation-based fibre-optic chemical sensors

Light intensity attenuation measurement is most important and popular in 

fibre-optic chemical sensors. Typical principles are optical bulk-absorption and 

optical reflectance measurements. Both intrinsic and extrinsic principles are involved 

in the design of this type of sensor.

Optical bulk-absorption:

Light passing through a material can be absorbed by interaction with the 

molecules and atoms of the host material, or by impurities and defects. At any given 

wavelength X , the intensity of the light passing through the material is attenuated as 

an exponential function of its path length ( x ). The absorption coefficient ( a  x) is 

defined relative to the concentration [M\ and the cross section (5) of the absorbing 

molecules, expressed as the Beer-Lambert law:

(1.1)
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IxM  = Ix(0)expC-s^ \ M ] - x ! N )  (1.2)

where 7,(.x) is the light intensity at a distance x, 7,(0) is the incident light intensity at 

x=0, and N  is Avogadro’s number (6.022 x 1023 mol'1).

Light Source

Coupler
Bulk-absorption

Material

Reflector

Detector

Figure 1-3 The arrangement of reflection type of bulk-absorption sensor

This is so-called light intensity attenuation by bulk-absorption. The basic 

arrangement is shown in Figure 1-3. Disturbances in the environment with chemical 

samples to be measured can change the light absorption, and light intensity 

attenuation relies on these disturbances.

The application of the principle of light bulk-absorption measurement has a 

long history. For example, optical spectrometry is widely and successfully used in 

conventional chemical analysis employing light bulk-absorption. By combining the 

basic principle of optical bulk absorption with the optical fibre technology, fibre-optic 

spectrometry further enhances its capabilities.

Light intensity attenuation-based fibre-optic chemical sensors using light bulk- 

absorption is designed as extrinsic fibre-optic sensors. A probe or a chamber has to be 

included, which is to contact the chemical sample and to sense the information of the 

chemical sample to be measured, or sometimes, even which contains the chemical 

sample itself. Light bulk-absorption happens inside the probe or chamber. By 

monitoring the light intensity attenuation, the information of the chemical sample,
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such as concentration, can be determined. Optical fibres are linked to the probe or 

chamber as transmitters (or carriers) to carry light power from the light source to the 

chemical sample and then from the chemical sample back to the detector.

Because of the simplicity of the principle, ease of manufacture and 

compatibility with bulk-optics, fibre-optic chemical sensors based on bulk-absorption 

have become the widest used extrinsic devices.

Optical reflectance measurement is another typical principle of light intensity 

attenuation used in the design of fibre-optic chemical sensors. This is an intrinsic 

design and is particularly suitable for use in immunological assay (often shortened to 

immunoassy).

This method is concerned with studying material absorbed on an optical 

surface. In fibre-optic chemical sensors, the light absorption occurs at the interface of 

a surrounding medium and the optical fibre (usually the exposed core of the fibre). 

That is so-called attenuated total internal reflection (ATIR). The medium is either the 

chemical sample itself or a layer in contact with the chemical sample.

There are two principle variations in attenuated total internal reflection(ATIR):

• Optical Evanescent Wave (EW) Absorption, and

• Optical Surface Plasmon Resonance (SPR).

Optical evanescent wave absorption:

In a multimode optical fibre, a ray of light is guided within the optical fibre if 

the angle of incident at the interface of optical fibre core and the transducing medium 

is greater than the critical angle 6C, given by:

0C = sin“'(— ) (1.3)

where nx and n2 are the refractive indexes of the optical fibre core and the 

transducing medium, respectively. Due to the evanescent wave absorption, the electric 

field amplitude of transmitted light E  decays exponentially with the distance z into the 

medium:

1-10
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E = E0 -exp ( ,- z /d .) (1.4)

where E0 is the electric field at the interface of the core and the transducing 

medium. The depth of penetration, dp , is defined as the distance for the electric field 

amplitude to fall to 1/e of this value at the interface:

P 2^w[sin2 0 - { n 2 ln x)2Y2
(1.5)

Figure 1-4 shows a configuration of evanescent wave absorption in the optical

fibre.

Absorbed interface
Cladding

Transducing
medium

Figure 1-4 The configuration of evanescent wave absorption in an optical fibre

The depth determined by parameters in Equation (1.5) gives the degree of the 

interaction with the surrounding medium. The light intensity attenuation in optical 

fibres is determined by the optical reflectance in the interface of the optical core 

exposed and the surrounding medium. The change of the refractive index of the 

surrounding medium, for example induced by a concentration change of the chemical
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sample, will change the optical reflectance. Of course, there are also other factors 

determining the optical reflectance, such as the polarisation of the electric field and 

the size of the interaction area.

Optical surface plasmon resonance (SPR)

Optical surface plasmon resonance (SPR) is an extension of optical evanescent 

wave technique. The difference is that the exposed core of the optical fibre is covered 

with a thin metal film in SPR systems. The configuration is shown in Figure 1-5.

Cladding

Layer

Figure 1-5 The configuration for optical surface plasmon resonance in an optical fibre

Optical surface plasmon resonance can occur at a dielectric-metal layer 

interface when light, which is totally reflected within an underlying dielectric, induces 

a collective oscillation in the ffee-electron plasma at the metal film boundary. The 

conditions for this to occur are that the momentum of the photons (K x) in the plane of 

the film should match that of the surface plasmons (K sp) on the opposite surface of 

the metal film [Liedberg 1983]. This occurs at a defined critical incident angle of 

light, 0sp. The momentum, K sp, of the surface plasmons, is a function of the

dielectric constant, em and s 2, of the metal and sample layers, respectively:

Metal
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(1.6)

The resulting effect is to produce a large change in the reflection coefficient at 

this resonant angle. In optical fibres the reflection angle is selected by the numerical 

aperture which is determined by the refractive indexes of the optical fibre core and 

cladding. Hence the resonance condition changes with the light wavelength, the 

optical power spectrum of reflection is monitored to sense the properties of the 

chemical sample.

1.6 Discussion and motivation

As mentioned before, light intensity attenuation-based fibre-optic chemical 

sensors have been studied intensively since the 1960s. The first to make an 

appearance was a device using optical bulk-absorption in an extrinsic design. 

Although extrinsic optic-fibre chemical sensors have distinguishing advantages, they 

are not suitable for the monitoring of chemical reactions on surfaces, such as in 

immunoassays. In this situation, intrinsic devices are particularly useful and powerful. 

Therefore, most of research on modem light intensity attenuation-based fibre-optic 

chemical sensors could be principally divided into two main directions:

(1) Optical bulk-absorption measurement,

(2) Optical reflectance measurement — attenuated total internal reflection (ATIR) 

measurement, which includes the following two sub-divisions:

----------evanescent wave (EW) absorption measurement,

----------optical surface plasmon resonance (SPR)excitation, as an

extension of evanescent wave (EW) absorption measurement.

The design and research on fibre-optic chemical sensors using optical bulk- 

absorption is mainly focused on the probe or chamber design and system optimisation, 

because the optical fibre here is simply functioning as a transmitter or carrier of light 

power.
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The consideration of the probe or chamber design is to meet different 

requirements of applications in terms of space, environment, structure, and materials, 

etc.

The consideration of system optimisation is to achieve the best performance in 

terms of sensitivity, response time, cost and flexibility, etc.

The design and research on fibre-optic chemical sensors using optical 

reflectance (evanescent wave (EW) absorption and optical surface plasmon resonance 

(SPR) excitation) mainly focus on novel designs and theoretical analyses.

Research into novel designs is to explore applications where conventional 

sensors cannot be used, or where conventional sensors cannot achieve good 

performance, etc.

Research into theoretical analyses is to construct new theoretical models which 

can describe the characteristics, explain the experimental results and predict the 

performance of sensors. The theoretical models are also used to analyse the accuracy 

and to estimate the limitation of the sensor.

Aims o f this research

Although optical fibre sensing technology has already had many successful 

applications in chemical measurements, there exist still many more potential 

applications which need to be explored.

Basically, the objective of this research is to have a better understanding of 

light intensity attenuation-based fibre-optic sensors in chemical measurements.

Aims of this research include:

(1) Theoretical investigations of fibre-optic chemical sensors which do not yet have a 

well established and satisfactory theoretical basis,

(2) Design studies of fibre-optic chemical sensors which can be potentially useful in 

industrial and clinic applications.

Scope o f this research

The investigation of this research involves both theoretical analyses and 

design studies.

In the theoretical analyses, mathematical and systematic derivations are given 

to establish new theoretical formulations which model fibre-optic chemical sensors
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more effectively. Numerical calculations are presented to explain experimental results, 

to describe characteristics and to predict performance.

In the design studies, an extrinsic type fibre-optic sensor is designed to 

measure the concentration of the anaesthetic “propofol” by using the optical bulk- 

absorption principle, and SPR fibre-optic sensors are designed for concentration 

measurements in both point and distributed systems as an design application of the 

intrinsic class of sensors.

1.7 Thesis overview

There are eight chapters in the thesis. Chapter 1 has introduced the rationale 

for the research, and some of optical principles and technologies exploited in light 

intensity attenuation-based fibre-optic chemical sensors. It has been proposed that 

both intrinsic and extrinsic devices be analysed to obtain a better understanding, and 

research has involved both theoretical analyses and design studies.

The main body of the thesis contains two parts —  part 1: theoretical analyses, 

from Chapter 2 to Chapter 5, part 2: design studies, including Chapter 6 and Chapter

7.

Chapter 2 developes a theoretical model to evaluate the absorption coefficient 

of leaky skew rays in evanescent wave (EW) fibre-optic sensors. The model helps to 

construct a more comprehensive expression to depict evanescent wave absorption in 

optical fibre sensors, which is more accurate than previous results. Numerical 

calculations are presented to obtain the quantitative concept of the absorption of leaky 

skew rays.

Chapter 3 and Chapter 4 studies the characteristics of surface plasmon 

resonance (SPR) fibre-optic chemical sensors using both numerical and analytical 

approaches. These researches are based on the approximation of meridional rays, thus 

they are satisfied for optical waveguide SPR system. Chapter 3 is focused on the 

numerical analyses of the characteristics related to light reflectance. Chapter 4 is 

focused on the construction of approximate mathematical models.

Chapter 5 deals with a popular technique in intensity modulation fibre-optic 

sensors —  two-wavelehgth compensation. A reference wavelength is introducted to
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monitor and compensate for noise and fluctuations of sensors. This chapter discusses 

the error in a two-wavelength system induced by microbending of optical fibre and 

the temperature instability of light source.

Chapter 6 develops an extrinsic fibre-optic chemical sensor to measure the 

concentration of the anaesthesic “ propofol”. From the design point of view, the 

overall system is studied. Materials are tested for the probe design. In order to meet 

the design targets, optics and electronics are considered, key components are 

evaluated.

Chapter 7 demonstrates the design of surface plasmon resonance (SPR) fibre- 

optic sensors. In the design the swellable transducing layer is an important element, 

which can help the sensor achieve high performance in terms of sensitivity and 

response time. On the other hand, the resonance wavelength in SPR fibre-optic 

sensors is considered as a distinguished feature to realise distributed system design.

Chapter 8 draws summary lessons. Conclusions for each element of the work 

have been set down. Further work leading from the research is given in terms of both 

theory and design.
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Part 1: Theoretical Analyses

Chapter 2 

Theoretical Analysis of the Evanescent Wave Absorption Coefficient 
for Multimode Fibre-Optic Evanescent Wave Absorption 

Spectroscopy and Sensors

2.1 Introduction

This chapter discusses the theoretical analysis of evanescent wave absorption 

for multimode fibre-optic evanescent wave absorption sensors and spectroscopy, 

paying particular attention to leaky skew rays which transmit light power in a 

different way from trapped and meridional rays. A brief introduction to fibre-optic 

evanescent wave techniques is presented as background for this chapter. A 

mathematical model of the absorption coefficient of leaky skew rays using geometric 

optics is developed. Further, a comprehensive expression for the effective evanescent 

wave coefficient is obtained. Some numerical results are given to illustrate the 

theoretical analysis.

2.2 Fibre-optic evanescent wave techniques in chemistry

Optical evanescent wave technology is a rapidly developing approach for 

optical sensing induced by molecules on the surface of the optical fibre or other 

waveguides (e.g., for measurement of a chemical reactions and concentrations). Fibre- 

optic chemical sensors and biosensors1 using the evanescent wave are analytical 

devices that measure the interactions between biomolecules in real time without the 

need for any labels.

1IUPAC defines biosensor as a subgroup of chemical sensors in which a biologically based mechanism 
is used for analyte detection.
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The motivation for adopting the optical evanescent wave technique derives 

from a number of advantages offered by the technique in particular applications 

[Diamond 1998]:

1. Because the interrogating light remains guided, no coupling optics are required in 

the sensing region and an all-fibre approach is feasible. Furthermore, considerable 

miniaturisation is possible and this is particularly relevant to integrated optic 

devices for which evanescent wave interactions are the predominant sensing 

mechanism.

2. By controlling the launch optics it is possible to confine the evanescent field to a 

short distance from the guiding interface and thereby discriminate to a large extent 

between surface and bulk effects. This is particularly important in some 

applications that involve surface interactions, such as fluoroimmunoassay 

[Walczak 1992].

3. The technique can provide enhanced sensitivity over conventional bulk-optic 

approaches. For example, optical fibre-based evanescent wave absorption devices 

are more sensitive than bulk-optic attenuated total internal reflection (ATIR) 

[Harrick 1967] crystals by virtue of the greater number of reflections per unit 

length (or equivalently, the greater power in the evanescent field).

4. It is often difficult or inconvenient to perform accurate absorption measurements 

on highly absorbing or highly scattering media. Fibre-optic evanescent wave 

spectroscopy is suitable for such samples because the effective path length is so 

small and the technique is much less sensitive to scattering.

5. If an optical fibre is configured to be sensitive to evanescent wave interactions all 

along its length or at discrete zones, then fully -  or quasi-distributed sensing is 

possible. This would enable monitoring of the spatial profile of an analyte 

concentration over substantial distances.

6. In contrast with conventional distal-face optrodes, the evanescent wave approach 

affords the sensor designer greater control over interaction parameters such as 

interaction length, sensing volume and response time.

Fibre-optic evanescent wave sensors and spectroscopy are not without 

difficulties. One of chiefs among these is that the absorption coefficient is too small 

compared with bulk-absorption if the incident light angle is not near to the critical
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angle, which will reduce the sensitivity and require the use of a long interacting area. 

Another is the problem of surface fouling, which can reduce sensitivity and 

necessitate frequent recalibration until the sensor is no longer viable. A number of 

compensation techniques have been proposed, but these have not been implemented 

experimentally [Stewart 1990]. If suitable techniques are not found, then commercial 

evanescent wave devices will be restricted, in some appliations, to short-term or 

disposable use.

Fibre-optic evanescent wave absorption sensors and spectroscopy have been 

successfully employed in a variety of applications for studies of solid-liquid interfaces 

[Iwamoto 1984], chemical reaction rates [Margalit 1989], complex material curing 

[Wright 1989], organometallic thin films [Feinstein 1991], liquid [Paul 1987, and 

Simhony 1988] and gas [Giuliani 1983 and Messica 1994] detection and monitoring, 

concentration measurements [Mendelson 1988 and Krska 1992] and biological 

applications [Vo-Dinh 1987 and Schwotzer 1997]. The light wavelength employed 

has extended from infrared [Jakusch 1997 and Regan 1997], visible [DeGrandpre 

1988 and Deboux 1995] to near-ultraviolet [Potyrailo 1998 and Merschman 1998]. 

Tuneable lasers have been incorporated into systems [Schnitzer 1990 and Messica 

1992] instead of conventional blackbody light sources, which have improved the 

wavelength resolution, sensitivity and detection limit.

Theoretical evaluations of evanescent wave absorption has been attempted 

since the appearance of the sensor. Both electromagnetic field theory [Pitaud 1992 

and Qing 1996] and geometric optics [Ruddy 1990, Schnitzer 1990 and Gupta 1994a] 

have been used to construct theoretical models for the explanation of experimental 

results. Because of its simplicity and effectiveness, geometric optics is playing an 

important role in the development of theoretical models. In the derivation of these 

models using geometric optics, Fresnel’s law [Synder 1974a and 1974b ] is applied, 

and only meridional or trapped rays have been considered so far. There is a class of 

weakly attenuated rays, so called leaky rays, in respect to optical fibres of circular 

cross section. The behaviour of these leaky rays is incorrectly predicted by Fresnel’s 

law. Many skew rays or tunnelling rays within a circular optical fibre which geometric 

optics predicts are trapped by total internal reflection are in fact leaky. These leaky 

skew rays, which carry a significant proportion of the power, have different
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transmission characteristics. When there is absorbing cladding, leaky skew rays 

contribute to evanescent wave absorption in a different way to that of other rays. In 

order to construct an accurate theoretical model for evanescent wave absorption in 

fibre-optic sensors, it is necessary to analyse the transmission of these leaky skew rays 

in the optical fibre. In the following sections of this chapter, a theoretical analysis of 

evanescent wave absorption of leaky skew rays is proposed under the weakly guided 

approximation.

2.3 T he evanescent w ave absorp tion  coefficient

2.3.1 The evanescent wave absorption coefficient for meridional rays

z A

( a )  ( b )

Figure 2-1 Optical evanescent wave principle: (a) a ray of light reflected at the 

interface of two media with nx > n2 penetrates a small distance into the lower 

refractive index medium; (b) the electric field of the evanescent wave falls off 

exponentially into the lower refractive index medium.
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P art 1: Theoretical Analyses

With a light wave striking the interface between two media of refractive 

indices nx and n2(nx > n2), total internal reflection occurs when the angle of 

reflection 6 is less than the critical angle 6C, there is an evanescent wave refracted 

through the interface in the z direction which penetrates the lower refractive medium a 

distance dp , which is of the order of a wavelength (Note the redefinition of <9, Figure

2-1). It can be shown that the electric field of this wave (E) is largest at the interface 

(Eo) and decays exponentially with distance (z) as shown in Figure 2-1 (a) and (b). All 

values are given by equations of (1.3) to (1.5).

This model is derived for planar waveguides in bulk-optics, the interface is the 

boundary of two planar media. The bulk-optic model is suitable to apply to meridional 

rays of optical fibres. The following part of this section presents a brief review of the 

evaluation of the evanescent wave absorption coefficient of fibre-optic sensors and 

spectroscopy under the approximation of meridional rays [Ruddy 1990 and Gupta

Consider a multimode optical fibre, with core diameter d, core refractive index 

nx and cladding refractive index n2. The defined V value of the optical fibre is:

Under the condition of a large core diameter optical fibre ( V » l  ), geometric 

optics is highly effective and useful. Therefore geometric optics is used to analyse the 

evanescent wave absorption coefficient.

When the cladding has been replaced locally by an absorbing medium, the

refractive index can be expressed as n2 = ncl -  j n *, and the imaginary part of the 

refractive index at the employed wavelength is:

1994a].

(2 .1)

(2.2)

where a  is the bulk absorption coefficient of the medium.
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If P0 is the power transmitted by the optical fibre in the absence of an 

absorbing cladding, then the transmitted power in the presence of an absorbing 

medium is given by:

P{z) = P0 exp(NTz) (2.3)

where z is the length of the cladding absorbing medium N  is the number of ray 

reflections per unit length of optical fibre and T is the transmission coefficient of the 

light on penetrating the absorbing cladding.

Thus, the light intensity attenuation coefficient of evanescent wave absorption y  can 

be written:

y  = NT  (2.4)

And the number of ray reflections per unit length of optical fibre of TV is:

t a n 0  (2 5)

d

where 0 and 0T are the angles at which the light strikes the interface and the 

refractive angle, respectively, with respect to the longitudinal axis of optical fibre.

The transmission coefficient can be derived from the Fresnel equations using a 

complex refractive index for the cladding [Lorrain 1988],

T  = 4nxn2 sinflsinfly. ^  ^
|«j sin 0 + n2 sin 07

Using s\n0T = -  j[(nf / n\ ) 2 cos2 0 - 1]^, equation (2.6) can be seen that for an 

absorbing cladding, T  is real and given by:
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T 4/1,2 singIm [cos2 9 ~ (”2 /wi)2]K (2 7)
H,2 -  « 2

The complex cladding index, ncl -  jn2, and the imaginary part of 

[cos2 0 - ( n 2/ nx)2 Y  is expressed as:

W2"2 (2.8)
nx [cos2 6 -  (n2 / nx )2 Y

Therefore, the transmission coefficient is:

^  aXn, sin#
T = -----    \--------------- - r r  (2.9)

n{nx - « 2)[cos 0 - ( n 2/nx) Y

The light intensity attenuation coefficient of evanescent wave, r„(&).for 
meridional rays of optical fibre is expressed as:

r . o . l  , (2.10)
micos0^cos 0 - ( n 2/n x) (nx - n 2 )

The derivation above considers only one ray of light (with angle 0). In a 

multimode optical fibre with many thousands of guided modes (thousands of 

transmitted rays at different angles), an effective evanescent wave absorption 

coefficient for meridional rays has to be used. This includes the contributions from all 

guided modes, expressed as equation (2.11):

fs(0)K (0)<w
eff   meridional-ray /''■) 1 1 \

= \s(d)de ( }
meridional- ray
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where s(0) is the light intensity distribution.

2.3.2 The evanescent wave absorption coefficient for leaky skew rays

A random ray of wavelength X incident at P on the interface of a multimode 

step-profile fibre of core diameter d, with nx and n2 the refractive indices of the core 

and the cladding, respectively, is shown in Figure 2-2. Relative to the normal PO, the 

angle of incidence or reflection is a. Both incident and reflected rays make angles 02 

with the axial direction PZ, and 0  ̂ in the cross-section between the tangent PQ and 

the path projection, i.e. PR for the reflected ray.

Figure 2-2 Definition of angles of the ray inside the optical fibre
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P art 1: Theoretical Analyses

Due to the curvature of the fibre surface, there are three classes of rays which 

transmit light power in totally different ways, and are differentiated by the critical 

angle,0C( cos0c=n2 /« ,)  [Synder 1974a and 1974b ]:

(i) trapped rays: O<02 < 6C,

(ii) refracted rays: a  < (n/2 -  0C) ,

(iii) leaky skew rays: n / l  > 02 >OC and tt/2 > a >  {71/ I  -  9C) .

Under the weakly guided approximation, Synder gave a brief analysis of the 

importance of leaky skew rays to determine the power contribution of leaky skew rays 

to the total power of rays predicted to be transmitted by geometric optics [Synder 

1974a and 1974b].

The power initially contained in the leaky skew rays depends on the source of 

illumination. Under the supposition that all rays are launched with equal power, as is 

the case for incoherent or diffuse illumination [Kapany 1967], the power predicted by 

geometric optics to be transmitted within the cylinder optical fibre is a sum of the 

power of trapped rays PT plus the initial power of the leaky skew rays Ps .

The amount of power PT transmitted by trapped rays is proportional to the 

square of the numerical aperture of the optical fibre. Thus

Assuming a unit power source, ignoring the refracted rays, the summed power 

PTOT transmitted by the leaky skew rays and trapped rays:

(2 .12)
n

=1 -  -[(<5 -  £ 2 )K + (1 -  2<5) cos'1 -Js] (2.13)
7t

where S = \- (n 2/nx)
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The percentage of leaky skew rays power p  contribution to the total power 

prediced to be transmitted by geometric optics is:

psP= S
ps + pt

" I — i r  — ----------------i (214)1 -  -  [(5 -  S 2 + (1 -  2£)cos-‘ 4 s \
7t

Figure 2-3 shows the normalised total power PT0T and the percentage of leaky 

skew rays power p  against sin2 6c.
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Figure 2-3 The normalised total power PT0T and the percentage of leaky skew rays

power p  against sin2 9c

Assuming a diffuse or incoherent illumination, the contribution of leaky skew 

rays to the total light-transmitting power of the optical fibre can be determined from 

the figure. When nx = n2, as it is for optical communication fibres, nearly 50% of the
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power is initially launched into the leaky skew rays. The PTOT curve shows that, as the

difference between nx and n2 increases, the total power-transmission capability of the 

optical fibre increases.

On the other hand, it is easy to construct illumination conditions for which 

only leaky skew rays are launched. Two examples are presented below:

(1) The bright bands across the exit end of an optical fibre observed at steep angles 

are due to leaky skew rays [Kapany 1967 and Potter 1961].

(2) The so-called whispering-gallery modes in large-diameter optical fibres launched 

by highly skew illumination, are formed by leaky rays [Reick 1965].

It can be seen that leaky skew rays are important in many physical problems. 

Next, the absorption characteristics of leaky skew rays are discussed.

In evanescent wave absorption fibre-optic sensors or spectroscopy, the light 

intensity absorption is induced by the absorption of both trapped and leaky skew rays 

in the cladding medium. Evanescent wave absorption of trapped rays can be explained 

by the attenuated total internal reflection described by the Fresnel’s law. However, it 

is known by theories and experiements that the transmission behaviour of leaky skew 

rays is quite different from that of trapped rays. Fresnel’s law cannot predict the 

transmission of leaky skew rays correctly.

For a weakly guided, large diameter optical fibre ( V » 1 ), the light intensity 

of leaky skew rays is expressed by equation (2.15) [Synder 1974a and 1974b].

4(9. f o 2 {ez\2 K
f

z

kJ 1 - z

kJ sin 0, x exp
V

— — F

(2.15)

where 0C = sin 6c = [1 -  (— )2 Y 2

Substitute n2 = ncl -  jn 2 into 0C obtain:



Chapter 2 Theoretical Analysis of the Evanescent Wave Absorption Coefficient for P art 1: Theoretical Analyses
Multimode Fibre-Optic Evanescent Wave Absorption Spectroscopy and Sensors

(2.16)

Thus,

r M )

(2.17)

where the definition of variables follows the above sections.

In most applications of optical fibre sensors, where the transmission distance 

is short, this attenuation can be neglected. However in the application of evansecent 

wave absorption sensors, when the cladding has become an absorbing medium, 

mostly, this attenuation can not be regarded as negligible. Such phenomena have been 

found and mentioned by many researchers [Deboux 1995, Gupta 1994b and Messica

Under the condition of weak absorption, from equation (2.17), the evanescent wave 

absorption coefficient, for leaky skew rays, induced by the absorbing cladding is 

obtained as:

1996].

( 2 . 1 8 )
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Substitute n\ = ocXI An into equation (2.18), the evanescent wave absorption 

coefficient of leaky skew rays is expressed as:

An2dnx( n * - « 22)

r e _ '2
\ 0 rj

l - sin2 0.

x exp
Yi

(2.19)

2.4 The effective evanescent wave absorption coefficient

2.4.1 The effective evanescent wave absorption coefficient for uniform 

sensing regions of multimode optical fibres

In order to construct a comprehensive theoretical model of evanescent wave 

absorption in optic-fibre sensors, both trapped and leaky skew rays have to be 

considered carefully.

Under such considerations, the effective evansecent wave absorption

coefficient for uniform sensing regions y û form is given by:

/  W,yr.W,ydO,+ \*w,yrm(e,)de,
uniform _  leakily_ skew_ ray trapped _ ray

^  = j s ( 0 . w .  (220)
trapped+leakily _ skew _ ray

where s(6z) represents the power distribution of the rays and integrations are 

performed according to different classes of rays.

Equation (2.20) is an accurate expression for the effective evanescent wave 

absorption coefficient for uniform sensing regions of multimode optical fibres, and
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using this expression, evanescent wave absorption can be predicted correctly.

2.4.2 The effective evanescent wave absorption coefficient for bi- 

tapered sensing regions of multimode optical fibres

In order to increase the sensitivity, modifications of the optical fibre core into 

bi-tapered geometry sensing regions has been proposed in the design of fibre-optic 

evanescent wave absorption sensors or spectroscopy [Gupta 1994c and Mignani 

1998]. Figure 2-4 shows the geometrical structure of a multimode optical fibre with a 

bi-tapered sensing region.

Figure 2-4 Geometry of a tapered sensing region

The effective evanescent wave absorption coefficient for this type considering 

the effect of the bi-tapered geometry is expressed as:

[  J  s(dI )ys{Oz,r)d0zdr + £  \s{02)ym{02,r)d02dr
bi-tapered   leakily _ skew ray trapped _ ray

( a - a j x  §s(&7)dd2
trapped+leakily _ skew _ ray

(2.21)

A promising feature offered by bi-tapered sensing region of multimode optical 

fibre is the improvement of the performance of absorption measurements without any 

particular illumination masking or modal selection devices. Additionally, the method 

for fabricating the bi-tapered fibres is simple and is also capable of supplying
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reproducible tapers at low cost, such as when the unclad fibre is heated and pulled so 

as to achieve a biconical fibre section.

2.5 Numerical results and discussions

In this section, numerical calculations and discussions are presented to 

illustrate the theoretical analyses in above section. Trapped and meridional rays have 

been studied before [Ruddy 1990], this section will be concentrated on the evanescent 

wave absorption of leaky skew rays.

The parameters used in these numerical calculations are 

nx = 1.457, n2 = 1.335, X -  0.6328/z/w, d = 100fjm, and a  = 100cm-1.

0.01

1E-06 --

V = 1451E-10

1E-14 -- V = 290

1E-22 ..

V = 2900
1E-26 ..

1E-30 -
3 60 1 2 4 5

02 / 0c(Qt = 10°)

Figure 2-5. Evanescent wave absorption coefficient at#^ =10°

Figure 2-5 and figure 2-6 show the numerical results of evanescent wave 

absorption against incident angle 6Z at 6^ = 10° and 6  ̂ = 30°, respectively.
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Figure 2-6. Evanescent wave absorption coefficient at 6^ = 30°
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Figure 2-7. Evanescent wave absorption coefficient at 0Z / 6C= 1.05
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Figure 2-8. Evanescent wave absorption coefficient at O J Qc =1.6
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Figure 2-9 Evanescent wave absorption coefficient at 0Z / 0C = 2.2
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Figure 2-7, figure 2-8 and figure 2-9 show the numerical results of evanescent 

wave absorption against 0 ̂  at certain incident angles, 02 / 6c = 1.05 , 0Z!0C =1.6 and 

0Z / 0C -  2 2 , respectively.
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Figure 2-10 Evanescent wave absorption coefficient at 6Z10C =1.5 and 6^ = 30°

Figure 2-10 shows the evanescent wave absorption coefficient changes with

the core diameter of the optical fibre, when 0216C =1.5 and 6^ = 30°. The evanescent

wave absorption coefficient decreases very significantly with increase of the core 

diameter.

Figure 2-11 shows the comparison of the evanescent wave coefficient between 

meridional and leaky skew rays when V=290 and 6  ̂ = 10°.

d(m m )
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Figure 2-11 Evanescent wave absorption coefficient both meridional and

leaky skew rays

From above-mentioned equations, it can be seen that the evanescent wave 

absorption coefficient changes with the incident angle 02, 0 ̂  and V . The critical 

angle (total reflection angle at the interface) of leaky skew rays is determined by not 

only nx , n2 ( that is 0C\  but also by the skewness of the ray , 0 ̂ , in the formulation 

of 02 s in ^  = 0C.

With increase of V, the absorption decreases significantly (the same as the 

behaviour of meridional rays). The skewness of leaky skew rays, 0^, together with 02,

also plays an important role in evanescent wave absorption.

Stronger evanescent wave absorption for leaky skew rays happens near to the 

critical angle.

The main difference from trapped and meridional rays is that leaky skew rays 

are distributed over a wider range, normally a few times 6c, although they suffer less 

absorption. Trapped rays are only within the critical angle predicted by Fresnel’s law, 

ie less than 6C. Under some circumstances and designs these leaky skew rays could
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carry a large proportion of the transmitted power, and the evanescent wave absorption 

induced by these leaky skew rays could be important. Figure 6 shows the comparison 

of evanescent wave absorption between meridional rays and leaky skew rays.

Although the evanescent wave absorption coefficients for meridional rays are larger, 

they are only significant over a relatively smaller range of angles, less than the critical 

angle 0C. For leaky skew rays, they are smaller, but their influences cover a larger 

angle range. That is the reason why in some applications the evanescent wave 

absorption of leaky skew rays should be involved in the quantitative explanation of 

the experimental results.

Smaller diameters of optical fibre core increase not only the number of 

reflections, which will lead to more absorption and higher sensitivity, but will also 

increase the evanescent wave absorption coefficient. The smaller diameter of optical 

fibre core is favourable in terms of sensitivity. However, smaller core diameter will 

cause a larger coupling loss with light sources and detectors, and give a smaller output 

signal. The selection of optimum diameter has to be a compromise between the 

sensitivity and the output light power.

It has been confirmed by experiments and theory that the use of a tapered 

sensing region of multimode optical fibre is an effective approach to increase the 

sensitivity of evanescent wave absorption sensors and spectroscopy. From the view of 

manufacture, it is also not difficult to produce the tapered structure in multimode 

optical fibres. Hence it could become a promising solution to the sensing problem.

2.6 Conclusions

Leaky skew rays have a different behaviour in transmission in optical fibres, 

and they also show the different characteristics in evanescent wave absorption from 

trapped and meridional rays. Leaky skew rays can carry a large proportion of the 

energy in optical fibres. In these cases, without consideration of the contribution from 

leaky skew rays, the theoretical model of evanescent wave fibre-optic sensors 

absorption is not accurate enough to allow quantitative evaluation.

The same as trapped or meridional rays, the contribution of the evanescent 

wave absorption of leaky skew rays changes with the different incident angle 02 and
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V. But the skewness of the leaky skew ray 6  ̂ is another important factor in the 

absorption of the evanescent wave. A wider angle range (a few times the critical 

angle 0c) of leaky skew rays is able to induce evanescent wave absorption.

Based on the analysis, a comprehensive expression of evanescent wave 

absorption has been worked out, which could be solved easily by numerical 

calculation. Also evanescent wave absorption fibre-optic sensors with bi-tapered 

sensing region are examined. This analysis and calculation will allow the optimisation 

of the design of optical fibre evanescent wave absorption sensors.

Earlier researchers were not so sure what role skew rays play in the theoretical 

model of evanescent wave absorption in multimode optical fibres and how important 

skew rays are. They believed the model based on meridional rays only explains the 

results quantitatively very well [Gupta 1994a].

This work is the first time that the evanescent wave absorption coefficient of 

skew rays has been theoretically evaluated. Numerical calculations could easily show 

the amount of the evanescent wave absorption, and the proportion of total light power 

affected. It also allows researchers to determine the accuracy of the model based on 

meridional rays only.

Unless there are specially designed light sources to launch all light rays near to 

the critical angle, which will create much large evanescent wave absorption, the 

evanescent wave absorption for both meridional and skew rays in optical fibres is too 

small for industrial applications, compared with bulk optic absorption. It might be a 

reason why there are no products incorporating fibre-optic evanescent wave 

absorption sensors in commerical markets today.

But there is no reason to doubt the promising future of fibre-optic evanescent 

wave chemical and bio-chemical sensors. The unique and distinguishing advantages 

of fibre-optic evanescent wave are very useful, such as fluorescent excitation and 

immunoassay techiniques using fibre-optic evanescent wave excitation. That is also a 

point brought out by this investigation.
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Chapter 3

Analytical Estimates of the Characteristics of Surface Plasmon Resonance
Fibre-Optic Chemical Sensors

3.1 Introduction

The following chapter is a detailed examination of the characteristics of surface 

plasmon resonance (SPR) fibre-optic chemical sensors by theoretical analyses and 

numerical calculations. Using geometrical optics, under the approximation of meridional 

rays, a mathematical model for light power transmittance has been established, in which 

Fresnel’s equations used for bulk-optics are applied to SPR fibre-optic sensors. These 

analytical estimations can be applied in SPR fibre-optic chemical sensors both with a 

transducing layer and without a transducing layer. The results of these numerical 

calculations agree well with previously published experimental results. This work will aid 

in the design of SPR fibre-optic chemical sensors in terms of geometrical structure, 

materials and dynamic range as well as allowing the prediction of performance and of 

limitations of the design.

3.2 Background of surface plasmon resonance

The electron charges on a metal boundary can perform coherent fluctuations 

which are called surface plasmon oscillations [Ritchie 1957]. Their existence has been 

demonstrated in electron energy-loss experiments by Powell [Powell I960]. The 

frequency co of these longitudinal oscillations is tied to its wave vector kx by dispersion 

relation co(kx) . These charge fluctuations, which can be localised in the z direction

o
within about 1 A , are accompanied by a mixed transversal and longitudinal
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D0 = —  + — 
£ t £

0

And

(3.2)

s ,( - )2=*x2+*5 *' = 1.2 (3-3)c

The wave vector kx is continuous through the interface. The dispersion relation of 

Equation (3.2) can be written as:

^ = £>(_£!£2_ ) K (34)
C £l + s2

If under the condition of besides a real co and s2 that £x < s\ {sx > 0 and 

s\ < 0), a complex kx = kx + jk  'x can be obtained as:

(3.5)
C £x+£2

(3.6)
C £x+£2 2(£x)

> £2, which can be fulfilledA real value of kx can be obtained, if £x < 0 and 

in a metal and also a doped semiconductor near the eigen frequency. The parameter 

kx determines the propagating constant of the surface plasmon wave and k"x determines 

the internal absorption in the x  direction.
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electromagnetic field which disappears at |z| —> oo, shown in Figure 3-1, and has its

maximum in the surface z = 0, typical for surface waves. This explains their sensitivity 

to surface properties. The field is described by:

E  = Eq exp[+j (k xx ± k 2z -  cot)] (3.1)

with + for z > 0, -  for z < 0, and with imaginary kz, which causes the exponential decay 

of the field Ez . The wave vector kx lies parallel to the jc direction; kx =2n I Xp, where 

Xp\s the wavelength of the plasmon oscillation.

dielectric

Figure 3-1 The charges and the electromagnetic field of surface plasmon 

propagating on a surface in the x  direction are shown schematically. The exponential 

dependence of the field Ez is seen on the right. H Y shows the magnetic field in they

direction of this p-polarised wave

Maxwell’s equations yield the dispersion relation for the plane surface of a semi­

infinite metal with the dielectric constant ( s x = s\ + j s \ \  adjacent to a medium of 

dielectric constant s2 such as air or vacuum:
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Dn k, i kr7_£L + _ z2. = 0

And

(3.2)

e A - f = k ] + k l  1 = 1 ,2  (3.3)
c

The wave vector kx is continuous through the interface. The dispersion relation of 

Equation (3.2) can be written as:

k  = £ ( _ £ i£ l_ ) K  ( 3 4 )
C € l + £ 2

If under the condition of besides a real co and s2 that s\ < s\ ( s ” > 0  and 

e\ < 0), a complex kx = k'x + jk x can be obtained as:

= © (_ £ !£ 2_ )X ( 3 5 )

C £ l + £ 2

£ - ) * - £ ! _  (3.6)
c ex+e2 2(8,)

A real value of kx can be obtained, if sx < 0 and sx > s 2, which can be fulfilled 

in a metal and also a doped semiconductor near the eigen frequency. The parameter 

k 'x determines the propagating constant of the surface plasmon wave and k "x determines 

the internal absorption in the x  direction.
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Figure 3-2 shows the dispersion relation of an example with air or vacuum as the 

dielectric medium, e2 = 1. This dispersion relation changes with the propagation constant 

kx , which approaches the light dispersion relation of air or vacuum at small values of 

(co/c), but always remains larger than co/c, so that the surface plasmon wave cannot 

transform into light, and is therefore a “nonradiative” surface plasmon wave [Raether 

1988].

co

CO = ck

Figure 3-2 The dispersion relation of surface plasmons and the light co = ckx

From Equation (3.3), due to the relations co/c <kx and s[ < 0, wave vectors k 

and kz2 are imaginary, so that, as mentioned above, the field amplitude of the surface 

plasmon wave decreases exponentially as exp(-|&ZI.||z|), normal to the interface. The 

value of the depth at which the field falls to 1/e , becomes:

z = (3.7)
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in the medium with ex

Zi = J L ( £ l +  £ L)X ( 3 g )

2n sx

in the medium with e2

=  ^ _ ( fL + £ L)K (39) 
2 n  e,

If light is reflected at a metal surface (£,) covered with a dielectric medium 

( 8q > 0 ), the projection of the incident light wave vector on the surface, shown in Figure

3-3, is expressed as:

k L = JTa — sin<90 (3.10)
c

0/1

1/2

e2

Figure 3-3 Reflection of light at a metal surface, the medium above the metal is dielectric

material; below the metal is air or vacuum.
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The dispersion relation for a surface plasmon wave on the interface 

s2I sx (air/metal) and ex / s0 (metal/dielectric material) can thus be shown in Figure 3-4.

Plasmon (e2 )

Plasmon (£“0)

k
X

Figure 3-4 Surface plasmon resonance excited by total reflection

Shown in Figure 3-4, the light line in medium e0, (c/ J s^ )k x , lies to the right of 

the surface plasmon wave line up to a certain kx at point P. Light can excite a surface 

plasmon wave with frequency co below the crossing point P on the metal/air interface. 

The surface plasmon wave in the interface metal/dielectric material cannot be excited, 

since their surface plasmon wave line lies to the right of the light line. The excitation is 

recognised when there is a minimum in the total reflection. Also the surface plasmon 

resonance is excited only for/7-polarised light (TM mode).

The quantitative description of the reflected intensity R can be derived from 

Fresnel’s equations. Using a three-layer system as an example, shown in Figure 3-3, s0 

dielectric material -  glass, e , metal film -  silver of thickness d, e2 dielectric material -
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air. The reflectance R for p-polarised light, with E£ the incident and E f  the reflected 

field, is expressed as:

R = E?
2

rm + r ,2 exp(2jkzld)
E l l + r ' r '  exp(2jk^d)

(3.11)

with

n

vzk

* + 4
£. £

1 =  1 , 2 (3.12)

0.9

S 0.8o .

1  0.7

f  0.6
CD

f  0.5
co
S 0.4 

*

I 0.3

0.2

7565 70
Light incident angle in degree

Figure 3.5 Reflectance at silver film of thickness d = 45.23nm , incident light wavelength 

X = 632.8nm , n0 =1.33, nx = -16.36 + 0.59/, n2 =1.515
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When the projection of the incident light wave vector equals the surface plasmon

wave vector, i.e., kx — {co/ c)sin9SP= kx, reflectance R is at its minimum value. 6SP is

defined as resonance angle. The reflectance of light intensity with surface plasmon 

resonance excitation changes against incident angle of light as shown in Figure 3-5.

Based on the above-mentioned principle, the study of the surface plasmon 

excitation technique was started for bulk-optic systems. In 1971, Kretschmann proposed a 

experimental configuration of surface plasmon resonance excited by the prism shown in 

Figure 3-6 [Kretschmann 1971].

Prism

etal

Sample

Figure 3-6 Kreschmann’s configuration of SPR

Since then, Kretschmann’s configuration has been applied in chemical analysis, 

biosensor, physical constant measurement etc.[Chen 1981, Daniels 1988, Lukosz 1991 

and Jory 1995]. Today commercial products based on bulk-optic SPR technology have 

been successfully exploited by Biacore, Quantech and Texas Instruments.

3.3 Surface plasmon resonance fibre-optic sensors

In recent years, with the progress of optical fibre and related techniques, surface 

plasmon resonance fibre-optic sensors have received a great attention [Kano 1994, 

Jorgenson 1993, Jorgenson 1994 and Slavik 1998], particularly because of the extra
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advantages of small size of the fibre-optic probe, immunity of electromagnetic 

interference, the growing need for remote sensing, etc.

In addition, due to the characteristics of the optical fibre, SPR fibre-optic sensors 

have different features from SPR bulk-optic sensors, such as, no angle scanning is needed 

and multiple wavelength light sources can be used together with a spectrograph or 

spectrometer for recording the spectrum.

To date, SPR fibre-optic systems have been developed both for transmission type 

[Jorgenson 1993] and reflection type [Slavik 1998]. Optical fibres used in these 

developments included the single-mode optical fibre [Slavik 1998], multi-mode optical 

fibre [Jorgenson 1993], and even sapphire core optical fibre [Jorgenson 1994] which can 

increase the upper limit of the refractive index dynamic range. There are also a range of 

light sources used such as laser [Slavik 1998], LED [Garces 1992] and Tungsten halogen 

lamp [Jorgenson 1994]. The usage of SPR supporting metal film is the same as in SPR 

bulk-optic systems, either gold [Jorgenson 1994] or silver [Kunz 1996]. In the structure 

of the sensing element, mostly the SPR supporting metal film is in contact with the 

chemical sample to be measured [Jorgenson 1993]. However, in order to increase the 

dynamic range of the measurement, some designs have included an additional 

transducing layer deposited upon the metal film and in contact with the chemical sample 

to be measured [Garces 1992].

3.4 Theoretical model of surface plasmon resonance fibre-optic sensors

Theoretical models for analyses of optical SPR excitation in bulk-optics were well 

developed by many researchers [Raether 1977, Pockrand 1978, Chen 1980, Reed 1985, 

Kurosawa 1986, Abeles 1986 and Ctyroky 1997]. These theoretical models have been 

used to explain experimental results and to design SPR bulk-optic systems. In the multi- 

mode optical fibre, which is used in many SPR fibre-optic sensors, there are many 

guided-modes transmitted. Each mode transmits the light ray at one particular angle of 

internal reflection. Theoretical models for SPR bulk-optic systems can only be applied to 

the individual ray of each mode in multi-mode optical fibres. For SPR fibre-optic sensors,
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a comprehensive theoretical analysis, which considers the contributions of all possible 

transmitted modes, has not been studied systematically. In this section, a theoretical 

model of the optical power transmittance is derived, then, based on this theoretical model, 

using numerical calculations, the characteristics of SPR multi-mode fibre-optic sensors 

are predicted and discussed.

Optical fibre Core e

Metal film s x -  er + j s t

Transducing layer e

Sample s Q

Figure 3-7 The meridional cross-section of the sensing element of the

fibre-optic SPR sensor.

Figure 3-7 shows the meridional cross-section of the sensing element of the SPR 

fibre-optic sensor. A multi-mode optical fibre, with core diameter d and refractive index 

n2 (dielectric permittivity s 2), has the jacket and the cladding removed to expose the 

core, on which is symmetrically deposited a metal film of thickness dx and dielectric 

permittivity e x. In some applications, the metal film is directly in contact with the sample 

to be measured with dielectric permittivity e0, in others, a dielectric isotropic transducing
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layer with thickness d3 and dielectric permittivity is deposited symmetrically outside 

the metal film. For generality, in this paper all formulations are derived including this 

transducing layer. The sensors without transducing layers are considered as special cases 

by setting d3 = 0.

In multi-mode optical fibre sensors, due to the easiness and effectiveness of 

describing the behaviour, meridional rays are often used to build up approximate models. 

Further, in SPR fibre-optic sensors, the theoretical models of SPR for bulk-optics are 

satisfied by meridional rays in optical fibres. Therefore, the theoretical analysis of optical 

power transmittance in SPR fibre-optic sensors following is based on meridional rays.

Considering a ray of light transmitted in an optical fibre with incident angle 6 

with respect to the normal at the core/metal interface, the electric field E  of the SPR 

propagating in the z-direction is expressed [Van Gent 1989] as:

where Ex is the field amplitude, &>is the angular frequency, k2 = k rz + j k l2 is the SPR 

complex propagation constant along the z-direction, k2 as real part and k l2 as imaginary 

part.

The resonance condition, under which the propagation constant of the incident 

light beam in the z-direction is equal to the real part of the SPR propagation constant, is 

expressed as:

Ex (x, z,t) = Ex (x) exp(icot -  j k 2z) (3.13)

K = k { e , ) A sin0s, = ^ n2 sin 0SP (3.14)

where k is the propagation constant of the incident light beam in vacuum and 6SP is the 

resonance angle.
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Considering the structure of the SPR sensing element in SPR fibre-optic sensors 

shown in figure 1, the SPR propagation constant is accurately expressed [Raether 1977, 

Pockrand 1978 and Raether 1988] as:

kz = k °+ k R+ kT (3.15)

k° =
■\ Vi 6)

V Sq "I- £] J
(3.16)

V  * o  + * i  J

* 0*1
\Yi

xexp . 4 ndx (3.17)

k T = j
2nd,

( - * 0*1
\2

V * 0  *i y

1

(* 0 * 1 ) 2 (*0  * l )
* 3  +

* 0*1 St Sr\

(3.18)

k° expresses the dispersion relation of SPR at a metal-vacuum interface in a one- 

sharp-boundary model, k R expresses the perturbation to £° due to the finite physical 

volume of the optical fibre and k T expresses the modification to k° due to the transducing 

layer.

It is known that light rays with a range of incident angles are allowed to propagate 

in the multi-mode optical fibre. The range is determined by the numerical aperture of the 

fibre, N.A.= n2 cos0c = (nf -  )1/2. Only rays with 6 > 6c (critical angle) can be

transmitted in the optical fibre. The resonance condition in SPR fibre-optic sensors 

should involve the contribution from all rays transmitted in optical fibres, which have a 

range of incident angles ( 0C, 90°). Therefore, the resonance condition, in SPR fibre- 

optic sensors, is expressed as:
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j£ p{0) sin OdO
(3.19)

where p{6) represents the power distribution of light sources.

This resonance condition determines a resonance wavelength X SP, which 

corresponds to the resonance angle 0SP in bulk-optics, and which relies on the power 

distribution of the light source.

There are two main sorts of essential power distributions of light sources in fibre- 

optic sensors:

1) diffuse or Lambertian source (such as a LED), which is butted against the optical fibre 

end face and its surface covers at least some of the core cross section. The power 

distribution is expressed [Gupta 1994c and Snyder 1983] as:

2) collimated source (such as a laser) using a microscope objective such that the beam is 

focused onto the optical fibre end face at the axial point, the power distribution is 

expressed[Snyder 1983 and Gupta 1993] as:

In the following section an important characteristic, the optical power 

transmittance of SPR fibre-optic sensors, is discussed.

Under the approximation of using meridional rays of the optical fibre, the 

calculation of intensity reflection coefficient r(6) at the interface of metal film and

p{0) oc n\ sin 0 cos 0 (3.20)
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optical fibre core can use the result for SPR bulk-optic systems, which is expressed as 

[Kretschmann 1971 and Raether 1988]:

r{0) = I r:210
rn +'i3oexp(2y£i</i)
l + r2 \rno exP(27'M i)

(3.22)

1. Z 21 Z 10 ~J Z 43 tan(kjd3)where r21 = — , r130 =   r  _  „  fX , z im = kism -  kms i , nim = kism + kmet ,
21 «10 - > 4 3  tan(*3rf3)

k; =
£,(T )2 ~ k *

2 I n  £ £
, A: = (— )«2 sin#, £-4 = —g—L k4 = K K

i,m = 1,2,3,4

A light ray transmitted in the multi-mode optical fibre with incident angle 0 , 

shown in Figure 3-7, will have N  multi-reflections in length L of SPR sensing element. 

The number N  is expressed as:

N  =
d  tan#

(3.23)

Considering the contributions of all rays and multi-reflections, the 

reflectance Rx in SPR fibre-optic sensors is expressed as:

f  p{ff)rN(0)d0
(3.24)

p{6)d0
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In multi-mode optical fibres, both TE and TM polarised light with respect to the 

core/metal interface are allowed to propagate. Only half of the transmitted optical power 

contributes to the SPR excitation, since SPR can only be excited with TM polarised 

light[Abeles 1986 and Raether 1988].

Thus, the optical power transmittance of SPR fibre-optic sensors is expressed as:

where I TE and I m  represent the transmitted optical power of TE and TM polarised light, 

respectively.

Under the condition that I TE = I m , the optical power transmittance simplifies to:

3.5 Illustrative numerical calculations

In SPR fibre-optic sensors, the optical power transmittance is measured via its 

spectrum which has a resonance at wavelength Xsp where there is minimum 

transmittance.

In the numerical calculations of this section, the parameters of the optical fibre 

used in calculations are: d = 400/z/w, n2 =1.515, N.A. = 0.3. The power distribution of 

the light source is a diffuse or Lambertian source, expressed in Equation (3.20).

3.5.1 Numerial calculations about the SPR fibre-optic sensor without a 

transducing layer ( d3 = 0)

(3.25)

(3.26)
2
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In Figure 3-8, + curve represents the case of the refractive index of the 

samplen0 = 1.4, x curve represents n0 = 1.41 and ° curve represents nQ = 1.42. The 

continuous curve represents the normalised transmitted optical power of only one light 

ray with specified angle 0 = 80°, suffering only one reflection, n0 = 1.4, which simulates 

the bulk-optic SPR.

C L

I 07 
f  0.6

!  0.5
cn
I  0.44—I

I 0.3

Wavelength (m) ■7x 10'

Figure 3-8 Normalised transmitted optical power of the SPR fibre-optic sensor without a 

transducing layer i.e. d3 = 0, gold as the SPR supporting metal, with ex -  -13.2 +1.25 j , 

length L = 10mm and thickness dx = 40nm . The refractive index of the sample to be

measured changes.

Due to the numerical aperture, there is a range of angle of light rays able to travel 

in the optical fibre. The contribution of all rays broadens the spectrum of the transmitted
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optical power in SPR fibre-optic sensors, and, because of multi-reflections inside the 

optical fibre, which lead to more absorption, the minimum transmittance decreases, 

compared with that in bulk-optic SPR absorption.
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Figure 3-9 Normalised transmitted optical power of the SPR fibre-optic sensor without a 

transducing layer i.e. d2> = 0 , gold as the SPR supporting metal, with 

ex = -13.2 + 1.25 j  and length L = 10mm , the refractive index of the sample n0 = 1.4. The 

thickness of the SPR supporting metal dx changes.

3-17



Chapter 3 Analytical Estimates of the Characteristics of Surface Plasmon Resonance
Fibre-optic Chemical Sensors

Part 1: Theoretical Analyses

In Figure 3-9, + represents the case of the thickness of the SPR supporting metal 

dx = 30nm , x represents di = 40nm , ° represents dx = 50«/w and * represents 

dx = 200w/w.

When the thickness of the SPR supporting metal is large enough, there is no SPR 

excitation, The optical power of all wavelengths will be reflected almost at the same 

reflectance, and there is zero sensitivity in this case.

* o x  *  x  x  x  ~ o o o o o °  * , * * * * * * * *
* * 9 S S S a 8 8 9 * * * * * * *5  0.5

2  0 .4

10 
Wavelength (m)

Figure 3-10 Normalised transmitted optical power of the SPR fibre-optic sensor without a 

transducing layer i.e. dz = 0, gold as the SPR supporting metal, with ex = -13.2 + 1.25 j  

and thickness dx = 40nm, the refractive index of the sample n0 = 1.4. The length of the

sensing element L changes.
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In Figure 3-10, + represents the case of the length of sensing element L = 5mm, x 

represents, L = 10mm , ° represents L = 20mm and * represents L = 50mm.

Due to an increased number of reflections, the minimum transmittance decreases 

with increasing length of sensing element L . When the length is long enough, optical 

power of all wavelengths will be absorbed, and there is zero sensitivity in this case.

3.5.2 Numerial calculations about the SPR fibre-optic sensor with a 

transducing layer (d3 *  0 )

0.9

0.8Cl

0.7
C l

YO0.6

1  0.5
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I  0.4

I 0.3

Wavelength (m) ■7x 10'

Figure 3-11 Normalised transmitted optical power of the SPR fibre-optic sensor, using 

zirconium oxide as the transducing layer, with s 3 = n\ = 4.0, thickness = AOnm, silver 

as the SPR supporting metal, with ex = -17 + 0.6 j , thickness d x -  45nm and length 

L = 10mm. The refractive index of the sample to be measured changes.
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In Figure 3-11, + curve represents the case of the refractive index of the sample 

n0 = 1.0, x curve represents n0 = 1.05 and ° curve represents n0 = 1.1. The continuous 

curve represents the normalised transmitted optical power of only one ray with specified 

angle 0 = 80°, suffering only one reflection, n0 = 1.0, which simulates the bulk-optic 

SPR.

+ x °0.9

° x £ +

o¥+

5  0.8
Q.
8  0.7
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0.5
07C
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0.2
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Figure 3-12 Normalised transmitted optical power of the SPR fibre-optic sensor, 

using zirconium oxide as the transducing layer with s 3 = n\ = 4.0, thickness d3 = 40nm, 

silver as the SPR supporting metal, with ex = -17 + 0.6 j , and the length of sensing 

element L = 10m m , the refractive index of the sample n0 = 1.0. The thickness of SPR

supporting metal changes.

Again because of the numerical aperture, there is a range of angle of light rays 

which can be transmitted in an optical fibre. The contribution of all such rays broadens
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the spectrum of the transmitted optical power in SPR fibre-optic sensors, and because of 

multi-reflections inside the optical fibre which lead to more absorption, the minimum 

transmittance decreases compared with that of bulk-optic SPR sensors. This behaviour is 

the same as in SPR fibre-optic sensors without a transducing layer.

In Figure 3-12, + represents in the case of the thickness of the SPR supporting 

metal dx = 35nm, x represents dx = 45nm, ° represents dx = 55nm and * represents 

dx -  200nm.
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Figure 3-13 Normalised transmitted optical power of the SPR fibre-optic sensor, 

using zirconium oxide as the transducing layer with e3 = n] = 4.0, silver as the SPR 

supporting metal, with ex = -17 + 0.6 j , with the thickness dx = 45nm and the length of 

the sensing element L = 10mm , the refractive index of the sample nQ = 1.0. The thickness

of the transducing layer d 3 changes.
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When the thickness of SPR supporting metal is large enough, there is no SPR 

excitation, the optical power of all wavelengths will be reflected at the same reflectance, 

and there is zero sensitivity in this case as well. This is also the same as that in SPR fibre- 

optic sensors without the transducing layer.

In Figure 3-13, + represents the case of the thickness of the SPR supporting metal 

d3 = 35nm , x represents d3 = 45nm and ° represents d3 = 55nm .
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Figure 3-14 Normalised transmitted optical power of the SPR fibre-optic sensor, silver as 

the SPR supporting metal, with ex -  -17 + 0.6 j , with the thickness dx = 45nm and the 

length of the sensing element L = 10mm , the refractive index of the sample nQ = 1.0. The 

thickness of the transducing layer d3 = 40nm , but the refractive index of the transducing

layer changes.
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When the thickness of the transducing layer changes, the SPR resonance 

wavelength is shifted.

In Figure 3-14, + curve represents the case of the refractive index of the 

transducing layer n3 = 1.95, x curve represents n3 = 2.0 and ° curve represents 

n3 = 2.05.

The SPR resonance wavelength is shifted by the change of the refractive index of 

the transducing layer.
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Figure 3-15 Normalised transmitted optical power of the SPR fibre-optic sensor, using 

zirconium oxide as the transducing layer with s 3 -  n3 = 4.0, thickness d3 = 40nm , 

silver as the SPR supporting metal, with s, =-17 + 0.6 j  and dx = 45nm, the refractive 

index of the sample n0 = 1.0. The length of the sensing element L changes.
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In Figure 3-15, + represents the case of the length of the sensing element 

L -  5mm, x represents L = 20mm, ° represents L = 50mm and * represents L = 200mm.

Due to a greater number of reflections, the minimum transmittance decreases with 

increase of the length of the sensing element L . When the length is long enough, optical 

power of all wavelengths will be absorbed, again giving zero sensitivity. Compared with 

SPR fibre-optic sensors without the transducing layer, the length needed for full 

absorption in all wavelengths is greater, since the transmitted optical power spectrum is 

narrower.

3.6 Summary and Conclusions

In this chapter, the optical power transmittance, as one of the most important 

characteristics in SPR fibre-optic sensors both with and without a transducing layer, has 

been analysed and studied by numerical calculations. The behaviours and characteristics 

of SPR fibre-optic sensors obtained by numerical calculations agree well with previously 

published experimental results, such as Jorgenson’s work [Jorgenson 1993 and 1994] and 

Slavik’s work [Slavik 1998].

Further, by suitable design of the sensing element in terms of the thickness and 

the length of the supporting metal, as well as the thickness and refractive index of the 

transducing layer, the optimal behaviour of the SPR fibre-optic sensor over a wide 

dynamic range can be achieved.

The optical power spectrum of SPR fibre-optic sensors with a transducing layer is 

narrower than that of sensors without a transducing layer, This characteristic leads to the 

SPR fibre-optic sensors with a transducing layer have higher sensitivity. By using a 

transducing layer, sensing can be achieved by monitoring the change of refractive index 

in the sample to be measured or in the transducing layer. Thickness change of the 

transducing layer can be another sensing parameter to design SPR fibre-optic sensors.
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Finally, some other issues of the characteristics of SPR fibre-optic sensors, such 

as sensitivity, dynamic range, the position of minimum reflectance and the dispersion due 

to the SPR supporting metal, are important and need more detailed discussions.
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Chapter 4 

An Approximate Theoretical Model of Surface Plasmon Resonance Optical 
Waveguide and Fibre-Optic Sensors

4.1 Introduction

The following chapter is a detailed description of how to construct an 

approximate mathematical model for surface plasmon resonance (SPR) optical 

waveguide and fibre-optic sensors. Optical surface plasmon resonance (SPR) excitation 

can be theoretically depicted and discussed using Fresnel’s equations. However, Fresnel’s 

equations cannot explicitly give expressions to reflect the characteristics of SPR systems, 

such as the half-width of the reflection curve, and the minimum reflectance. In SPR 

optical waveguide and fibre-optic sensors this difficulty is even worse. Based on the 

approximation proposed by Kretschmann in bulk optics, an approximate mathematical 

model is presented in this chapter to describe the characteristics of SPR large dimension 

optical waveguide and fibre-optic sensors. This model keeps high accuracy for operation 

close to the minimum reflection area, at which the resonance condition is achieved. This 

model can be used to analytically estimate the performance of SPR optical waveguide 

sensors, and SPR fibre-optic sensors in meridional rays approximation.

4.2 Motivation of the study

As mentioned in Chapter 3, optical surface plasmon resonance (SPR) excitation is 

a promising technique in the fields of chemical and biochemical sensing, with high 

sensitivity and fast response as its main features. After study and development over more 

than two decades, this technique has been applied to the determination of gas 

concentration [Kalabina 1995, Jory 1995 and Wright 1995], the measurement of optical
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properties of metals [Fontana 1988, de Bruijn 1990 and Nash 1998], microscopy [Nikitin 

1999 and Lahiri 1999] and biosensors [Disley 1998 and Aldinger 1998]. Based on the 

configuration and the approximate mathematical model proposed by Kretschmann 

[Kretschmann 1971], there have been successful theoretical and experimental studies of 

bulk-optic surface plasmon resonance systems [Chen 1981 and Kano 1994]. In recent 

years, with the progress of optical waveguide and fibres and related techniques, SPR 

optical waveguide sensors [Harris 1995, Weiss 1996a, Schipper 1996 and Weiss 1996b] 

and SPR fibre-optic sensors [Garces 1992, Jorgenson 1993, Jorgenson 1994 and Slavik 

1998] have attracted much attention. Fresnel’s equations are very useful to analyse SPR 

large dimension optical waveguide and fibre-optic systems. However, parameters which 

can affect the performance of the sensors are implicit in Fresnel’s equations. In order to 

help the study and design of SPR optical waveguide and fibre-optic sensors, it is 

necessary to make efforts to construct theoretical models. In Chapter 3, the characteristics 

of surface plasmon resonance fibre-optic sensors have been analysed numerically [Xu 

2000].
Furthermore, the sensing measurement in SPR sensors happens within the area 

close to the minimum reflection of light power from the interface of the SPR supporting 

metal film and the dielectric medium (there is a Lorentzian “dip” on the reflection curve 

around the minimum reflection). Therefore, the characteristics of the reflection curve 

close to the “dip” are important to the performance of a SPR optical waveguide or fibre- 

optic sensor. In this chapter, based on the approximation proposed by Kretschmann 

[Kretschmann 1971] in SPR bulk-optic systems, the explicit approximate expression is 

derived for SPR large dimension optical waveguide sensors and SPR fibre-optic sensors 

in meridional rays approximation.

4.3 Approximate mathematical model

4.3.1 Theoretical derivations

An important technique for the study of surface plasmon waves arises by
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considering bulk optic components particularly the prism. The theoretical derivation in 

this section is started from Kretschmann’s approximate expression in bulk-optics. This 

approximate expression has been studied and applied by many researchers, such as 

Kretschmann, Pockrand and Chen.

When light is incident at an angle 0 close to the resonance angle 6SP, the TM 

mode of the incident light is strongly absorbed and the overall reflected light is attenuated 

very much. With the angle close to 6SP, the reflection coefficient r(Q) of the TM mode 

light can be approximately expressed as a function of 6 as [Kretschmann 1971 and Chen 

1980]:

= x 4[Im(fc °) + Im(A T)] Im(£ *) 
[* ;-R e (* 2)]2 + Im (^ )2

where the definition of variables is the same as in Chapter 3.

Under the condition of |lm(&z )| « |Rc(kz ) |, the reflectance has a Lorentzian “dip’ 

at 6SP with a half-width (FWHM) We and a minimum reflectance (0) given by:

w  ( 4 .2 )
n co cos 6SP

(61) = 1--------------------------------------------------------------------------------(4.3)
(1 + ? )2

where

Im(fc°) + Im(A:r ) 
Im(**)
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This approximate model for bulk-optic surface plasmon excitation can be used for 

SPR optical waveguide sensors and SPR fibre-optic sensors in meridional rays 

approximation.

Because the planar optical waveguide is simply a special case of the optical fibre 

(with radius = 0 0 ), for generality, the mathematical model in this section is based on the 

optical fibre. Figure 4-1 shows the meridional cross-section of the sensing element of the 

SPR fibre-optic sensor.

Figure 4-1 Cross-section of the sensing element of the SPR fibre-optic sensor

A multi-mode optical fibre, with core diameter d and refractive index n2 

(dielectric permittivity s 2), has the jacket and the cladding removed to expose the core, 

on which is symmetrically deposited a metal film of thickness dx and dielectric 

permittivity sx (refractive index «,).

Fibre cladding Fibre core

Metal film Transducing layer
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In some SPR sensors, the metal film is directly in contact with the sample to be 

measured with refractive index nQ (dielectric permittivity £0), in others, a dielectric 

isotropic transducing layer with thickness d3 and refractive index n3 (dielectric 

permittivity e3) is deposited symmetrically outside the metal film. In order to obtain a 

general expression, all formulations are derived in this chapter including this transducing 

layer. Sensors without transducing layers are considered as a special case by setting 

d3 = 0 .

A ray of light transmitted in an optical fibre with incident angle 6 with respect to 

the normal of optical fibre core and metal interface, the intensity reflection coefficient of 

surface plasmon wave can be expressed as [Raether 1988, VanGent 1989, Pockrand 1978 

and Chen 1980]:

where the amplitude reflection is calculated by r2l0 = E p / E p , in which E p0 and E pr 

represent the incident and reflected light amplitudes, respectively.

Under Kretschmann’s approximation [Kretschmann 1971], this reflection 

coefficient is expressed as Equation (4.1).

This light ray transmitted in the multi-mode optical waveguide or optical fibre 

(with incident angle 0 , shown in Figure 4-1), will have N  reflections in length L of SPR 

sensing element. Thus, combining the contribution from the N  reflections within the SPR 

sensing element, finally the intensity reflection coefficient is expressed in Equations (4.6) 

and (4.7):

r(0) = In. |2 _  r 2i + ''130 e x p (2 y 'M i)
210 — .i i x

1 + '-2,n130exp(2./Vi)
(4.5)

/ / i \  t— r2 1 + rm  exp(2yV i)
r ( v ) -  r2io = :------------------------ .

2  N

l + '-2i'-1Mexp(2./V l)
(4.6)
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r N(0) = r  4[Im(it0) + Im(;fc7')]Im (*V *
[kf -Re(£)] +Im(&l )2

y
(4.7)

In SPR optical waveguide or fibre-optic sensors, the optical power transmittance 

(the output signal) has to include the contribution from all guided modes, which can be 

obtained by an integration over all guided modes.

In order to have simple and distinct expressions for further mathematical 

derivations and analyses of the characteristics of SPR optical waveguide or fibre-optic 

sensors, some approximate manipulations are taken to Equation (4.7). The ideas of these 

mathematical manipulations are to approximate the Lorentzian function with the 

Gaussian function, and approximate the Gaussian function with binomial function, then 

go from binomial function to exponential function, and finally from exponential function 

to the final alternative approximation.

All mathematical manipulations following are under the condition of

[kf -  Re(&2)] / Im(A:z) « 1 .

Using Equation (4.7), obtained:

4[Im(&°) + \m(k T)] Im(i *) / Im(£2) :

1 + kf R <**,)
\m{kz) Imrt )

(4.8)

r(G) = 1 -
4(Im(/t°) + Im(/t7,)]Im(^'i) 

Im (* )2
exp ( k] - R e ( ^ ) V 

Im(i )
ln2 (4.9)

r(6) = \ -
4[Im(^°) + Im(fer )]Im(^'i) 

Im(i )2
1 - k] -R e(* ,) '|

2
In 2

Im(A:2) J (4 .10)
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, 4[Im(fr0 ) + lm(k T)] Im(fc *) ( 4 [Im (r) + Im(£r )]Im(fr*) 
Im (^ )2 Im (* )2

' k; ~ R e (^ )V 
Im(£ )

In 2

m = 1 - 4[Im(fc°)-t-Im(fcr )]Im(fc'i) 
Im(* )2

1 +

4[Im(fc0) + Im(fc T )] \m(k R ) 
Im (*J2

4[Im(fc°) + Im(fr T)] Im(£ *) 
Im (* )2

f k\ - R e (^ )  V
Im(* )

In 2
Z /  J

m = 1 - 4[Im(A:°) + Im(fcr )]Im(/t")' 
Im(fc )2

exp •

4[Im(^°) + Im(kr )] Im(* *) 
Im (^ )2

4[Im(fc°) + Im(£ r )] Im(fc *) 
Im (* )2

r k] -R e (k z) ' 2 
Im(i )

ln2

r N{0) =
4[Im(fc°) + Im(£r )]Im(fc*) 
[k’ -R e(k ,)]2 +lm(k! )2

\ "

(4.11)

(4.12)

(4.13)
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"(0) = l - 4[Im(fc°) + Im(fcr )] Im(fc*) 
Im(*,)2

exp N ' k', - R e ( ^ ) V 
Im(i )

In2

(4.15)

r " W  = 1 -
4ftm(£0) + Im(fc T )] Im(fc * ) 

Im(*8)2

1 - N 4[Im(fc°) + Im(£ r )] Im(£ *)
Im(i )2 -  4[Im(£0) + Im(A T)] Im(£ *) Im(i )

(4.16)

Both Equation (4.15) and Equation (4.16) are approximate expressions which can 

be applied to analyse SPR optical waveguide and fibre-optic systems.

4.3.2 Model accuracy

This approximate model is applied to describe the characteristics of the reflection 

curve close to the resonance angle 6SP, “dip” area. The accuracy of this mathematical 

model is high in the “dip” area. The farther away from the resonance angle, the worse the 

accuracy is.

Figure 4-2 shows the reflection coefficient curves calculated by these approximate 

expressions. The parameters for the calculations are: He-Ne laser, X = 632.8nm , core 

refractive n2 = 1.515 , core diameter d = 600fjtm , SPR element length L = 12mm, light
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incident angle 0 — 68°, silver as SPR supporting metal, and under the assuming: 

4[Im(£°) + lm(kT )] Im(£* ) / Jm(kz)2 = 0.7.

When kf  -  Re(£z) / Im {kz) < 0.14, the error of the Gaussian approximation is

about 9%, the error of the Lorentzian approximation is about 11%.

When kf -  Re(£z) / Im(A:z )| < 0.1, the error of the Gaussian approximation is

about 5%, the error of the Lorentzian approximation is about 2%.

0.0003

0.00025 -

0.0002

0.00015 -

0.0001 -

0.00005

0.2 0.25-0.05 0 0.05 0.1 0.15-0.25 -0.2 -0.15 -0.1

Figure 4-2 The reflection coefficient curves for different approximations, —  represents 

the curve from Equation (4.14), ▲ represents the curve from Equation (4.15) and ■ 

represents the curve from Equation (4.16)

4.4 Illustrative applications
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4.4.1 Characteristic parameters of SPR large dimension optical waveguide

In a SPR large dimension optical waveguide sensor, three parameters, the 

minimum position 0SP (or k zsp ) where the resonance condition is satisfied, the minimum

reflection coefficient , and the half-width, FWHM We (or Ak. ) are important and 

closely related to the performance of the sensor. For example, the sensitivity of the sensor 

is inversely proportional to the half-width FWHM A0 (or Ak. ) [Gent 1990]. Analytical 

expressions for these three parameters are very useful in estimating the behaviour of the 

sensor.

Considering an optical waveguide with length L of SPR sensing element, incident 

TM mode light at angle 0 with respect to the normal at the medium/metal interface, the 

number of reflection at the interface will be N  = L / 2d tan 0 .

Under condition of |lm(&z)| « |Re(A:z )| [Chen 1980 and Chen 1981], using the

variable definition in the above section, and using the Equation (4.16), 0SP, R ^n and

We can be obtained:

y  l7tWhen Re(A:z) = k(€2)/2 sin0SP = — n2 sin0SP, the minimum position 0SP is achieved.
A,

The minimum reflection coefficient R ^n is expressed as:

sensors

(4.17)

The half-width FWHM of the reflection curve We is expressed as:

TT/ _ 2cIm(A:z) f  1 - c r N Y 2
ncocos0SP L̂>(1 + C7 )>

(4.18)

where cr = 1 -
4[Im(£0) + Im(fc r )] Im(fc *) 4[Im(fc°) + lm(fcr )]Im(^'i)

im(kz)2 ’ lm(k1)2 - 4[Im(/t0) + Im(£r )]Im(/t' )
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4.4.2 Reflectance of SPR fibre-optic sensors

It is known that light rays with a range of incident angles are allowed to propagate 

in a multi-mode optical fibre. The range is determined by the numerical aperture of the

fibre, N.A.= n2 cos0c = (nf -  n\ ) 1/2. Only rays with 90° > 6 >6C (critical angle) can be 

transmitted in the optical fibre. To find the output of the SPR fibre-optic sensor the 

contribution from all rays transmitted should be considered. Such a consideration 

depends on the power distribution of the light source. Mathematically, an integration has 

to be made to combine all these rays’ contributions.

For simplicity, if  the light power reaching the sensing region is distributed equally 

among all rays with incident angles in (0X, 02), the total light power reflectance is 

expressed [Ruddy 1990]:

where y{0) is the reflection coefficient of light ray at angle 0

Then, in fibre-optic sensors, the guided modes within angles of ( 0C, 90°), the 

total reflectance of TM mode light is expressed as:

Because different ranges of angles suffer different numbers of internal reflections, 

from 1 to maximumN m ( at 0C ), the total angle range (0C, 90° ) can be divided into 

discrete sub-ranges ( 0m, 0m+l) , m = 1,... , N m, each sub-range suffers the same number

f  r w e (4.19)

(4.20)
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of reflections. These angle sub-ranges correspond to propagation constant sub-ranges, ( 

k zm, k zm+l ) . Therefore, the analytical expression of the reflectance is given by:

where k zQ0 and k zc represent the propagation constants of guided rays at 90° and critical

angle Qc, respectively. The definition of other variables is the same as in earlier 

equations.

These are illustrative examples to demonstrate the applications of the approximate 

model. Due to the complication of light power distribution of light sources, the detailed 

analysis of the reflectance in some cases can only be calculated by numerical methods. In 

SPR sensors the analysis should also consider that both TE and TM polarised light can 

propagate in optical waveguides and optical fibres. All the above issues have been 

studied in Chapter 3 by numerical calculations.

4.5 Conclusions

Theoretical models are important tools in the study and development of surface 

plasmon resonance (SPR) sensors. However, Fresnel’s equations cannot give explicit 

expressions to reflect the relationship between parameters of the design and the 

characteristics of the sensor. Furthermore, the performance of SPR optical waveguide and 

fibre-optic sensors is closely related to the characteristics near the minimum reflection 

“dip” area in the reflection curve. To construct theoretical models to estimate the 

characteristics of the curve close to the “dip” is meaningful and very useful. In this

S 1 -  v[kz -  Re(£z )]2 / Im(£z )2
1

----------------Zj ct log------------- j=----------------
2 ( ^ . - * « ) —' _ Im (^ ) - 4 o [ k ‘ -R e (^ )]_ t ,

(4.21)
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chapter, a theoretical model has been presented for SPR large dimension optical 

waveguide and fibre-optic sensors. This model can be applied to do analytical study as 

shown in two illustrative examples.

These examples show that the analytical relationship between the characteristic 

parameters o f SPR optical waveguide or fibre-optic sensors (such as those using light 

reflectance etc) can be used to quantitatively estimate the performance in the area close 

to the minimum “dip”. The nearer to the “dip”, the higher the accuracy obtained. 

Theoretically the derived approximation gives no error at the minimum “dip”.
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Chapter 5 

Numerical Error and Limitation Analysis of Two-Wavelength 
Light Intensity Attenuation-Based Fibre-Optic Chemical Sensors

5.1 Introduction

The following chapter is a detailed evaluation of the errors and limitations of 

two-wavelength light intensity attenuation-based fibre-optic chemical sensors based 

on the Beer-Lambert law. A general formulation to express the measurement error and 

the error induced by the instability of the light power inputted into the absorbing 

sample to be measured is derived. Using this formulation, two common and important 

errors in this type of sensor, temperature fluctuation of light sources and bending of 

optical fibres, are discussed. Numerical calculations are presented to demonstrate the 

effect of the errors as examples. This approach can be applied not only to the Beer- 

Lambert law based two-wavelength fibre-optic chemical sensors, but to other types of 

two-wavelength fibre-optic systems as well.

5.2 Light intensity attenuation-based fibre-optic chemical sensors 

using the principle of the Beer-Lambert law

Optical bulk-absorption based on the Beer-Lambert law is the most popular 

and important spectroscopic technique for designing light intensity attenuation-based 

sensors. Many fibre-optic chemical sensors are developed on this principle, whereby 

the detected output signal of the sensor is used to determine the concentration of the 

analyte to be measured.

The basic principle is illustrated schematically in Figure 5-1, which shows an 

incident light beam of intensity I 0 yielding transmitted I T or reflected I R signal, after 

interaction either directly with the analyte or with an immobilized indicator system.
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Although a range of geometrical configurations can be used with optical fibres, the 

basic principles of interaction remain the same. According to whether transmitted or 

reflected light is monitored, the sensors can be divided into two classes:

1. transmission-type [Zhou 1988 and Deboux 1995],

2. reflection-type [Peterson 1980 and Landis 1994].

Figure 5-1 Major spectroscopic principles used in fibre-optic chemical sensors

The basic formulation of light intensity attenuation by absorption is 

characterised by the Beer-Lambert law, expressed in Equations (1.1) and (1.2).

These equations can be applied in bulk-absorption and evanescent wave absorption, 

with the absorption coefficient, a x, corresponding to bulk-absorption coefficient or 

effective evanescent wave coefficient, respectively.

The important practical consequence of the measurement is that when I 0 and 

I T are known, the calculated absorptance of A = log(/0 / 1T) is directly proportional to 

the concentration, yielding a linear calibration.

It is important to point out, however, that there are practical limitations to the 

applicability of the Beer-Lambert law, or, in particular, the linear dependence of 

absorption on concentration:

(1) The bandwidth AA of the incident light beam should be very narrow, ideally 

approximating monochromatic radiation. Deviations from perfect Beer-Lambert 

behaviour increase as AA increases, but are particularly severe when A A is greater 

than the spectral width of the absorption band of the absorbing species. Such 

deviations result in a nonlinear calibration in the sensor, which, although

Analyte or 
Indicator 
System

► i T
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acceptable in some instances, results in a sensitivity that falls off with 

concentration and a consequent reduction in the useful measurement range.

(2) Deviations from perfect Beer-Lambert behaviour are also observed in highly 

absorbing or highly scattering media. Both of these effects yield a very limited 

linear range for the absorbance-concentration relationship. Furthermore, high 

concentrations of the absorbing species can also result in measurement problems 

due to reactions taking place. In such circumstances the optical characteristics of 

the absorbing material will differ significantly from those observed at low 

concentrations.

5.3 Two-wavelength light intensity attenuation-based (the Beer- 

Lambert law) fibre-optic chemical sensors

For the purpose of improving accuracy and stability, in the design of light 

intensity attenuation-based fibre-optic chemical sensors, such as the Beer-Lambert 

law based sensors, a differential absorption technique is usually used [Dakin 1989]. In 

this a reference wavelength, different from the measurement beam wavelength, is 

used. At the measurement wavelength the light will be strongly absorbed by the 

chemical species to be measured, at the reference wavelength the absorption of light 

does not happen, or the absorption is small and might be neglected [Chan 1984].

Coupler4

Probe
'2

Detector

Filter

Figure 5-2 Typical example of two-wavelength system
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Concentration 1

Concentration 2

Concentration 3
co
CL
own<

Wavelength

Figure 5-3 Two-wavelength principle: Xx signal wavelength, X2 reference 

wavelength, Concentration 1 > Concentration 2 > Concentration 3

Figure 5-2 and Figure 5-3 show the configuration and principle of the two- 

wavelength system, Xl and X2 are measurement and reference wavelength, 

respectively.

Many fibre-optic spectroscopes and sensors have already been developed 

based on this principle in commercial markets. Much research has been done on these 

devices as well. The study of error sources and the accuracy limitation of this type of 

sensor is important. Some authors have reported their work on this topic, such as the 

analyses of source shot, thermal noises and coherent reflection noise [Jin 1995 and Jin 

1997].

In two-wavelength systems, the fluctuation of light output power and power 

spectra from light sources can be an important error source. And, in fibre-optic 

sensors, the disturbance of the optical fibre itself is of concern since light power is 

transmitted by optical fibres. The optical fibre itself is a dispersive component, the
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attenuation of the transmitted light power induced by disturbing optical fibres such as 

bending is also due to dispersive processes. The power attenuation is different at 

different wavelengths, which generates another error source in two-wavelength 

absorption-based fibre-optic sensors. In this chapter, two common and important 

issues in the Beer-Lambert law based fibre-optic chemical sensors not well studied 

considering the operation of two wavelengths before, namely the errors induced by 

the temperature characteristics of light sources (especially non-coherent broadband 

light sources) and the effects of bending optical fibres are studied both theoretically 

and by numerical examples.

5.4 Mathematical model

Light passing through a material can be absorbed by interaction with the 

molecules and atoms of the host material, or with impurities and defects. At a given 

wavelength X , the intensity of the light passing through the material is attenuated as 

an exponential function of its path length x. This is expressed by the Beer-Lambert 

law:

where Ik (x) is the light intensity at a distance x , Ik (0) is the incident light intensity at 

x = 0, a  x is the absorption coefficient and [M] is the concentration of the absorbing 

material.

As mentioned before, the differential absorption technique, two wavelengths 

are applied, Xx as the measurement wavelength and X2 as the reference wavelength. 

Therefore, the output of sensors can be expressed as:

JA X) = 7a( 0)exp(-aJ.M ]jr) (5.1)

I u (x) _ /,,(0)
exp (~an [M\x + a n [M\x) (5.2)

'« (* )  /*«>)
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where the subscripts represent different wavelengths.

Because the absorption at X2 is small, and can be neglected, that is, 

a X2[M]x = 0 (5.3)

Equation (5.2) can be re-written as:

^  ̂  = - ^ —̂ e xv ( - a xi [M]x) (5.4)
I X2(x) IX2 (0)

Equation (5.4) is the measurement expression of the Beer-Lambert law based 

two-wavelength fibre-optic chemical sensors. In the measurement, I M (0), IX2 (0), 

a x j and x  are known, the concentration [M\ is obtained by measurements of the 

outputs of the sensor, Ixl (x) and IX2 (x ).

The accuracy of the sensor is determined by the errors of the measurement of 

light intensities outputted from the absorbing sample to be measured, which can be 

expressed as:

L ( * )  = I x,(x ) + AIm(x ) (5-5)

= I n ( x ) + M  n ( x ) (5-6)

and further,

L w = L i W - ( 1+ ^ i W )  (5-7)

I l l {x) = I n (x)-( \  + S l l (x)) (5.8)
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where AIX} (x) and AIX2 (x) represent measurement errors, and 

8 xi (x) = AIX1 (x) / I X1 (x) and 8 X2 (x) = M X2 (x) / 1X2 (x) represent relative 

measurement errors.

From Equation (5.4), it is known that the accuracy of the sensor is also 

affected by the stability of the light powers inputted into the absorbing sample, which

can be expressed as:

L ,(0) = L 1(0) + A/„(0) (5.9)

^ 2(0) = L 2(0) + A/,2(0) (5.10)

and further,

L 1(0) = L ,( 0 ) ( i+ ^ , ( 0 ) )  (5.11)

?2(0) = / , 2(0)-(l + ^ 2(0)) (5.12)

where AIXI (0) and AI n  (0) represent incident light intensity fluctuations,

S xi (0) = Al xx (0) / I XI (0) and 8 X2 (0) = AIX2 (0) / 1X2 (0) represent relative incident 

light intensity fluctuations.

Here it is assumed that variables a x and x  do not change. Therefore, the 

concentration measurement formulation of the Beer-Lambert law based two- 

wavelength fibre-optic fibre-optic chemical sensors can be expressed by Equation 

(5.13), which includes the above-mentioned errors and fluctuations.
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where [M]m is the measured concentration value, which would be different from the 

real value [M].

Substituting the above error expressions into Equation (5.13), and obtaining:

/ „ ( * ) _ / „ ( * ) •  0 + * „ ( * »  ( 5 1 4 )

I J x ) - ( l  + Su (x)) = I u (0) •(! + <?„ (0)) 
/ „ ( * ) - 0 + ^ ( * ) )  / „ ( 0 ) - 0 + ^ ( 0 ) )  "

The relationship between the real concentration [M] and measured 

concentration [M ] is expressed as:

exp[au ( [M]- [M}m)x}= (516)(l + <yA2W)-(l + 0 ,̂(0))

Because of the small values of 5 X1 (x ), 8 n  (x) , 8 n  (0) and 8 X2 (0), Equation 

(5.16) can be re-written as:

a u  « -  [* 0 .* )  = 1 + 8xx W  -  *n  W  "  *xx (°) + (0) (5.17)

The measurement errors 8 X1 (x) and 8 12 (x) have been studied in Jin’s papers 

[Jin 1995 and Jin 1997]. As illustrative examples, the following numerical 

calculations are focused on the study of terms 8 Xl (0) and 8 X2 (0) , which are caused 

by the instability of incident light intensities inputted into the absorbing sample to be 

measured.

5.5 Illustrative examples of numerical error analyses and discussions
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In the Beer-Lambert law based two-wavelength fibre-optic chemical sensors, 

the reference wavelength X2 is used to monitor the background absorption and the 

fluctuation of output light power from light sources. Ideally Ikx (0) and IX2 (0) do not 

change during the measurement. In practice, there are many factors which could result 

in the instability of IXI (0) and IX2 (0). Among these, the fluctuation of the output 

light power of light source induced by the temperature change and the physical 

disturbance of optical fibres are inevitable and significant. In following parts of this 

section, these are studied as two illustrative examples.

5.5.1 The error due to the temperature fluctuation of light sources

In the Beer-Lambert law based two-wavelength fibre-optic chemical, non­

coherent broadband light sources, such as black-body radiators, Lamps and LEDs are 

usually used. The light output power, even power spectrum, of these light sources 

could be changed by many factors. For long-term use, the instability of the output 

power of light sources is extremely important to the performance of the sensor.

The temperature instability of output light power and power spectrum of non­

coherent broadband light sources is complicated. It completely depends on the light 

sources themselves. Different types of light sources have different temperature 

characteristics. Here the black-body radiator is used as an illustrative example.

The black-body spectral radiation can be analytically expressed as [Chappell

1976]:

L(0> = -------- ^ 7 --------  (518>
Q0X5 • (e ^ kT- \ )

where / A(0) is the radiation intensity of the radiator, c0 is the velocity of light, Q 0 is 

the solid angle, k  is Boltzmann’s constant, h is Planck’s constant, T is absolute 

temperature and X is the radiation wavelength.
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Obviously I x (0) will be changed by both wavelength and temperature. The 

accuracy of a Beer-Lambert law based two-wavelength fibre-optic chemical sensor 

with this type of light source using two-wavelength technique, especially when the 

difference between the two wavelengths is large, will be apparently affected by the 

change of temperature.

Fig. 5-4 shows the numerical calculation of errors caused by the temperature 

variation of the black-body radiator against wavelength.

^ ( 0 ) /
ZdT

0.7

0.6 - -

0.5

0.3 „

0.2

0.1

1.4 1.61.20.4 0.6 0.8 10 0.2

Wavelength (um)

Figure 5-4 The variation of errors at different temperatures against wavelength

At different wavelengths the output power fluctuation caused by temperature 

change will be different.

For example: assuming T= 293°K,

at A, = 1.0pm, S Al(0) = O.lldT and at A. = 0.5pm, S n (0) = 0.34dT.
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In this case, from Equation (5.17), the error of the measured concentration 

induced by the temperature fluctuation of the output power of the light source is 

[M] - [M}m \ = 0 \ l d T I ( a i r x).

The error increases with the increase of temperature. The temperature 

characteristic of light power spectra of light sources is a critical factor in determining 

the accuracy of the Beer-Lambert law based two-wavelength fibre-optic chemical 

sensors. In some applications, in order to obtain high accuracy, temperature 

controllers or compensators for light sources are needed.

5.5.2 The error due to bending of optical fibres

In practical uses of the Beer-Lambert law based two-wavelength fibre-optic 

chemical sensors, bending of optical fibres is unavoidable, for example, bending the 

optical fibre to fit the space restriction. Bending an optical fibre will lead to the 

attenuation of light power transmitted inside the optical fibre. Especially when the 

bending curvature is small, this type of loss will increase significantly. Much research 

has been done in the study of bending optical fibres either by geometric optics [Gloge 

1972 and Snyder 1974c] or electromagnetic theory [Marcuse 1976a and Marcuse 

1976b]. The influence of bending optical fibres on the accuracy of this two- 

wavelength fibre-optic systems has not been well studied before. In this section this 

error is investigated by geometric optics. Multimode optical fibres with large core 

diameter are often used in this type of sensor and geometric optics is highly effective 

and useful to analyse the loss in such optical fibres.

Based on the results by Gloge [Gloge 1972], an optical fibre with core 

diameter 2a, reflective index nx, cladding reflective index n2, the bending loss 

coefficient a  is:

a O
a  = 2nk (02 - 0 2)exp[--w ,kR(02- 0 2- — )*] (5.19)

3 R

where k  is the free-space propagation constant, R is the curvature radius, 6 is angle of 

the ray (with respect to longitudinal axis of optical fibre) and
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0c =[1 -  C / n  )2 Y2 is the critical angle for total internal reflection.

The mean quantity of bending loss coefficient considering the contributions 

from all transmitted rays can be calculated by integration. This loss coefficient will 

vary with the wavelength in detailed analysis.

For simplicity, the following discussion of bending loss coefficient is based on 

Equation (5.19).

The light power transmission in a bending optical fibre is defined as [Wolf

1979]:

where Pout and Pin are the light output and input powers, respectively, L is the bending 

length of the optical fibre.

In the Beer-Lambert law based two-wavelength fibre-optic chemical sensors, 

the bending loss of the optical fibre is obviously equivalent to the fluctuations of the 

light intensities inputted into the absorbing sample, I n (0) and I X1 (0) . Therefore, the 

following equations can be obtained:

Figure 5-5 shows the numerical calculation of the error induced by the optical 

fibre bending loss at different bending curvature against wavelength.

From Equation (5.22), it is known that the error depends on both the radius of 

bending curvature and the light wavelength. Under the same bending, the loss will be 

different at different wavelengths.

■aLI 1 0 (5.20)

I x(0) = I x(0)-e (5.21)

8  x (0) = e  - 1 (5.22)
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Figure 5-5 The error caused by the fibre bending loss at different curvatures

against wavelength

For example: assuming «, = 1.5, n2,=1.496, R = 50mm, a = 60pm, Qc=42° ,0  = 2.5° 

andL=4R, at X = 1.5pm, £ A1(0) = 0.45 and at X = 1.0pm, S A2(0) =0.023.

The larger the radius of curvature is, the smaller the loss. The loss difference 

between the two different wavelengths is also smaller. The loss will increase with the 

decrease of the radius of bending curvature. A concept of the critical radius (suffering 

3-dB loss) is introduced to reflect the relation between light power loss and the 

bending curvature, which is expressed as [Senior 1985]:

(5 '23)

By Equation (5.23), it is known that when the wavelength is smaller, the 

critical radius is smaller too and vice versa.
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For example: using the above optical fibre, at X = 1.0pm, Rc = 410pm and at X =

0.5 pm, Rc = 205pm.

When the radius of bending curvature is between these two critical radii, the 

loss will be very different at these two wavelengths. Under this circumstance, the use 

of these two wavelengths as measurement and reference light in a Beer-Lambert based 

two-wavelength fibre-optic chemical sensor will increase the error induced by 

bending the optical fibre.

Bending, especially microbending has a significant influence on the accuracy 

of the Beer-Lambert two-wavelength fibre-optic chemical sensors. Microbending of 

optical fibres should always be considered carefully.

5.6 Conclusions

In the Beer-Lambert based two-wavelength fibre-optic chemical sensors, the 

accuracy is affected by many factors such as principle errors, measurement errors and 

instability of environments. In this chapter, a general formulation has been derived to 

analyse errors, and using the formulation the error induced by the fluctuation of light 

power inputted into the absorbing sample is studied. As illustrative examples, the 

errors induced by temperature instability of light sources and bending optical fibres 

are numerically analysed since they are not well studied in the Beer-Lambert based 

two-wavelength fibre-optic chemical sensors.

The environmental physical disturbance (particularly microbending of optical 

fibres) and temperature fluctuation could be critical to the accuracy of the sensor in 

some applications. From the design point of view, under such circumstance, in order 

to achieve high performance of the sensor, temperature controllers or compensators 

for the light source are needed. Another effective approach to minimise the error is to 

choose the interval of measurement and reference wavelengths to be as small as 

possible.

In the design of the light source for the Beer-Lambert based two-wavelength 

fibre-optic chemical sensors, not only does the stability of output power have to be 

considered, but the stability of the output power spectra has to be studied carefully as 

well. Although only the error influence from temperature change of the light source is
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addressed in this paper, other factors which can change the output light power and 

power spectrum of light sources such as the driving current of the light sources could 

be discussed using the same approach.

From Equation (5.17), the effects of different errors in the Beer-Lambert based 

two-wavelength fibre-optic chemical sensors are not the same, with some of them 

positive, others negative. In the design, this characteristic could be used to 

compensate one for another and reduce the overall error of the sensor to the minimum.

The information and consideration drawn from this research can be applied in 

two-wavelength absorption-based fibre-optic sensors both of the transmission-type 

and reflection-type.
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C h a p te r  6 

Design of a “Propofol” Fibre-Optic Sensor

6.1 Introduction

This chapter details the design of a “propofol” fibre-optic sensor as an example 

design study of the extrinsic type of light intensity attenuation-based fibre-optic chemical 

sensor. A “Propofol” fibre-optic sensor is developed to measure the concentration of an 

anaesthetic, Propofol, in infusion. As mentioned before, the design of extrinsic fibre- 

optic sensors is mainly focused on the probe and on overall system optimisation with 

regard to the proper selection of light source, detector, etc. The objective of this chapter is 

to summarise the considerations during the design process and give the reasoning behind 

the decisions regarding every key element of the sensor, such as the design of the probe 

structure and materials. A full system including mechanical structures and electronic 

circuits has been suggested for further development. This system has been constructed 

and tested.

6.2 Optical anaesthetics sensors

6.2.1 Concentration measurement of anaesthetics

Since the first use of ether and chloroform in the 1840s, anaesthetics have been 

applied to clinical effect. It is important to be able to measure the concentration so that 

the rate can be controlled at optimal levels for each stage of the procedure. Good control
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will allow appropriate depth of anaesthesia to be maintained at all times and provide good 

patient recovery characteristics. The common techniques available today for measuring 

the concentration of anaesthetics include high-performance liquid chromatography 

(HPLC) [Plummer 1987], mass spectroscopy, Raman spectroscopy [Westenskow 1989a, 

1989b and Gregonis 1990], infrared absorption [Guyton 1990], and piezoelectric sorption 

detection [Cooper 1981, Westenskow 1991 and Schmautz 1992]. However these 

techniques are either too fragile or complex and expensive [Cooper 1981], and usually 

require special reagents and solutions with appropriate dilutions, which determine these 

methods are in vitro and need to be supported by a biomedical laboratory.

To date there is no rapid direct method for monitoring general anaesthetics 

(volatile and infusible) in blood or tissue [Cooper 1981 and MacDonald 1994]. The 

routine clinical measurement of anaesthetics has been a difficult target for researchers. 

Some approaches have been proposed [Lowe 1971, Cooper 1981 and Gregonis 1990]. 

Optical detection is a promising technique among these approaches. Particularly, in 

recent years, with the progress of the optical fibre and its related technology, fibre-optic 

sensors have exhibited great potential for concentration measurement of anaesthetics in 

vivo monitoring, with unmatched advantages in clinical applications such as very low 

toxicity, minimal tissue damage, fast response and high accuracy.

6.2.2 Optical principles for the fibre-optic anaesthetic sensors

Commonly used optical principles in the design of fibre-optic anaesthetic sensors 

are light bulk absorption (the Beer-Lambert law) [Junger 1996 and Wu 1996], 

fluorescence excitation [Merlo 1990 and Yager 1992] and Raman scattering [Parnell 1995 

and Parnell 1996]. Each principle has its own features. Following is a brief evaluation of 

these principles in the context of anaesthetic concentration measurement in clinics.

a. light bulk absorption

Light bulk absorption is possibly the simplest principle suitable for use in 

measurement of the concentration of anaesthetics. Light intensity is attenuated by the 

accumulation of the absorbing species (anaesthetic molecules) in the light path. This
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attenuation is related to the concentration of the absorbing species via the Beer-Lambert 

law.

A suitable wavelength of light, which is strongly absorbed by the anaesthetic to be 

measured, has to be selected to achieve high sensitivity. The light can be ultraviolet, 

visible or infrared. The medium for absorbing the anaesthetic in the light path usually 

must be optically transparent to the selected light wavelength. The difficulty of this 

method is the interference by other compounds or species which can also cause strong 

absorption at the same wavelength. In order to overcome this difficulty and discriminate 

the anaesthetic to be measured from other compounds, sometimes multiple wavelengths 

may be needed.

b. fluorescence

Fluorescence is the radiative deexcitation of a molecule flowing absorption of a 

photon. In general, the emitted photon is of lower energy than the absorbed photon. 

Consequently, the fluorescence emission peak of a species is at a longer wavelength than 

the absorption peak. Its superiority over absorption are:

1. Fluorescence yields a signal that usually increases with the anaesthetic concentration 

and is measured against a zero background light level (ideally). In contrast, 

absorption is based on measurement of a signal that decreases with increasing 

concentration and is measured with respect to a high background. Intrinsically, 

therefore, the fluorescence approach will yield higher signal-to-noise ratios than 

absorption does.

2. In the case of fluorescence, one measures light that has been emitted by anaesthetic 

molecules. Consequently, it contains much useful information about these 

molecules. For example, one can measure fluorescence intensity, decay time and 

polarisation anisotropy and can also detect the phenomenon of energy transfer. 

Absorption, on the other hand, is based on the measurement of residual transmitted 

light, which contains little information about the absorption molecule.

However, the difficulty of fluorescence detection of anaesthetics is that some 

anaesthetics may not have strong enough fluorescent excitation to be measured.

c. Raman scattering
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Raman scattering involves vibrational interaction with the electron transition 

causes a frequency shift of the incident light and can also alter the polarisation.

If absorption occurs at the same time as the scattering, part of the energy of the 

incident light induces vibrations and/or rotations in the molecules and hence produces a 

change in the energy states of the molecule. This is Raman scattering. When the molecule 

returns to its equilibrium ground state, energy can be emitted as radiation. The emission 

lines occur at lower energies or longer wavelengths than the unscattered radiation, called 

Stokes lines. Emissions can also occur at higher energies than the unscattered light, called 

anti-Stokes lines.

Raman scattering may be used to yield “fingerprint” vibrational spectra of 

anaesthetics. It can be used for both quantificational and compositional identifications.

Basic problems in Raman scattering aproach are:

1. The poor efficiency of the Raman scattering process, high power light sources, and 

sensitive detectors.

2. The high amount of interference from the unwanted fluorescence and Raman 

scattering generated within the transmitting optical fibre in fibre-optic systems.

6.3 About “Propofol”

Propofol (Diprivan) is a short-acting, rapidly metabolised popular intravenous 

agent for inducing anaesthesia. The investigation into its anaesthetic activity was started 

in the late of 1970’s. Since then clinical trials and effects have been studied intensively.

Propofol is used as a general anaesthetic as well as an agent for sedation during 

regional anaesthesia or for ICU sedation. One key property of propofol is its ability to 

induce “sleep” rapidly and reversibly.

The research work on determination of propofol level or concentration has been 

done by many researchers, mainly these were focused on the conventional methods 

applied in clinics such as high-performance liquid chromatographic (HPLC), in which the 

plasma was used as the testing sample. Up till now there is no research reported in use of
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fibre-optic sensors to measure the concentration of propofol in vivo in clinics 

successfully.

In chemistry, propofol is an alkylphenol compound, its chemical definition is 

“2,6-di-isopropylphenol”. Chemical expression is shown in Figure 6-1.

Propofol has a pKa of 11. And its molecular weight is 178. When placed in an 

environment pH of 11, the propofol is 50% dissociated.

Propofol is highly fat soluble and dissolves poorly in water.

OH

Figure 6-1 Chemical structure of “Propofol”

Propofol is light yellow liquid. In visible light range it has a weak absorption at 

the wavelength of 425nm, which was probably not strong enough to use in a sensor, 

shown in Figure 6-2a. It has a strong absorption to ultraviolet light around 270nm. Figure 

6-2b shows the light absorption spectrum in ultraviolet light. These curves in the figures 

are measured by a SP8-100UV-VIS Spectrophotometer, with a light absorption path of 

10mm, and the absorption is calculated by log(Iin / 1out) ,  where I in and I out represent the 

input and output light powers, respectively. The propofol was dissolved in mineral oil 

obtained from Sigma Chemical Co. (Product No: M3516)
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Propofol light absorption spectrum (a)
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Figure 6-2a The light absorption spectrum of propofol in visible light

Propofol light absorption spectrum (b)
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Figure 6-2b The light absorption spectrum of propofol in ultraviolet light, 

with 0.01% propofol concentration by volume
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6.4 Conceptual design of a “propofol” fibre-optic sensor

6.4.1 Design criteria

The “Propofol” fibre-optic sensor is to be designed for real-time monitoring of the 

propofol concentration in blood during operations, to aid the control of optimal delivery 

of propofol. The following basic requirements are proposed in the design:

1. The minimum amount of propofol to be discriminated in clincs is 4 ~ 8 jjg/ml.

2. The response time of the measurement is < 30 seconds.

3. The outside diameter of the probe of the sensor is < 3mm.

4. Real-time monitoring

5. All materials in the probe should be non-toxic.

6.4.2 Determinations of propofol fibre-optic sensor in optics

1. Light absorption principle (the Beer-Lambert law)

By comparing different measurement principles in optics, the light absorption 

principle based on the Beer-Lambert law was chosen to design the sensor. The reasons 

behind this decision are:

• Simple in principle leading to a simple system: the optical system is simple, so not 

many optical components are required.

• Low in cost: there are no especially expensive optical components needed, such as 

gratings, or high quality laser as in Raman spectroscopy.

• Short development period: due to the simplicity of the system, the developing time is 

short for a prototype sensor.

• Easy in manufacture: there are no complicated optics to be adjusted in the sensor, it is 

easy to be manufactured in industry.

2. Ultraviolet light as the measurement light
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By examining the light absorption spectrum of propofol, it can be seen that there 

is an absorption peak at 270nm wavelength which is the strongest absorption. Using the 

data and information in Figure 6-2, the light absorption at 270nm wavelength for a 0.01% 

concentration propofol solution is about 96.2% with a 10mm light path length. Ultraviolet 

light at 270nm wavelength is chosen as the measurement wavelength to achieve the 

highest absorption sensitivity.

3. Fibre-optic system

Considering the physical constraint of the sensor in clinics, the fibre-optic system 

is the best choice. Using the ultraviolet transmission optical fibre, the attenuation of the 

light transmitted in the optical fibre at 270nm wavelength is acceptable for the 

measurement.

Optran UV

mmmMwmmwmmmmmm 
>00 300 400 500 600
Wavelength, nm

Figure 6-3 The transmission spectrum of CeramOptec’s ultraviolet optical fibre
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Figure 6-3 shows the light power transmission spectrum of ultraviolet optical fibre 

made by CeramOptec (Bonn, Germany). The attenuation at 270nm wavelength is about 

200dB/km, therefore the attenuation at a few meters of optical fibre is small (for 10m 

length, the power loss is about 18%).

In addition, besides small size, there are some extra advantages from the use of a 

optical fibre. The components introduced into the body are:

• Disposable

• Non-toxic

4. Reflection type fibre-optic sensor

There are two types of the Beer-Lambert law based light absorption fibre-optic 

sensors, transmission type and reflection type. Considering the physical constrain, the 

reflection type is the only solution for propofol fibre-optic sensor, although, there are 

weak points of the reflection type, such as more power loss induced by the geometrical 

configuration of the probe, the complication of the probe structure and the difficulty of 

adjustment.

6.4.3 Considerations of the system

1. Ultraviolet light system

This is an ultraviolet light fibre-optic system. An ultraviolet light source is used to 

obtain light at 270nm wavelength. The UV-transmitting optical fibre and coupler are used 

to transmit the light to and from the probe. The detection system also consists of an UV- 

sensitive photodetector and low-noise preamplifer.

2. Stability

A two-wavelength system is constructed, one wavelength at 270nm is used as the 

measurement channel, the other wavelength at 310nm is chosen as the reference channel. 

Because propofol does not absorb light at 310nm wavelength, the reference channel can 

be used to stabilise the system, to compensate the influence from sources other than 

propofol concentration. As an example, one design of the two-wavelength technique is
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achieved by using two narrowband filters centred at 270nm and 310nm, respectively, 

located on a rotating filter wheel.

3. Probe geometrical arrangement

The substantial advantage of fibre-optic sensors over conventional optical sensors 

is the ease of miniaturisation of the probe. The possibilities for size reduction depend on 

the probe geometry. The Beer-Lambert law based fibre-optic sensors may be simply 

classified into two categories, according to the probe geometry: the two-fibre type shown 

in Figure 6-4a and the single-fibre Y-coupler type shown in Figure 6-4b.

• Two-fibre type

In this case, each separate fibre acts merely as a lightguide, one carrying the light 

from the light source to the probe tip, the other bringing the light back to a detector from 

the tip containing the chemical species to be measured.

Source

Detector
Mirror

□

Figure 6-4a Two-fibre type probe

• Single-fibre Y-coupler type

This type uses a single fibre between the measurement probe and the 

instrumentation unit, with a directional Y-coupler to isolate the incident light from the
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detector unit. The light power is transmitted to the probe tip by one branch of the 

Y-coupler, and received by the other.

Source 

0

Detector 

□ -

Figure 6-4b Single-fibre Y-coupler type

4. Probe structure

The ideal design of the probe of the propofol sensor should include three 

essential elements: an absorbent (or reagent) to extract propofol from blood, a separator 

to separate the absorbent (or reagent) from the surrounding medium so that it does not 

become permanently contaminated and to provide a degree of selectivity for the species 

diffusing through the separator, and a mirror to reflect the light back to the optical fibres 

to construct a reflection type sensor.

There are three types of probe structures which can achieve these elements: 

membrane structure shown in Figure 6-5a, fibre structure shown in Figure 6-5b and 

waveguide structure shown in Figure 6-5c.

• Membrane structure

This structure uses an ion-permeable membrane on the end of the optical fibre(s) 

to enclose and protect the absorbent (or reagent) which could be liquid, gel or solid state. 

A mirror should be located inside the membrane.

Mirror
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Membrane Mirror

Optical fibre Absorbent

Figure 6-5a Membrane structure

• Fibre structure

Fibre structure uses the commercial product: porous wall hollow fibres. The 

optical fibre(s) is inserted into one end of the hollow fibre, the other is mounted with a 

mirror, and the absorbent is enclosed inside of the hollow fibre.

Hollow fibre

Optical fibre Absorbent

Mirror

Figure 6-5b Fibre structure
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• Waveguide structure

In this structure, two kinds of absorbents with different optical properties (such as 

different refractive indices) are used to construct a light waveguide structure. Two 

different silicone rubbers can be used as the absorbents. One with higher refractive index 

is modelled in a thin layer on the surface of a metal support, the other with lower 

refractive index is deposited on the outer surface of the former silicone rubber. The cross- 

section of the configuration is shown in Figure 6-5c.

Both silicone rubbers allow the drug to be measured to diffuse through. The 

measurement light is coupled into the silicone rubber with higher refractive index, and 

trapped by this waveguide structure. The advantages of this design are less light 

transmission loss and interference from the outside environment. A mirror is needed for 

the reflection-type sensor.

Absorbent 2 with a Absorbent 1 with a
higher refractive index lower refractive index Mirror

Optical fibre Support

Figure 6-5c Waveguide structure

6.5 Absorbent material investigation
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Potential materials which can dissolve propofol are fat, paraffin type of oils, 

alcohol and silicone rubbers. The basic requirements for the absorbent of the propofol 

fibre-optic sensor are that it should be:

1. Non-toxic

2. Propofol soluble

3. Transparent to UV-light at 270nm

4. Immobilised

Table 6-1 shows the summary of these four materials in these requirements. /  

represents that the material satisfies the requirement, X represents that the material does 

not satisfy the requirement.

Table 6-1

NON-TOXIC SOLUBLE TRANSPARENT IMMOBILISED

FAT ✓ ✓ X ✓

PARAFFIN X ✓ X X
ALCOHOL s y ✓ X
SIUCONB ✓ s ✓ s

Based on the evaluation of these four basic requirements, silicone rubber is the 

best substance available at present to be the absorbent.

DOW CORNING (Midland, MI, USA) product, Sylgard 527 -  silicone 

dielectric gel, has been tested as the absorbent.

Sylgard 527 is a two-part, low viscosity liquid encapsulant, which has been used 

as the absorbent to develop the fibre-optic sensor for general anaesthetics based on 

Raman spectroscopy before [Macdonald 1994].

During the test, Sylgard 527 base (part A) was mixed with the curing agent (part 

B) at different, relatively low, ratios. The low ratio of mixture was employed to keep the 

degree of crosslinking low enough to allow substantial absorption of propofol.
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Figure 6-6a and Figure 6-6b show the light absorption spectra of Sylgard 527, the 

measurements were taken using a SP8-100UV-VIS Spectrophotometer, with a light 

absorption path length of 10mm.

The definition of the absorption is log(/.w / 1out),  where I in and I out represent 

input and output light powers, respectively.

In Figure 6-6a, the Sylgard 527 sample was made by mixing two parts (part A and 

part B) of Sylgard 527 in a ratio of 1:1 in weight at room temperature, then curing the 

mixture at 65°C for four hours. The sample is in the state of a gel.

Sylgard 527 curing AB=1:1

1.8

1.6

»  14
.2  1.2 -4->

I  1 £  0.8
^  0.6

0.4

0.2

250 300 400 500 550350 450

Wavelength (nm)

Figure 6-6a Sylgard 527 light absorption spectrum

In Figure 6-6b, a Sylgard 527 sample was made by mixing two parts (part A and 

part B) of Sylgard 527 at ratio of 1:3 in weight at room temperature, then curing the 

mixture at 65°C for four hours. The sample is in the “rubber” state.
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From the absorption curves, about 30%~50% input light is absorbed by the 

Sylgard 527.

Figure 6-7 shows the qualitative absorption tests of Sylgard 527 to propofol, in 

which two Sylgard 527 samples (the ratio of part A and part B is 1:2) were made by the 

same procedures as in Figure 6-6. One sample was dipped into 0.01% propofol solution 

for 2 minutes, the other was dipped into 0.1% propofol solution for 2 minutes. Both were 

taken out and washed with water to remove remaining solution from the surfaces. Using a 

SP8-100UV-VIS Spectrophotometer to measure the light absorption spectra, the lower 

curve at 275nm in Figure 6-7 was obtained from the sample dipped into 0.01% solution, 

the upper curve was obtained from the sample dipped into 0.1% solution.

Sylgard 527 dielectric gel curing AB=13

1.8

1.6

1.4r
.2  1.2 

I  1
Jd 0.8 
^  0.6

0.4

0.2
, J i l l  — . ,-f.    | T
250 300 350 400 450 500 550

Wavelength (nm)

Figure 6-6b Sylgard 527 light absorption spectrum
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Sylgard 527 dielectric gel curing AB=l 2
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Figure 6-7 Sylgard 527 light absorption spectrum after dipping into 

propofol solutions for 2 minutes

Two basic results are obtained from the tests:

1. Sylgard 527 -  silicone dielectric gel absorbs the ultraviolet light, however its 

absorption is much weaker than that of propofol.

2. Sylgard 527 -  silicone dielectric gel can be used as the absorbent to absorb propofol.

Although, these tests are more or less qualitative, the results have shown that 

Sylgard 527 -  silicone dielectric gel is highly promising as the absorbent. It is worth 

constructing a prototype sensor using it.

6.6 Considerations of the system design

6.6.1 Mechanical design (Probe design)
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The probe together with the optical fibre pigtail is changeable. The configuration 

of the design is shown in Figure 6-8:

(a) (b)

Figure 6-8 Probe configuration of propofol fibre-optic sensor: 

(a) two-fibre type, (b) single-fibre Y coupler type

The optical fibre pigtail is used to connect the probe to the main body of the 

sensor using commercial optical fibre connectors. The 3-D maximum dimension of the 

probe is shown in Figure 6-9 (not to scale).

2mm

20mm
2mm

Figure 6-9 3-D maximum dimension of the probe

Under the constraint of maximum dimensions, there are two designs, one uses a 

porous wall hollow fibre to contain the absorbent, silicone rubber, the other uses an U- 

shape metal channel to contain the absorbent. In both designs, a metal mirror has to be 

mounted on the one end of the container (of the absorbent) to reflect the light back to the 

receiving optical fibre.
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The advantages of the design of the changeable probe include:

• Economic: to reduce the cost of the sensor, expensive devices such as optical 

components, light source, detector, electronics and processing unit are permanently 

used, only the probe needs to be changed at every measurement.

• Safety: to prevent the contamination of the sensor, during the measurement, the probe 

is the only component which contacts with the blood, other components are not 

contaminated.

• Initialisation: after the measurement, some remaining propofol will be left in the 

absorbent even after it is removed from the blood. This may give a false reading 

initially when the probe is reused.

6.6.2 Optics

The sensor is designed as an ultraviolet light system, with a pulsed ultraviolet

light source (Xe strobe), an ultraviolet sensitive photodetector, an interference bandpass

filter and ultraviolet optical fibres. All light paths are in optical fibres connected to each

other by optical fibre connectors. The benefits from such design are:

• Easy adjustment: after the connection of all parts, there is no optical component 

needing to be adjusted during the measurement.

• Safe in use: ultraviolet light is trapped inside optical fibres, and enclosed inside 

devices. There is less ultraviolet radiation to harm operators.

• Less in power loss: avoiding ultraviolet light travelling in air or other media which will 

increase the attenuation of light power.

• Minimising in the sensor system: making the sensor compacted in volume, and light in 

weight, flexible in application.

• Immune to the disturbance from free air environments.

6.6.3 Electronic circuits design
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S/H-l

Amplifier-

Divider

S/H-2

Amplifier-

A/D
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Bandpass 
Filter (1)

Xe Light 
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TTL Pulse 
Generator

Bandpass 
Filter (2)

Photo-
Detector

i w

Photo-
Detector
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Figure 6-10 The principle of circuits in propofol sensor

In order to realise the concentration measurement of propofol, electronic circuits 

are designed.

The principle of these circuits are:

A pulse generator is used to generate a TTL pulse train to control the Xe light 

source working in pulsed mode. Meanwhile, this pulse train is used to synchronise the 

state of Sample and Hold (S/H) circuits, which is a common technique to pick up the
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signal from the background. Amplifier stage is constructed to amplify the signal from 

“Current to Voltage” after the photodetector. Two similar sets of circuits are used to 

obtain outputs at wavelengths and X2, respectively, so as to build a two-wavelength 

system to improve the performance of the sensor. An analogue divider is used to divide 

the signals from these two wavelengths. The block diagram of these circuits is shown in 

Figure 6-10.

Figure 6-11 shows the schematic drawing of the circuit. These circuits are 

analysed as following:

1. Pulse generator.

The 555 timer is used to construct a pulse generator. Diode D1 is used so as to get 

a small duty cycle (less than 50%).

The pulse frequency is decided by Equation (6.1).

(R10 + 2i?ll)-C4 

The duty cycle is given by Equation (6.2)

2. Bandpass filter.

A multiple-feedback bandpass filter is constructed. R5 and Cl provide the low 

pass response, R2 and C2 provide the high pass response.

Making Cl = C2 = C, the central frequency is expressed as:

Duty cycle =
R10 (6 .2)

R10 + R11

(6.3)
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Q-factor can be expressed as:

Q = ?tf0CR2 (6.4)

3. Amplifier

A simple amplifier stage is used to increase the signal, its amplification is 

expressed as:

Gain = (6.5)
R1 v ’

4. Sample-and-Hold (S/H)

A field effect transistor (FET) and a capacitor are used to construct a simple 

Sample-and-Hold (S/H). During the pulse, the signal passes the FET Q1 to charge the 

capacitor C3, then held until next pulse.

5. Divider

The linear multiplier M CI595 is used to construct a divider to divide the two 

amplified signals from the two detectors.

The circuits design in this section is preliminary, and is mainly used to examine 

the feasibility of whole system. It has been proved by the experiments using these circuits 

that the system design and the selections of optical components are appropriate. In the 

final design alternative circuits might be used to improve the performance of the sensor, 

for example, the A/D converter can be used to convert the analog signals into digital 

signals, and further micro-processor can be used to process these digital signals and 

execute calculations, such as division.
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Figure 6-11 Schematic drawing of circuit
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6.6.4 Overall system arrangement

The overall system of the propofol fibre-optic sensor is shown in Figure 6-12.

UV OPTICAL FIBRE **

UV OPTICAL FIBRE

POWER
(MAINS)

FILTER
(56000)

ADAPTER
(PS220)

AMPLIFIER

STROBE
(PX-2)

UV DETECTOR 
(UVD)

Figure 6-12 System arrangement of propofol sensor

This is an all optical fibre ultraviolet system. Some components are available in 

commercial markets.

6.6.5 Key components choice and specification

1. Xe light source

Figure 6-13 shows the picture of the PX-2 Xe ultraviolet light source, the product 

of Ocean Inc. (Dunedin, FL, USA).
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t
PX-2

Figure 6-13 PX-2 Xe light source

The main specifications:

SPECTRAL RANGE: 220 -  750NM

Approximate dimensions: 14cm x 10.5cm x 4 cm (LWH)

Power input: 1.3 A@ 11V @220Hz, 100mA@ 12 V @ 10Hz

Trigger input: External TTL positive pulse via 15-pin connector

Output: 45millijoules per pulse maximum 

9.9 watts average power 

220 Hz pulse rate maximum

Pulse duration: 5 microsecconds (at 1/3 height of pulse)
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Lifetime: 109 pulses (estimated 230 days continuous operation at 

50Hz pulse rate)

Aperture: 3 mm

Connector: SMA 905

2. Optical fibre holder and filter

Figure 6-14 shows the optical fibre filter holder, the product of WPI Inc. 

(Sarasota, FL, USA).

Figure 6-14 The optical fibre filter holder

A bandpass interference filter, the product of Corion (Franklin, MA, USA) is 

mounted inside the holder. The specification of this filter are:

6-26



Chapter 6 Design o f  a ‘P ropofol” Fibre-O ptic Sensor P a r t 2: Design Studies

Centre wavelength (nm) 270±2 nm

Bandwidth FWHM (nm) 12±2 nm

Minimum peak transmittance 12%

3. Ultraviolet light photodetector

Figure 6-15 shows the ultraviolet light photodetector, the product of WPI Inc. 

(Sarasota, FL, USA). Figure 6-16 shows the spectral response graph.

Figure 6-15 UV-light photodetector
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Figure 6-16 The spectral response of the UV light photodetector

6.6.6 Sensitivity and response time

1. Sensitivity

Sensitivity is one of the most important characteristics of a sensor. Based on 

the basic tests of propofol, the sensitivity of this design is estimated.

The clinical requirement of the minimum delivery of propofol during operations is 

4 ~ 8 jug I m l .

Because the molecular weight of propofol is 178, 1 Mol propofol = 178 jug I m l. 

Thus, 8 jug! m l» 45 ji Mol » 0.0008% concentration of solution.
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From Figure 6-2, the light absorption of propofol at wavelength 270nm ultraviolet 

light equals log (I in / 1out) = 1.4 for 0.01% concentration solution. According to the Beer- 

Lambert law, the light absorption is proportional to the concentration, therefore the light 

absorption of 0.0005% concentration solution is log(Iin / 1out) =0.07.

As a result, the sensitivity of a propofol fibre-optic sensor has to be higher than 

l°g(/m Hout) =0.07 for a 10mm light absorption path length.

2. Response time

The response time of the sensor depends on the diffusion time of propofol into 

silicone rubber. Theoretically the diffusion time of small molecules can be estimated 

[Bray 1992]. Figure 6-17 shows the diffusion time of small molecules against the 

thickness of water. Propofol is a small molecule. This curve can be taken as a reference to 

estimate the diffusion time. But silicone rubber is denser than water, hence the diffusion 

in silicone rubber is slower than in water.

1200

1000 . . .

a>
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0>
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b
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1.20.8 10.60.40.20
The mean square displacement (mm)

Figure 6-17 Small molecule diffusion time in water
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From the curve, when the water thickness is 0.5mm, the diffusion time is about 4 

minutes, when the water thickness is 1.0mm, the diffusion time is about 16.7 minutes.

In order to obtain a fast response for the propofol fibre-optic sensor, the absorbent 

-  silicone rubber has to be as thin as possible, however, it is difficult to produce a very 

thin absorbent for this type of probe.

From the design point of view, a potential scheme to reduce the response time is 

to consider the absorption behaviour of the absorbent. Because propofol continuously 

diffuses into silicone rubber, the propofol concentration in the silicone rubber rises 

gradually, therefore light absorption induced by propofol increases gradually to 

maximum point. Following is a brief explanation.

The movement of a substance from an area of higher concentration to lower 

concentration is expressed as the Fick’s second law [Kotyk 1988]:

dc■ d2c-- ^  = D -—±- (6.6)
dt d2t

where D is the diffusion coefficient, ct is the concentration of the substance at time t, at x 

distance from the interface between two different concentration areas.

Under the initial condition: £ = 0, x > 0 : ct = 0

and the boundary conditions: f > 0, x = 0 : c. =c0, t>  0, x ^  oo : c{ = 0

The solution of Equation (6.6) is :

c, = c J l - e r / ( — != )] (6.7)

where erf is the error function.
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Figure 6-18 The theoretical estimation of the concentration change in the probe 
against time, 0 with c0 = \.0/ug/m l, A with c0 = OA/ug/ml and x with 

c0 =0.01 jug/ml concentration.
(a) representing long term change, (b) representing short time period change
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Equation (6.7) can be used to approximate the propofol absorption in the probe, 

where c0 is the propofol concentration in blood and c. is the concentration in the 

absorbent of the probe. The change of the concentration in the probe leads to the change 

of the light absorption. Figure 6-18 shows the curves of the concentration change against 

the diffusion time in different solutions, assuming x  = 0.05cm, D = 5 x 10"6 cm2 / sec (for 

small molecules) and the assumed length of the absorption path is 1 cm.

The output light absorption is proportional to the concentration. By monitoring 

the change of the output light, it is possible to find within a short time period which curve 

the absorption follows by using signal processing techniques and so the concentration can 

be determined quickly.

Figure 6-19 shows a qualitative measurement of the behaviour of light absorption 

of the silicone rubber changing vs time when placed in different concentrations of 

solutions. The propofol solution represented by 0 has higher concentration compared with 

the solution represented by A, the solution represented by x has no propofol diffused.
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Figure 6-19 Silicone rubber absorption of propofol against time

6-32



Chapter 6 Design of a ‘Propofol” Fibre-Optic Sensor Part 2: Design Studies

The experimentally derived curves in Figure 6-19 are reasonably consistent with 

the theoretical estimates in Figure 6-18. In this way, the method of improving the 

response time of the sensor is possible.

It is noted however that when practical implementation is considered, the 

accuracy of the early data needs to be such that the track of the curves can be properly 

estimated.

6.7 Conclusions and further work

To date, there is no rapid, direct method for monitoring the concentration of 

general anaesthetics in blood. The potential application and market value of a “propofol 

fibre-optic sensor” is high. The design studies in this chapter show that:

• A new design for a propofol fibre-optic sensor is possible,

• It is possible to develop a propofol fibre-optic sensor for potential use in vivo,

• The proposed sensor is simple in principle, and of low cost.

However, further work has to be done in following aspects:

• Investigations of alternative silicone materials,

• Quantitative measurement of response time and sensitivity,

• Circuit design optimisation,

• Prototype sensor production and tests of repeatability, stability etc.
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Chapter 7 

Surface Plasmon Resonance Fibre-Optic Chemical Sensors

7.1 Introduction

Chapter 6 considered the extrinsic approach to sensor design. The intrinsic 

approach is the other division of fibre-optic sensing techniques, in which the optical fibre 

works as the probe and the light signal interacts with the optical fibre in response to the 

measurand. This chapter details the design of surface plasmon resonance (SPR) fibre- 

optic chemical sensors as an example of design studies of intrinsic light intensity 

attenuation-based fibre-optic chemical sensors. Using the principle of optical surface 

plasmon excitation and the characteristics discussed in Chapter 3 and Chapter 4, novel 

types of high performance SPR fibre-optic chemical sensors are proposed. Patents are 

under consideration for the schemes proposed. The aim of this chapter is to explore 

further the abilities and potential of surface plasmon excitation in fibre-optic chemical 

sensing techniques.

7.2 Surface plasmon resonance fibre-optic sensors in concentration 

measurements

Optical surface plasmon excitation has been acclaimed as a very good technique 

to design fibre-optic sensors for concentration measurement of chemical substances in 

chemical and biochemical applications. Surface plasmon resonance (SPR) fibre-optic 

chemical sensors work in two implementations. One implementation can be referred to as 

bulk chemical sensing in which the refractive index of a chemical sample is measured.
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The refractive index changes in accordance with the change of the concentration of the 

chemical substance [Jorgenson 1994 and Kunz 1996]. The other implementation uses a 

so-called “chemical transducing layer” at the interface of the sensor/chemical sample 

(between the surface plasmon supporting metal layer and the chemical sample) to achieve 

the concentration measurement. The concentration is determined by measuring the 

refractive index change or physical thickness change of the chemical transducing layer, 

which is induced by the diffusion of the chemical substance, and is in accordance with the 

change of the concentration [Garces 1992 and Slavik 1998].

Based on these two implementations, SPR fibre-optic chemical sensors have been 

developed for concentration determination of chemical substances in a chemical sample 

to be measured. Figure 7-1 shows a typical configuration of a SPR fibre-optic sensor. The 

light source can be a multi-wavelength lamp (Tungsten light source) or a laser, the 

detector can be either a spectrometer (spectrograph, CCD linear array detector) to receive 

the light power spectrum from the multi-wavelength light source, or a photomultiplier to 

receive the light power from laser light source.

Lens
Coupler

Matching oil

Chemical
sample

Spectrograph
Probe

Figure 7-1 Typical system of SPR fibre-optic chemical sensors
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Figure 7-2 shows the detailed structure of the probe. The SPR supporting metal is 

gold or silver at a thickness of a few tens of nanometers. If the thickness is too large, 

there will be no SPR excitation. On the end surface of the optical fibre, a metal mirror is 

deposited to reflect the light back to receiver, which can be aluminium or silver at an 

appropriate thickness (a few hundreds of nanometers).

Core Transducing
/  \  layer

Cladding x. \

Metal Layer

Reflector

(a) (b)

Figure 7-2 The amplified probe structure: (a) the SPR fibre-optic sensor without a 

transducing layer, (b) the SPR fibre-optic sensor with a transducing layer

The chemical sample to be measured at the structure shown in Figure 7-2(a) is 

aqueous with refractive index about 1.33. In order to increase the dynamic range of the

7-3



Chapter 7 Surface Plasmon Resonance Fibre-optic Chemical Sensors Part 2: Design Studies

sensor, a transducing layer, which is a dielectric material, of a few tens of nanometers 

thickness, shown in Figure 7-2(b), can be coated symmetrically outside the metal layer, 

for example, a tantalum pentoxide layer [Slavik 1998].

Mostly multimode plastic clad silica (PCS) optical fibres are used to construct the 

sensor, since the plastic cladding is easy to remove by chemical methods. A few 

applications proposed use monomode optical fibres, in which the cladding is polished to 

let the evanescent field contact the SPR supporting metal coated on the top of the 

polished surface.

7.3 Surface plasmon resonance fibre-optic chemical sensors using a 

swellable transducing layer

Those SPR fibre-optic sensors which have been studied to date use the change of 

refractive index (either the chemical sample or the transducing layer) to sense the 

concentration variation. These designs require the refractive index of the chemical sample 

to be measured is able to change with the variation of concentration. If the refractive 

index does not change with the concentration, these sensors will not work.

From theoretical analyses in Chapter 3, it is known that the thickness of the 

transducing layer can be another parameter to design SPR sensors giving very high 

sensitivity. The output signal (reflectance) from SPR sensors changes significantly with 

the thickness of the transducing layer.

Based on this design idea, a SPR fibre-optic chemical sensor using a swellable 

transducing layer is proposed. The sensor comprises a single or multi mode optical fibre 

with a core, a cladding and a jacket, wherein the optical fibre has a sensing section with a 

swellable layer as the transducing element coated symmetrically outside the SPR 

supporting metal layer. The thickness of the swellable transducing layer changes due to 

diffusion of the chemical substance into it or reaction of chemical substance with it. The 

thickness change of the swellable transducing layer is in accordance with the 

concentration of the chemical substance in the chemical sample. The SPR excitation
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responds strongly to the physical thickness of the swellable transducing layer. By 

monitoring the output light power spectrum of the sensor, the concentration of the 

chemical substance can be determined.

In fact, swellable materials have been studied to design optical and fibre-optic 

sensors in chemical applications before [Shakhsher 1994, Michie 1995 and Suzuki 1996]. 

These have been mentioned as giving a new direction for fibre-optic chemical sensor 

design [Seitz 1993].

The design of SPR sensor using swellable transducing layer has been proposed in 

bulk optics [Roth 1997 and Liu 1999]. By combining the swellable material and the fibre- 

optic surface plasmon resonance principle, as proposed here, a sensor can be designed 

with many advantages such as: miniaturisation, high sensitivity, fast response time and 

cheaper.

Metal layer Swellable layer

Figure 7-3 The structure of the sensing element using the swellable layer: (a) 

reflection type, (b) transmission type

7-5



Chapter 7 Surface Plasmon Resonance Fibre-optic Chemical Sensors Part 2: Design Studies

Figure 7-3 shows the geometrical structure of a sensing element with a swellable 

transducing layer. Other parts of the sensor are the same as normal SPR fibre-optic 

sensors. The sensitivity of the sensor relies strongly on the characteristics of the swellable 

material used.

7.4 Distributed surface plasmon resonance (SPR) fibre-optic chemical 

sensors

7.4.1 Distributed fibre-optic sensors

Distributed fibre-optic sensors are defined as whose which operate over a length 

of fibre, yet are capable of determining the variations of a parameter along the length of 

the fibre at a series of specified locations. Fibre-optic sensors have been developed as 

distributed systems to monitor the magnitude of the physical and chemical parameter 

along the length of an optical fibre before [Lieberman 1993, Englund 1997, Potyrailo 

1998 and Urbanczyk 1999]. Optical fibres provide a powerful and economical means of 

covering a large number of locations within a significant area.

A typical and successful technique for distributed fibre-optic sensors is optical 

time-domain reflectometer (OTDR). This technique utilizes an optical radar concept to 

examine the continuity and attenuation of optical fibres from a measurement of the 

backscattering versus time characteristics when a short pulse of light is launched into an 

optical fibre.

Another popular approach for distributed fibre-optic sensors is optical frequency- 

domain reflectometry (OFDR), which is a fibre-optic interferometric technique. For 

example, if an OFDR system is operated in backscattering mode in a continuous 

monomode optical fibre, the beat signal produced at the detector increases in frequency in 

direct proportion to the distance from which the light is retroscattered. If the detected beat 

signal is displayed on a conventional electronic spectrum analyzer, the power in each
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frequency increment represents the level of scattered light received from a short section 

of fibre situated at a distance corresponding to the frequency offset observed.

Theoretically OFDR technique has a far superior distance resolution capability 

than OTDR method.

7.4.2 Distributed surface plasmon resonance fibre-optic chemical sensors

Using optical surface plasmon excitation in the design of distributed fibre-optic 

sensors is a challenge. The distributed SPR fibre-optic sensor is used for the measurement 

of chemical information, with following advantages:

1. This distributed system uses a sequence of sensing elements, each of which is a point 

sensor. By using commercially available optical fibre connectors such as SMA 

connectors, sensing elements can be connected together to construct a distributed 

system.

2. Because multi-wavelength light sources are needed, there is no coherent noise 

generated by the coherent light source, which is major difficulty of OFDR distributed 

sensors.

3. The light signal detecting system is a spectrograph, which is much cheaper than those 

requires for OTDR or OFDR systems.

4. The wavelength resource of multi-wavelength light source is fully used.

A particular point SPR fibre-optic chemical sensor operates at one resonance 

wavelength XSP, which is determined by the structure and materials of the sensing 

element. The measurement of concentration operates close to this resonance wavelength. 

Consequently, the sensing element can be specified by the resonance wavelength.

The idea of designing distributed SPR fibre-optic chemical sensors is to multiplex 

some sensing elements (at least two, connected to each other by optical fibre connectors) 

along an optical fibre, each sensing element with a different resonance wavelength from 

the others.

Each sensing element is associated with a specified resonance wavelength. By 

monitoring the light intensity change at these resonance wavelengths, the concentrations
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of the chemical substances in the chemical samples located around sensing elements are 

determined, respectively. The different resonance wavelength in each sensing element is 

designed in terms of thickness of the metal layer and the transducing layer, as well as the 

material of metal and transducing layers.

Using a broadband light source, the received output light power spectrum should 

have peaks, each corresponding to a specified resonance wavelength and a sensing 

element, shown in Figure 7-4.

1.0

a

T3<L>co

O
£

0.5

151050
Wavelength (nm)

Figure 7-4 The principle of distributed SPR fibre-optic sensors

Regarding the light source for a distributed SPR fibre-optic sensor, the output 

power spectra of the light source should include all designed resonance wavelengths, and 

have powerful enough output at these wavelengths. Therefore, broadband lamp is a good 

choice, and a combination light sources is another possible choice. Figure 7-5 shows a
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combined light source with three discrete light sources and associated optical components 

as an example.

Lens 1 Partial reflector Lens 4

Optical
fibre

Light source 1

Lens 3Lens 2

Light source 3Light source 2

Figure 7-5 Combined light sources

Figure 7-6 shows the arrangement of a distributed SPR fibre-optic sensor. The 

sensor is constructed by serially connecting some sensing elements. Each sensing element 

operates at a specified resonance wavelength, which is different and independent from the 

others.

Input
light

Output
light

Figure 7-6 Configuration of distributed SPR fibre-optic sensors, 1, 2 and 3 represent 

three sensing elements, a, b, c, and d represent four optical fibre connectors
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Regarding the SPR supporting metals, the dielectric constant ( e2 = er + ie.) of 

metals which can be used to support the surface plasmon resonance excitation are listed 

in Table 7-1. For ultraviolet light, aluminium can be used, for visible light, gold or silver 

can be used, for infrared light, copper, gold and silver can be used.

Table 7-1 [Palik 1985]

X 7 K *r
Aluminium 300 0.25 3.33 -11.026 1.665

492 0.64 5.5 -29.840 7.040
700 1.55 7 -46.598 21.700
900 1.96 7.7 -55.448 30.184

Cadmium 280 0.41 2 -3.832 1.640

Copper 450 0.87 2.2 -4.083 3.828
600 0.186 2.98 -8.846 1.109
750 0.157 4.46 -19.867 1.400
900 0.19 5.57 -30.989 2.117

1350 0.45 7.81 -60.794 7.029

Gold 600 0.2 2.9 -8.370 1.160
750 0.14 4.27 -18.213 1.196
900 0.166 5.34 -28.488 1.773

1000 0.179 6.04 -36.450 2.162

Indium 420 0.65 1.84 -2.963 2.392
600 1.29 2.59 -5.044 6.682
710 1.38 6.24 -37.033 17.222

1050 1.83 7.94 -59.695 29.060
1560 2.31 11.3 -122.354 52.206

Silver 500 0.05 2.87 -8.234 0.287
700 0.075 4.62 -21.339 0.693
900 0.105 6.22 -38.677 1.306

1250 0.37 7.7 -59.153 5.698
1500 0.45 9 -80.798 8.100

There are two principles to design such distributed SPR sensor to determine the 

concentration of the chemical sample to be measured. One uses the information of the
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refractive index change of the chemical sample or the transducing layer, the other uses a 

swellable layer the thickness of which varies with the concentration.

Because each sensing element is in accordance with a specified resonance 

wavelength, by monitoring the output power at each resonance wavelength, the location 

and concentration of the change can be determined.

7.5 Conclusions

Optical surface plasmon excitation has been studied in the applications of 

chemical sensing. The design studies in this chapter are focused on two aspects: one is the 

point-type sensor using a swellable transducing layer to determine concentration, which 

gives high sensitivity, fast response time, the other is distributed-type sensors for 

distributed measurement of concentration. Both design ideas are novel and can be used 

for the measurement of gaseous and liquid solutions.

The structure of distributed-type sensors is flexible and it is easy to combine 

different numbers of sensing elements. Each sensing element can use the principle of 

sensing refractive index change or thickness change of the transducing layer or both 

refractive index and thickness changes. The distinguishing features of the distributed 

design include, high sensitivity, fast response, low price and flexibility.

The interference (crosstalk) between two adjacent resonance wavelengths is a 

major potential difficulty which can limit the maximum number of sensing elements and 

the accuracy of the sensor. A signal processing technique has to be used to obtain high 

performance of distributed systems.

Although this design is for concentration measurement, it can be used for other 

chemical applications such as monitoring chemical reaction.
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C h a p te r  8 

Conclusions and Further Work

8.1 Introduction

The research discussed in this thesis is the investigations of light intensity 

attenuation-based fibre-optic chemical sensors. In order to obtain an extensive scale of 

studies, the investigations have involved both intrinsic and extrinsic types of systems in 

two aspects: theoretical analyses and design studies. To this end, four piecess of work 

were presented as shown in Table 8-1.

Table 8-1 Overall view of the research
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The theoretical side of the research is focused on the construction of theoretical 

models and the discussion of the performance of the sensors. The design side of the 

research is concentrated on the design studies of novel sensors to aid commercial 

developments.

8.2 Summary of theoretical analyses and implications for intrinsic type 

sensors

The theoretical analysis of the intrinsic type of light intensity attenuation-based 

fibre-optic chemical sensors is always an attractive topic, because new intrinsic sensing 

principles or measurement approaches keep occurring. Each new principle or 

measurement approach has to be modelled by theoretical expressions.

As the first part of this research, fibre-optic evanescent wave absorption sensors 

and surface plasmon resonance (SPR) sensors are studied theoretically (Chapter 2 to 

Chapter 4).

The first step in these studies is the construction of mathematical models. Then 

based on the mathematical models, either numerical calculations or analytical derivations 

can be applied for further estimations of the characteristics of the sensors.

Following this procedure, in the research of fibre-optic evanescent wave 

absorption sensors, leaky skew rays were discussed since the evanescent wave absorption 

of leaky skew rays has not been evaluated before. The model using meridional rays can 

only give an approximate expression and leaky skew rays often transmit a non-negligible 

light power in optical fibres. The contribution of leaky skew rays to the evanescent wave 

absorption has not previously been determined. That is the importance and meaning of 

this research. Numerical calculations are used to discuss the evanescent wave absorption 

quantitatively. Finally a comprehensive expression of evanescent wave absorption 

including both meridional and leaky skew rays for evanescent wave absorption fibre- 

optic sensors and spectroscopy is presented.
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In the theoretical research on SPR fibre-optic sensors, Fresnel’s equations are the 

basic expressions to describe the characteristics of the sensors. However, the previous 

models are suitable for SPR bulk-optic sensors, in which only one light beam with a 

specified incident angle is involved.

A multi-wavelength light source is used in the SPR fibre-optic sensor, the output 

light signal has to consider the contribution from all guided modes (a range of angles) and 

multi-wavelength (a range of wavelengths) during the use of Fresnel’s equations. 

Theoretical models were derived for further analytical derivations and numerical 

calculations.

An important consideration in the theoretical analyses is light sources. The light 

power distribution of light source could be one of crucial factors for increasing the 

sensitivity of the sensor. It is also helpful for estimating the characteristics of the sensors 

in the design.

8.3 Summary of theoretical analyses and implications for extrinsic type 

sensors

Two-wavelength fibre-optic chemical sensors based on the Beer-Lambert law are 

very popular. They can usually use successfully techniques and even devices developed 

for bulk-optic systems. The accuracy of sensor is determined by the noise level of the 

components composing the sensor.

Dispersion is one of the major characteristics of multi-wavelength fibre-optic 

systems. In two-wavelength fibre-optic sensors, the light power loss induced by 

microbending optical fibres is dispersive and different wavelengths suffer different loss. 

In the design of such systems, the error influence from microbending the optical fibre 

should be considered carefully, because in some applications, microbending is 

unavoidable.

Temperature fluctuation is a common problem for all kinds of sensors (which can 

cause the output power fluctuations of light sources both in amplitude and phase). Special
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efforts have to be made in the design of highly accurate optical devices, such as the use of 

cooling systems and compensating approaches. In two-wavelength light intensity 

attenuation-based fibre-optic sensors, this temperature disturbance manifests itself as the 

fluctuation of the output power spectrum of light sources. At different temperatures, two 

wavelengths (measurement and reference wavelengths) have different output power ratio.

The error influences from microbending and temperature fluctuation have been 

numerically studied in the research. One useful message drawn from the research is that 

the effect of different errors can be very different, and even in opposite directions. Some 

errors have positive effects, others have negative contributions. It is possible to 

compensate these errors against each other to realise the optimisation of the system.

The best measurement principle, the optimal technique approach and high quality 

of hardware components are always the most important design consideration for the 

development of highly accurate sensors.

8.4 Summary of design studies and implications for intrinsic type 

sensors

Previously published results and experiments in the development of surface 

plasmon resonance fibre-optic sensors by other researchers are very useful in the design 

studies in this thesis. The work in this part of the research is mainly focused on the design 

studies of novel types of sensors.

The novel distinguished feature of SPR fibre-optic sensors with a swellable 

tansducing layer is that the thickness change of the transducing layer is used to sense the 

concentration of the chemical sample. The swellable materials are key elements to realise 

the design. Therefore the material has to have a good swellable characteristic, and this 

swellable characteristic has to be stable and repeatable. Ideally this material has to be ion- 

selectable as well.

The novel distinguished feature of distributed SPR fibre-optic sensors is that the 

information on resonance wavelength is used to specify the location of the sensing
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element. The interference (crosstalk) between channels, particularly between two adjacent 

channels, could be a serious factor in the performance of the sensor. Signal processing 

techniques have to be considered for such systems.

SPR fibre-optic sensors are highly promising techniques in chemical sensing 

applications. The sensors are high sensitivity, have high response speed and small size 

compared with conventional sensors.

The selection of SPR supporting metals is an important issue, especially when the 

resonance wavelength is in the ultraviolet or infrared regions. Unfortunately, at present, 

there are not many choices (usually noble metals are used as the SPR supporting metals). 

Explorations of new SPR supporting materials are needed for new future developments. 

Semiconductors are potential materials for this purpose since some semiconductors have 

similar characteristics of dielectric constants to metals.

Another problem faced in the development of SPR fibre-optic sensors is in 

manufacturing. It is difficult to coat perfect thin multi-layers symmetrically on the surface 

of the optical fibre core. And it is also difficult to make these multi-layers strong enough.

8.5 Summary of design studies and implications for extrinsic type 

sensors

The optical measurement principle for designing the “propofol” fibre-optic sensor 

is not new. The main difficulties encountered during the design study are related with 

how to optimise the sensor and to achieve the best performance.

There are two types of probe design: one uses porous hollow fibres, the other uses 

metal U-shape channel. The 3-D dimensions of the probe are critical parameters to make 

the sensor applicable in clinics. However, from the manufacturing point of view, if the 

size of the probe is too small, this will increase the difficulty and cost in production; if 

porous hollow fibres are used, the strength of the probe could be another serious issue 

with small size probe. These issues should be carefully considered in prototype 

construction.
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The material of absorbent is silicone, which is a two-part gel. Different types of silicone 

can display different performance in terms of diffusion speed, hardness, curing 

temperature, etc.. The diffusion speed is concerned with the response time of the sensor, 

which is a vital characteristic for in-vzvo measurements. Hardness of silicone material is 

able to affect the diffusion speed. Hardness can be controlled by the ratio of the two parts. 

The harder the silicone, the slower the diffusion speed is.

The stability of the sensor, influenced by the output power fluctuation of the Xe 

light source, is addressed in the design study. The output power of the Xe light source 

should be monitored during the measurement with high accuracy. For this purpose, 

several approaches can be used, for example, the two-wavelength technique discussed in 

Chapter 5.

Before using the sensor to do the concentration measurement of propofol, the 

sensor has to be calibrated. One of the possible calibration methods could be to deposit 

the probe into blood without the anaesthetic, propofol, to initialise the output of the 

sensor.

After use, the probe is disconnected from the rest of the system, and thrown away. 

Therefore there is less problem with sterilisation.

One important consideration during the design study is the cost of the sensor. Low 

cost is always the requirement of commercial markets. In the design and selection of 

hardware, the compromise between cost and performance has to be dealt with.

8.6 Further work

Light intensity attenuation-based fibre-optic chemical sensors are very extensively 

used in chemistry. The research in this area is worthy of further exploration. Following on 

from the achievements of this thesis both further theoretical and design study 

explorations are proposed.

8.6.1 Theoretical
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1. Fibre-optic evanescent wave absorption

In this issue, the evanescent wave absorption coefficient of leaky skew rays in 

optical fibres has been formulated. This formulation, together with the expression for the 

evanescent wave absorption of meridional rays, makes quantitative calculations of the 

evanescent wave absorption fibre-optic sensor possible. Combining this with the study of 

the light power distribution of the light source, comprehensively numerical calculations 

of evanescent wave absorption in optical fibres will be possible which will help in the 

design of evanescent wave absorption fibre-optic sensors and fibre-optic immunoassay. 

Although it is time-consuming work, to write a software package to calculate the 

evanescent wave absorption in optical fibre systems, it is worth the effort in order to 

optimise fibre-optic evanescent wave absorption systems.

2. Fibre-optic surface plasmon resonance (SPR) excitation

Recently fibre-optic surface plasmon resonance (SPR) sensors have been 

developed intensively. In the research of the thesis the theoretical models so far 

constructed are based on the approximation of meridional rays. An accurate model should 

consider the contribution from leaky skew rays. Further theoretical work in SPR fibre- 

optic sensors can be the theoretical analysis of the SPR excitation by leaky skew rays in 

optical fibres, which is also a requirement of the design in high performance of SPR 

fibre-optic sensors. Theoretical analysis of multi-layer structure SPR fibre-optic sensors 

requires further work too.

8.6.2 Design studies

1. “Propofol” fibre-optic sensors

The concentration measurement of “Propofol” has potential commercial value. 

The design studies in the thesis is a feasibility study for the development in the near 

future of such a device. The next step for this work is related to making a prototype 

sensor. By using the prototype sensor, sensitivity and response time of the sensor will be 

estimated. Optimal structure for the probe will be determined. Some compensation
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approaches will be considered to reduce the noise and disturbance from the environment. 

Towards the in-vivo monitoring, the experiments in blood environments have to be done.

2. SPR fibre-optic chemical sensors

Prototype sensors should be made for preliminary experiments and tests of SPR 

fibre-optic chemical sensors using swellable materials and distributed systems. Materials, 

including the swellable layer and the SPR supporting layer in ultraviolet and infrared 

light, have to be studied. Signal process techniques should be considered to reduce the 

interference among channels in distributed systems.
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Abstract. In an optical fibre of circular cross section, leaky skew rays 
transmit power in a different way from trapped and meridional rays. In this 
paper, a theoretical analysis of the evanescent wave absorption coefficient for 
leaky skew rays in multimode optical fibre evanescent wave absorption sensors 
is presented. Further, a comprehensive expression for the effective evanescent 
wave absorption coefficient is obtained. Some numerical results are given to 
illustrate this theoretical analysis. This work could be applied to optimize the 
design of fibre-optic evanescent wave absorption sensors.

1. In troduction
Fibre-optic evanescent wave absorption sensors, which use attenuated total 

internal reflection (A T IR ) [1], have been studied in many applications over past 
decade [2—5]. T he  light wavelength employed has extended from  the infrared [6, 7] 
and visible [8. 9] to near-ultraviolet [10. 11]. Theoretical evaluation of evanescent 
wave absorption has been attem pted since the appearance of the sensor. Both 
electrom agnetic field theory [12, 13] and geom etric optics [14—16] have been used 
to build theoretical models for the explanation of experim ental results. Because of 
its sim plicity and effectiveness, geometric optics is playing an im portant role in the 
developm ent of theoretical models. In the derivation of these models using 
geom etric optics. F resnel’s law is applied, and only m eridional or trapped rays 
have so far been considered. T here is a class of weakly attenuated rays, so-called 
leaky rays, in an optical fibre of circular cross section. T he behaviour of these leaky 
rays is incorrectly predicted by Fresnel’s law [17. 18]. M any skew rays or 
tunnelling rays within a circular optical fibre, which geom etric optics predicts 
are trapped by total internal reflection, are in fact leaky. T hese leaky skew rays 
which carry a significant proportion of the power have different transmission 
characteristics. W hen there is absorbing cladding, leaky skew rays contribute to
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evanescent wave absorption in a different way from that of other rays. In order to 
build an accurate theoretical model for evanescent wave absorption in fibre-optic 
sensors, it is necessary to analyse the transmission of these leaky skew rays in the 
optical fibre. In  the following sections, we present a theoretical analysis of 
evanescent wave absorption of leaky skew rays under the weakly guided 
approximation.

2. T he e v a n esc en t w a v e  absorption  co e ffic ien t
A random  ray of wavelength A incident at P on the interface of a m ultim ode 

step-profile fibre of core diam eter d, with n\ and ni the refractive indices of the 
core and the cladding, respectively, is shown in figure 1. Relative to the normal 
PO, the angle of incidence or reflection is a . Both incident and reflected rays make 
angles Q~ with the axial direction PZ, and 0o in the cross-section between the 
tangent PQ and the path projection, i.e. PR for the reflected ray.

T he U value of the optical fibre is:

U nder the condition of a large core diam eter optical fibre ( F >  1), geometric 
optics is highly effective and useful, and is therefore used to analyse the evanescent 
wave absorption coefficient of both trapped and leaky skew rays.

In a circular optical fibre, due to the curvature of the fibre surface, there 
are three classes of ray, differentiated by the critical angle, 0c(cos 0C =  « :/« i)  D~-

( 1)

18]:

Z

Figure 1. Definition of angles of the ray inside the optical fibre.
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(i) trapped rays: 0 ^  9= <  9C\
(ii) refracted rays: a  <  (7t/2 — 9C);

(iii) leaky skew rays: tt/2  ^  9S >  9C and k /2  ^  a > i n / 2 — 9C).

It is known that evanescent wave absorption is induced by the absorption of 
bo th  trapped and leaky skew  rays in the cladding medium. Evanescent wave 
absorption of trapped rays can be explained by the attenuated total internal 
reflection described by F resn e l's  law. However, leaky skew rays are reflected in 
a different way.

If P 0 is the power tran sm itted  by the optical fibre in the absence of an 
absorbing cladding, then the  transm itted  power in the presence of an absorbing 
m edium  is given by:

P{ cr j =  P 0 exp (- L) 12)

w here L  is the length of the cladding absorbing m edium  and y is an evanescent 
wave absorption coefficient.

2.1. The evanescent zcave absorption coefficient for trapped and meridional rays

W e now proceed on the basis of Fresnel's law, and consider a m ultim ode 
optical fibre with core d iam eter d. W hen the cladding has been replaced locally by 
an absorbing m edium , the refractive index can be expressed as nz =  nc\ — i;7i> an<2 
the bulk absorption coefficient of the absorption cladding m edium  at the employed 
wavelength is: a =  A-Kn /̂

U nder the condition of weak absorption (wcj wU- the evanescent wave 
absorption coefficient is given by Ruddy [14],

a  A //-> sin- 9~
.9.) =

tzd cos 9: cos- 9Z — ' tiz jn  \ )”]1 ’ nz — nf)

2.2. The evanescent zcave absorption coefficient for leaky skezc rays
It is known by theory and experim ent that the transm ission behaviour of leaky 

skew rays is quite different from  that of trapped rays [18]. Fresnel s law cannot 
pred ic t the transm ission of leaky skew rays correctly. For a weakly guided, large 
d iam eter optical fibre [ V  1), the power attenuation of leaky skew rays is 
expressed by equation (4) [1 /. 18].

nz — n~, — 7U~ .

x exp

! n\(nz — nz I1 n\(n i — n\ ) 1 "! ^ 0c) [ V^c/

|1 —i 9; 9.~)~ sin- 9
x exp i — =  n

hz,9fr -  l

1 — (9~/9c)~ sin" 9C 

(9z ! 9c r  -  1

1 _  f ^  sin" 9 -

w here the definition ot variables is as given in the previous sections.
In m ost applications of optical fibre sensors, w here the transm ission distance is 

short, this attenuation  can be negiected. However, in the application or evanescent
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wave absorption sensors, when the cladding has mostly become an absorbing 
m edium , this attenuation  cannot be negligible. Such influence has been found and 
m entioned by m any researchers [9, 19. 20].

U nder the condition of weak absorption, from equation (4), the evanescent 
wave absorption coefficient, for leaky skew rays, induced by the absorbing cladding 
is obtained as:

=
« i ( « f  -  >n) ' "

4
X d \9 C

1 - 1 ^ 1  sin- 0o

i :

f [1 — (0-i 0C)~ sin2 9.-Y
x exp < I -  f I )  ----------------- -̂-------- —

I ‘ (0s/0c) -  1

a  "A2

■\n2dn \ : /q — n\ ) 1
x —

9.
sin" 0.-,

x exp
r  9-

■9- 9C

3. The e ffe c t iv e  e v a n e sc e n t w a v e  absorption co e ffic ien t
In order to build a com prehensive theoretical model of evanescent wave 

absorption in fibre-optic sensors, both trapped and leaky skew rays have to be 
considered carefully, because leaky skew rays transm it a non-negligible proportion 
of power in the optical fibre. U nder the weakly guided approxim ation, this 
proportion has been studied by Snyder [18], and is expressed as:

P s . sin2 9C
P =  r, . n =  1 ---------=>

^  1 — — ‘-8 — b2) — i 1 — 28) cos 1 \  <"K '
where < 5 = 1 — ni n \)2, p is the proportion of the power transm itted  by leaky skew 
rays and P.; and P t  are powers transm itted by leaky skew rays and trapped rays, 
respectively. U nder such consideration, the effective evanescent wave absorption 
coefficient ~en is given by:

s i9zh s[9: i d6~ ~
leakv ske«  rav

Jl95hm l0.-!dtf=
trapped ray

S( 9: ! d9:
trapped —ieak skew ray

where s(9~; represents the power distribution of the rays and integrations are 
perform ed according to different classes of rays.

Equation < 7 < is an accurate expression for the effective evanescent wave 
absorption coefficient, and can be used to predict evanescent wave absorption 
correctly. On the o ther hand, leaky skew ray illum ination conditions can he 
constructed easily [21].
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0.01

1E-06

V = 1451E-10

1E-14 V = 290

7  s 1E-18

1E-22
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Figure 2. Evanescent wave absorption coefficinet at 90 = 10".
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Figure 5. Evanescent wave absorption coefficient at 0o =  30'.

4. N u m e r ic a l resu lts  an d  d iscu ssio n s
T rapped  and m eridional rays have been studied before [14]. In this section, our 

num erical calculations and discussions will be concentrated on the evanescent 
wave absorption of leaky skew rays. T he  param eters used in these num erical 
calculations are n\ = 1.457, 112 =  1.335. A =  0.6328 fim. d  =  100u.m, and 
a  — 100 cm -1 .

Figures 2 and 3 show the num erical results of evanescent wave absorption 
against incident angle 4. at 0.~ = 10' and 9, =  30'. respectively.
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r ,

60 62 64 66 68 70 72

o ^ e j e c = i.05)
Figure 4. Evanescent wave absorption coefficient at 0: 9: = 1.05.
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Figures 4 and 5 show the num erical results ot evanescent wave absorption 
against 0o at certain incident angles 9:i 9C =  1.05 and 9: 9C =  2.2. respectively.

Figure 6 shows the com parison of the evanescent wave coefficient between 
m eridional and leaky skew rays when I~ =  290 and 9.: = 10 .

F rom  the above-m entioned equations, it can be seen that the evanescent wave 
absorption  coefficient changes with the incident angle 9S, 9 and I . T h e  critical
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5. Evanescent wave absorption coerficinet ar 9Z = 2.2.

Yu X u  et al.
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Figure 6. Evanescent wave absorption coefficient for meridional and leaky skew rays.

angle (total reflection angle) of leaky skew rays is determ ined not only by /q , n i 
(that is #c), bu t also by the skewness of the ray, 90, in the form ulation of 
9 ~ sin 9 0 = 9c. W ith increase of V , the absorption decreases significantly (the 
same as the behaviour of m eridional rays). T he  skewness of leaky skew rays. 9a, 
together w ith 9~, also plays an im portan t role in evanescent wave absorption.

S tronger evanescent wave absorption for leaky skew rays occurs near to the 
critical angle. T h e  m ain difference between trapped and m eridional rays is that 
leaky skew rays are d istribu ted  over a wider range, norm ally a few times 9C, 
although they have less absorption. T rapped  rays occur only within the critical 
angle pred ic ted  by FresneFs law, i.e. less than 9C. U nder some circum stances and 
designs these leaky skew rays could carry a large proportion of the transm itted 
power, and the evanescent wave absorption induced by the leaky skew rays could 
be im portan t. F igure 6 shows the com parison of evanescent wave absorption 
between m eridional rays and leaky skew rays. A lthough the evanescent wave 
absorption coefficients for m eridional rays are larger, they are only significant over 
a relatively sm aller range of angles— less than the critical angle 9C. For leaky skew 
rays, they are smaller, b u t their influence covers a larger angle range. T h a t is the 
reason why in some applications the evanescent wave absorption of leaky skew rays 
should be involved in the quantitative explanation of the experim ental results.

5. C o n c lu sio n s
Leakv skew rays have a unique behaviour in transm ission and evanescent wave 

absorption in optical fibres. As with trapped or m eridional rays, the contribution to 
the evanescent wave absorption of leaky skew rays changes with variation in the 
incident angle 9- and U. But the skewness of the leaky skew ray 90 is another
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im portan t factor for evanescent wave absorption. A w ider angle range (a few times 
the critical angle 0C) of leaky skew rays can induce evanescent wave absorption. 
Based on our analysis, a com prehensive expression for evanescent wave absorption 
has been derived which can be solved easily by num erical calculation. T h is analysis 
and calculation will allow optim ization of the design of optical fibre evanescent 
wave absorption sensors.
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Abstract. In surface p lasm on resonance (SPR ) fibre-optic sensors, the 
optical pow er transm ittance is im portan t in determ ining behaviour. In this 
paper num erical calculations are used to estim ate the optical power transm it­
tance of SPR  fibre-optic sensors. T hese  analytical estim ations can be applied in 
SPR  fibre-optic sensors bo th  w ith a transducing layer and w ithout a transdu­
cing layer. T h e  results of these num erical calculations agree well with p re­
viously published experim ental results. T h is work will aid in the design of SPR 
fibre-optic sensors in term s of geom etrical structure, materials and dynamic 
range as well as allowing the prediction  of perform ance and of lim itations of the 
design.

1. In trod u ction
L ight surface plasm on resonance (SPR) excitation, as a useful and sensitive 

m ethod, has been studied in chem ical and biochemical sensing applications [1—3] 
for m ore than two decades. Com m ercial products based on bulk-optic SPR 
technology have been successfully exploited by Biacore. Quantech and Texas 
Instrum ents. W ith the developm ent of fibre-optic sensing technology, SPR fibre- 
optic sensors have received a great deal of attention by researchers in recent years 
[4—7], particularly  because of the extra advantages of small size of the fibre-optic 
probe and the growing need for rem ote sensing. In addition, due to the character­
istics of the optical fibre. SPR  fibre-optic sensors have different characteristics 
from SPR  bulk-optic sensors, such as, no angle scanning is needed and m ultiple 
wavelength light sources can be used together with a spectrom eter for recording 
the spectrum .

T heoretical m odels for the analysis of light SPR excitation in bulk optics have 
been well developed by m any researchers [8—14], These theoretical models have 
been used to explain experim ental results and to design SPR bulk-optic systems. 
In the m ulti-m ode optical fibre which is used in many SPR fibre-optic sensors, 
there are m any guided modes transm itted— each mode transm its the light ray at 
one particu lar angle of internal reflection. Theoretical m odels for SPR bulk-optic 
systems can only be applied to the individual ray of each mode in m ulti-m ode 
optical fibres. For SPR  fibre-optic sensors, a com prehensively theoretical analysis.

*ournai or M odern  O p tic s  I S S N  i id 50-d •.'■*«> print IS S N  ! 3 6 2 -S 0 4 4  in line ■ loOO T aylor X Francis Ltd  
http: \vw \v .tan d f.co .u k  jou rn als tt' 0951*0340.hrm i
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which considers the contributions of all possible transm itted  modes, has not been 
studied system atically. In this paper, based on the theoretical analysis of the 
optical pow er transm ittance using num erical calculations, the characteristics of 
SPR  m ulti-m ode fibre-optic sensors are predicted and discussed.

2. B asic  th eo ry
Figure 1 shows the m eridional cross-section of the sensing element of the SPR 

fibre-optic sensor. A m ulti-m ode optical fibre, w ith core diam eter d and refractive 
index n2 (dielectric perm ittivity  s 2), has the jacket and the cladding removed to 
expose the core, on which is sym m etrically deposited a metal film of thickness d\ 
and dielectric perm ittivity  £\. In som e applications, the metal film is directly in 
contact w ith the sample to be m easured w ith dielectric perm ittivity  in others, a 
dielectric isotropic transducing layer w ith thickness d$ and dielectric perm ittivity 
c3 is deposited sym m etrically outside the metal film. For generality, in this paper 
all form ulations are derived including this transducing layer. T he sensors w ithout 
transducing  layers are considered as a special case by setting d2 =  0 .

In m ulti-m ode optical fibre sensors, due to the easiness and effectiveness of 
describing the behaviour, m eridional rays are often used to build up approxim ate 
models. F u rth e r, in SPR fibre-optic sensors, the theoretical models of SPR for 
bulk optics are satisfied by m eridional rays in optical fibres. Therefore, the 
theoretical analysis of optical power transm ittance in SPR fibre-optic sensors in 
the following is based on m eridional rays.

Optical fibre Core e

Metal film s .  =  e r + i£ :

Transducing layer £,
_______________________V_____

Sample £0

Figure 1. T h e  meridonial cross-section of the sensing elem ent of the fibre-optic SPR
sensor.
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C onsidering a ray of light transm itted  in an optical fibre with incident angle 9 
w ith respect to  the norm al of a core—m etal interface, the electric field E of the SPR 
propagating in the sr d irection is expressed [15] as:

E x(x. z. t) = E^(x) exp (iuit — ik=z). (1)

w here is the field am plitude, jj is the angular frequency, kz =  k[. -r i/e!, is the 
SPR  complex propagation constan t along the z  direction, with k l  as the real part 
and k \ as the im aginary part.

T h e  resonance condition, under which the propagation constant of the incident 
light beam  in the s  direction is equal to the real part of the SPR propagation 
constant, is expressed as:

,7  2"
k l = k(zz ) sin 9$p =  —  «2 sin 9$p. (2)

A

where k  is the propagation constant of the incident light beam and 9sp is the 
resonance angle.

Considering the s tructu re  of the SPR sensing element in SPR fibre-optic
sensors shown in figure 1, the SPR  propagation constant is accurately expressed [9,
10, 16] as:

k : = k° -r kR ~  kT . (31

k " =  l - ^ - V  (41

(5'

•o ~ -1/ c 

, k ,  *.(

— i ( z f l ) (—) ( — ——  ) -------- ^ ------------ ( r ; -  —  16!;0C1
:qci -1"

k° expresses the dispersion relation of SPR  of a m etal—vacuum  interface in a one- 
sharp-boundary  model, k R expresses the perturbation  to k° due to the finite 
physical volum e of the optical fibre and &T expresses the m odification to k° due 
to the transducing  layer.

It is known that light rays w ith a range of incident angles are allowed to 
propagate in the m ulti-m ode optical fibre. T h e  range is determ ined by the 
num erical apertu re  of the fibre. A A  =  ti2 cos 9C =  i /77 — . Only rays with
9 >  9. (critical angle) can be transm itted  in the opticai fibre. T he resonance 
condition in SPR  fibre-optic sensors should involve the contribution from  all 
ravs transm itted  in optical fibres, w hich have a range of incident angles (#c.90 ). 
H ence the resonance condition, in SPR  fibre-optic sensors, is expressed as:

2 - /7 7k\ =
pi 9)sin9 d9

,\SP p*'
j D\9)d9.

where t>i9) represents the power d istribu tion  of light sources.
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T his resonance condition decides a resonance wavelength Asp, which corre­
sponds to the resonance angle <?sp in bulk optics.

T here are two m ain sorts of essential power d istributions of light sources in 
fibre-optic sensors.

(1) Diffuse or L am bertian  source (such as a LED ), which is bu tted  against the 
optical fibre end face and its surface covers at least some of the core cross- 
section. T h e  pow er d istribu tion  is expressed [17, 18] as:

p(9) oc rti sin 9 cos 9. (8)

(2) Collim ated source (such as a laser) using a microscope objective such that 
the beam  is focused onto the optical fibre end face at the axial point, the 
power d istribu tion  is expressed [18, 19] as:

p{9) oc
ni sin a cos V 

(\ — n\ cos2 9)'
(9)

In this paper a very im portan t characteristic, the optical pow er transm ittance of 
SPR fibre-optic sensors, is discussed. O ther characteristics, such as the influence 
of kR and &Tterm s, especially in the sensitivity of SPR fibre-optic sensors will be 
discussed in another paper.

L 'nder the approxim ation of using m eridional rays of the optical fibre, intensity 
reflection coefficient r{9) at the interface of the metal film and the optical fibre core 
can use the result for the SPR  bulk-optic system, which is expressed as [1, 16]:

r\9) = >"2 1 0 | =
j"2i -r ri^o exp (2 ik[d i! 
1 — >'2i''i:o exp (2 ik \d \ )

10!

where

>"21 =

>"130 =

~21 

« 2 1  ’

~io -  1̂ 43 tan (h d i]
n\o ~  in+3 tan (k:,d^)

=  kjc.j kjcj.

=  k jz . j  t

ki =

0̂ 1

- k 2
12

n-> sin

k± =
k()k\

i . j =  1 .2 .3 .4 .
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A light ray transm itted  in the m ulti-m ode optical fibre, w ith incident angle 9 
(shown in figure 1), will have A* m ulti-reflections in length L  of the SPR sensing 
elem ent. T h e  num ber Aris expressed as:

A =  d tan 9'

Considering the contributions of all rays and m ulti-reflections, the reflectance 
R \  in SPR fibre-optic sensors is expressed as:

Rs

90
.Vp(9)r (9) d9
  ( 12)

9 0 '

p(9) d9.

In  m ulti-m ode optical fibres, both T E  (transverse electric) and TAI (transverse 
m agnetic) polarized light with respect to the core—metal interface are allowed to 
propagate. Only half of the transm itted  optical power contributes to the SPR 
excitation, since SPR can only be excited w ith TAI polarized light [13, 17].

T hus, the optical power transm ittance of SPR fibre-optic sensors is expressed
as:

w here / te and / tm represent the transm itted  optical power of T E  and TAI 
polarized light, respectively. U nder the condition that / te =  / t m . ^he optical 
power transm ittance simplifies to:

T  = — -^ ± .  (14)

3. I llu stra tiv e  n u m e r ic a l ca lcu la tio n s
In SPR fibre-optic sensors, the optical power transm ittance is m easured via its 

spectrum  which has a resonance at wavelength Asp where there is m inim um  
transm ittance.

In  the num erical calculations of this section, the param eters of the optical fibre 
used in calculations are: if =  400 |im , ni =  1.515 and X A  =  0.5. T he power 
d istribu tion  of the light source is diffuse or Lam bertian source, expressed in 
equation (8).

In figure 2, the — curve represents the case of the refractive index of the sample 
no =  1.4, the x curve represents ;/n =  1.41 and the o curve represents no — 1.42. 
T h e  continuous curve represents the norm alized transm itted  optical power of only 
one light ray w ith specified angle 9 =  80°. suffering only one reflection, no =  1.4, 
w hich sim ulates the bulk-optic SPR. Due to the num erical aperture, there is a 
range of angle of light rays able to travel in the optical fibre. T he contribution of all 
rays broadens the spectrum  of the transm itted  optical power in SPR fibre-optic 
sensors, and, because of m ulti-reflections inside the optical fibre, which lead to 
m ore absorption, the m inim um  transm ittance decreases, com pared with that in 
bulk-optic  SPR  absorption.
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Figure 2. Normalized transmitted optical power of the SPR fibre-optic sensor without a 
transducing layer, i.e. d$ =  0, gold as the SPR supporting metal, with 
£; = — 13.2 — 1,25i, length L =  10mm and thickness d\ =40nm . The refractive 
index of the sample to be measured changes.

In figure 3, 4- represents the case of the thickness of the SPR  supporting metal 
d\ — 30 nm , x represen ts d\ =  40 nm , o represents d\ =  50 nm  and * represents 
d\ =  200 nm . W hen the thickness of the SPR supporting m etal is large enough, 
there is no SPR  excitation, the optical power of all wavelengths will be reflected 
alm ost at the sam e reflectance, and there is zero sensitivity in this case.

In  figure 4, 4- represents the case of the length of sensing elem ent L — 5 mm. < 
represents L  =  10 m m , o represents L  = 20 mm and * represents L  =  50 m m . Due 
to an increased n u m b er of reflections, the m inim um  transm ittance decreases with 
increasing length of sensing elem ent L. W hen the length is long enough, optical 
power of all w avelengths will be absorbed, and there is zero sensitivity in this case.

In figure 5, the — curve represents the case of the refractive index of the sample 
rc0 =  1.0, the x curve represents «o =  1 -05 and the o curve represents hq =  1.1. The 
continuous curve represents the norm alized transm itted optical power of only one 
ray w ith specified angle <9 =  80°, suffering only one reflection, no = 1.0, which 
sim ulates the bulk -op tic  SPR. Again because of the num erical aperture, there is a 
range of angle of light rays which can be transm itted in an optical fibre. T he 
contribu tion  of all such rays broadens the spectrum  of the transm itted  optical 
power in SPR  fibre-optic sensors, and because of m ulti-reflections inside the 
optical fibre w hich lead to m ore absorption, the m inim um  transm ittance decreases, 
com pared w ith th a t of bulk-optic SPR sensors. T his behaviour is the same as in 
SPR  fibre-optic sensors w ithout a transducing layer.

In figure 6, — represents the case of the thickness of the SPR supporting  metal 
d\ =  35 nm , x represents d\ — 45 nm , o represents d\ = 55 nm and * represents 
d\ = 200 nm . W hen the thickness of the SPR supporting metal is large enough.
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Figure 3. N orm alized transm itted  optical power of the SPR  fibre-optic sensor w ithout a 
transducing layer, i.e. d} — 0, gold as the SPR supporting metal, with 
f ;  =  —13.2 — 1.25i and length L =  10m m . T he refractive index of the sample 
n,i =  1.4. T h e  thickness of the SPR  supporting metal T  changes.
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Figure 4. N orm alized transm itted  optical power of the SPR fibre-optic sensor w ithout a 
transducing layer, i.e. a? =  0. gold as the SPR supporting metal, w ith 

= - 1 3 . 2  — 1.J25i and thickness d\ =  40nm . T h e  refractive index of the sample 
=  [.4 . T h e  length of the sensing elem ent L changes.
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Figure 5. N orm alized transm irred optical power of the SPR  fibre-optic sensor, using 
zirconium  oxide as the transducing layer, with 53 =  n~ = 4.0, thickness d$ =  40 nm. 
silver as the SPR  supporting  m etal, with fi =  —17 — 0.6i, thickness J- =  45 nm and 
length L = 10m m . T h e  refractive index of the sample to be m easured changes.
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Figure o. N orm alized transm itted  optical power of the SPR fibre-optic sensor, using 
zirconium  oxide as the transducing layer with 5;, =  >1- =  4.0. thickness d?, = 40 nm. 
silver as the SPR  supporting  metal, with f; =  —17 — O.Pi. and the length of sensing 
elem ent L  =  10 m m . T he refractive index of the sam ple >i<, = 1.0. T he thickness n 
SPR  supporting  m etal changes.
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there is no SPR  excitation, the optical power of all wavelengths will be reflected at 
the same reflectance, and there is zero sensitivity in this case as well. T his is also 
the same as th a t in SPR  fibre-optic sensors w ithout the transducing layer.

In figure 7, 4 -  represents the case of the thickness of the SPR supporting metal 
d$ =  35 nm, x represents t f  =  45 nm  and o represents d'2 =  55 nm. W hen the 
thickness of the transducing  layer changes, the SPR resonance wavelength is 
shifted.

In figure 8 , the — curve represents the case of the refractive index of the 
transducing layer /13 =  1.95, the x curve represents n$ = 2.0 and the o curve 
represents 713 =  2.05. T h e  SPR  resonance wavelength is shifted by the change of 
the refractive index of the transducing layer.

In figure 9, represents the case of the length of the sensing element 
L  =  5 mm, x represents L  =  20 mm , o represents L =  50 m m  and * represents 
L  =  200 mm. D ue to a greater num ber of reflections, the m inim um  transm ittance 
decreases with increase of the length of the sensing elem ent L. W hen the length is 
long enough, optical pow er of all wavelengths will be absorbed, giving zero 
sensitivity in this case. C om pared with SPR fibre-optic sensors w ithout the 
transducing layer, the length needed for full absorption in all wavelengths is 
greater, since the transm itted  optical power spectrum  is narrower.
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Figure 7. N orm alized transm itted  optical power of the SPR  fibre-optic sensor, using 
zirconium  oxide as the transducing 'aver with ip =  =  4.0. silver as the ?-PR
supporting  m etai. w ith £• = —17 — d.ni. with the thickness J\ =  45 nm and the 
length of the sensing elem ent L =  :0 mm. T h e  retractive index o t  the sample 

=  1.0. T h e  thickness of "he transducing aver changes.
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F igure 8. N orm alized transm itted  optical power of the SPR fibre-optic sensor, silver as 

the S PR  supporting  m etal, w ith £\ =  —17 — 0.6i, w ith the thickness d\ =  45 nm and 
the length  of the sensing elem ent L  =  10 mm. T h e  refractive index of the sample 

=  1-0. T h e  thickness of the transducing layer dy — 40 nm, b u t the refractive index 
of the transducing  layer changes.
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Figure 9. N orm alized transm itted  optical power of the SPR fibre-optic sensor, using 
zirconium  oxide as the transducing layer with £;. =  n\ =  4.0, thicxness dy — 40 nm. 
silver as the SPR supporting metal, with =  —17 —0.6i and d\ =  45 nm. T he 
refractive index of the sample nn =  1.0. T he length ot the sensing elem ent L 
changes.
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4. S u m m a ry  an d  c o n c lu s io n s
In  this paper, the optical pow er transm ittance, as one of m ost important 

characteristics in SPR fibre-optic sensors both w ith and w ithout a transducing 
layer, has been analysed and studied  by num erical calculations. T he  behaviours 
and characteristics of SPR fibre-optic sensors obtained by numerical calculations 
agree well w ith previously published experim ental results, such as Jorgenson and 
Y ee’s work [5, 6] and Slavik et a l.’s work [7],

F u rther, by the suitable design of the sensing elem ent in term s of the thickness 
and the length of the supporting m etal, as well as the thickness and refractive index 
of the transducing  layer, the optim al behaviour of the SPR fibre-optic sensor over 
a wide dynam ic range can be achieved.

T h e  optical power spectrum  of SPR  fibre-optic sensors with a transducing 
layer is narrow er than that of sensors w ithout a transducing layer. T his character­
istic leads to the SPR fibre-optic sensors with a transducing layer of higher 
sensitivity.

By using a transducing layer, sensing can be achieved by m onitoring the change 
of refractive index in the sample to be m easured or in the transducing layer. 
T hickness change of the transducing  layer can be another sensing param eter in 
designing SPR  fibre-optic sensors. t

Finally, some other issues relating to the characteristics of SPR fibre-optic 
sensors, such as sensitivity, dynam ic range, the position or m inim um  reflectance 
and the dielectric constant dispersion of the SPR supporting metal, are im portant 
and need m ore detailed discussions. T hese will be presented in another paper.
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Abstract

A numerical error analysis of two-wavelength absorption-based fibre-optic sensors is presented in this 
paper. A general formulation to express the measurement error and the error induced by the instability of 
the light power inputted into the absorbing sample to be measured is derived. And, using this formulation, 
two common and important errors in this type of sensor, temperature fluctuation of light sources and 
bending of optical fibres, are discussed. The analyses and results can be applied in both transmission-type 
and reflection-type absorption-based fibre-optic sensors.

Keywords: Fibre-optic, Absorption, Error

1. Introduction

By using different principles and technologies, fibre-optic sensors have been designed for measurements in 
chemistry and biochemistry, and have been applied successfully to detect pH, pC>2, pCCh, methane, ozone 
and ammonia, etc.[l][2]. Among these, fibre-optic sensors based on the light absorption, which can be 
deduced from the Beer-Lambert law, are important, and possibly simplest. They can be divided into two 
classes: 1. transmission-type absorption-based fibre-optic sensors[3][4], 2. reflection-type absorption-based 
fibre-optic sensors [5][6]. Much research has been done on these devices. The study of error sources and 
the accuracy limitation of absorption-based fibre-optic sensors is important. Some authors have reported 
their work on this topic[7][8]. Because measurement by this type of sensor is achieved by comparing the 
light power outputted from the absorbing sample with the initial light power inputted into the sample, the 
stability of light power inputted to the absorbing sample is critical to the accuracy of the sensor. A two- 
wavelength technique is a commonly used approach to improve the performance of the sensors. In this a 
reference wavelength, different from the measurement beam wavelength, is used. In two-wavelength 
systems, the fluctuation of light output power and power spectra from light sources can be an important 
error source. And, in fibre-optic sensors, the disturbance of the optical fibre itself is of concern since light 
power is transmitted by optical fibres. The optical fibre itself is a dispersive component, the attenuation of 
the transmitted light power induced by disturbing optical fibres such as bending is also due to a dispersive 
process. The power attenuation is different at different wavelengths, which generates another error source 
in two-wavelength absorption-based fibre-optic sensors. In this paper, two common and important issues in 
absorption-based fibre-optic sensors not well studied in two-wavelength systems before, namely the errors 
induced by the temperature characteristics of light sources (especially non-coherent broadband light 
sources) and the effects of bending optical fibres are studied both theoretically and by numerical examples.

2. Basic theory

Light passing through a material can be absorbed by interaction with the molecules and atoms of the host 
material, or with impurities and defects. At a given wavelength X , the intensity of the light passing 
through the material is attenuated as an exponential function of its path length x. This is expressed by the 
Beer-Lambert law:
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h  (* ) = h  (0 ) exp ( ~ a x [ M \ x )  (1)

where I x (x) is the light intensity at a distance x , I x (0 ) is the incident light intensity at x = 0, OL x is the 
absorption coefficient and [M] is the concentration of the absorbing material.
Absorption-based fibre-optic sensors work on this principle. In two-wavelength absorption-based fibre- 
optic sensors, two wavelengths are used, one as die measurement wavelength A x, another as the reference
wavelength X2 . At the measurement wavelength the light will be absorbed strongly by the material, at the 
reference wavelength the absorption of light does not happen, or the absorption is small and might be 
neglected. Therefore, the output of sensors can be expressed as:

7 ,,(x )  / , , ( 0 )
■7 7 * 7  =  + a  l 2 [ M \ x )  (2)
1X2^X) 1x i y J)

where the subscripts represent the two different wavelengths.

Because the absorption at X2 is small, and can be neglected, equation (2) can be re-written as:

I  i t  ( • * )  _  e x p ( _ Q ;  r  M \ x )  ( 3 )
7 «  7 ( 0 )  xlL

Equation (3) is the measurement formulation of two-wavelength absorption-based fibre-optic sensors. In 
the measurement, I  xx (0 ) , I X2( 0 ) ,  (X x and X are known, the concentration [M] is obtained by 

measurements of the outputs of the sensor, I xx (x) and I X2 (x) .
The accuracy of the sensor is determined by the errors in the measurement of the light powers outputted 
from the absorbing sample to be measured, which could be expressed as:

1XI (•*") = IXI (x) ^ X I  (X~) an<̂  IX2 (x ) = 1X2 (x) ^X2  ’
and further, I xx (x ) = I xx (x ) • (1 +  8 xx (a:)) and I X2 (jc) — I X2 (a:) • (1 + 8 X2

where AI XI (x)  and AI X2 (x) represent measurement errors, 8 xx (x) = 8 J xx (x) /  I xx (x) and

8 x2 (x ) = A /j2 (x) / 1X2 (x ) represent relative measurement errors.
The accuracy of the sensor is also affected by the stability of the light powers inputted into the absorbing 
sample, which can be expressed as:

h i  (° )  = (0) +  &  xx (0) and 1X2 (0) = I X2 (0) + AI X2 (0) ,

and further, I xx (0) = I xx (0) • (1 + 8 X1 (0)) and I 2 (0) = I X2 (0) • (1 +  8 X2 (0)) ,
where A //ll (0) and A /A2(0) represent intensity fluctuations, 8 Xl (0) = A l xx (0) /  I xx (0) and

8 x2 (0) =  A/ 12 (0) / I x2 (0) represent relative intensity fluctuations.
Here it is assumed that variables CCx and X do not change.
Therefore, the concentration measurement formulation of two-wavelength absorption-based fibre-optic 
sensors can be expressed by equation (4), which includes the above-mentioned errors and fluctuations.

| u « = Zu(2). ( [M ] > (4)
7 W  7 ( 0 )

where \_M\m is the measured concentration value, which would be different from the real value \M\. 
Substituting the above error expressions into equation (4), and obtaining:
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+ = / -»-(°)-(1 + ^ i ( ()) ) exp(-g  [Af\ x) (5)
I l2 (x )-(l + S l2 (x)) I  u  (0) • (1 + 6  „  (0)) p( 1,1 J”

The relationship between the real concentration [M\ and measured concentration \ M ] m is expressed as:

Because of the small values of 8 xx (x) , 8 X2 (x) , 8  xx (0) and 8 X2 (0) , the concentration error can be 
re-written as:

a u  ([M] -  [ M]m x) = 1 + S u (x) -  S n  (x) -  8 lx (0) + 5 a  (0) (7)

The measurement errors 8 xx (x) and 8 X2 (x) have been studied by Jin[7][8]. As illustrative examples,

the following numerical calculations are focused on the study of terms <5^(0) and 8 X2 (0) , which are 
caused by the instability of the light powers inputted into the absorbing sample.

3. Illustrative examples of numerical error analyses and discussions

In two-wavelength absorption-based fibre-optic sensors, the reference wavelength X2 is used to monitor
the background absorption and the fluctuation of output light power from light sources. Ideally (0 ) and

I X1 (0) do not change during the measurement. In practice, there are many factors which could result in

the instability of I xx (0) and I X2 (0). Among these, the fluctuation of the output light power of light 
source induced by the temperature change and the physical disturbance of optical fibres are inevitable and 
significant. In following parts of this section, these are studied as two illustrative examples.

a. The error due to the temperature fluctuation o f light sources

In two-wavelength absorption-based fibre-optic sensors, non-coherent broadband light sources, such as 
black-body radiators, Lamps, LEDs, are usually used. The output light power, even power spectrum, of 
these light sources could be changed by many factors. For long-term use, the instability of the output light 
power is extremely important to the performance of the sensor.
The temperature instability of output light power and power spectrum of non-coherent broadband light 
sources is complicated. It completely depends on the light sources themselves. Different types of light 
sources have different temperature characteristics. Here the black-body radiator is used as an illustrative 
example.
The black-body spectral radiation can be analytically expressed as [9]:

7,(0) = ---------^ ®
n 0X5 (e - 1 )

where I x (0) is the radiation intensity of the radiator, c0 is the velocity of light, Q 0 is the solid angle, k
is Boltzmann’s constant, h is Planck’s constant, T is absolute temperature and X is the radiation 
wavelength.
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Ix (0) can be changed by both wavelength and temperature. The accuracy of an absorption-based fibre- 
optic sensor with this type of light source using the two-wavelength technique, especially when the 
difference between the two different wavelengths is large, will be apparently affected by the change of 
temperature.
Figure 1 shows the numerical calculation of errors caused by the temperature variation of the black-body 
radiator against wavelength.

* * (« ) /
/ d T

0.7

0.6  . .

0.5 ..

0.4 ..

0.3 ..

0.2  - .

0.1

0.20 0.6 0.8 1.40.4 1 1.2 1.6

Wavelength (um)

Figure 1 The variation of errors at different temperatures against wavelength

At different wavelengths the output power fluctuation caused by temperature change will be different.
For example: assuming T=  293°K,
at X = l.Ojim, 8 A1 (0) = 0.17dT and at X = 0.5pm, 8 X2(0) = 0.34</7.
In this case, from equation (7), the error of the measured concentration induced by the temperature 
fluctuation of the output power of the light source is: ( [ M] — [ Af]m | = 0.17dT I (a, x) .
The error increases with the increase of temperature. The temperature characteristics of light power spectra 
of light sources is a critical factor to determine the accuracy of two-wavelength absorption-based fibre- 
optic sensors. In some applications, in order to obtain high accuracy, temperature controllers or 
compensators for light sources are needed.

b. The error due to bending optical fibres

In practical uses of two-wavelength absorption-based fibre-optic sensors, bending of optical fibres is 
unavoidable, for example, bending the optical fibre to fit the space restriction. Bending an optical fibre will 
lead to the attenuation of light power transmitted inside the optical fibre. Especially when the bending 
curvature is small, this type of loss will increase significantly. Much research has been done in the study of 
bending optical fibres either by the light ray method[10][ll] or via the electromagnetic field[12][13]. The 
influence of bending optical fibres on the accuracy of two-wavelength absorption-based fibre-optic sensors 
has not been well studied before. In this section this error is investigated by geometric optics. Multimode 
optical fibres with large core diameter are often used in this type of sensor and geometric optics is highly 
effective and useful to analyse the loss in such optical fibres.
Based on the results by Gloge[10], an optical fibre with core reflective index n , cladding reflective index 
nc , the bending loss coefficient a  is:
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a  = 2nk(0 2 - 0 2) e x p [ - ^ n k R ( 0 2 - 9 2 ~ y ) * ]  (9)

where k is the free-space propagation constant, a is radius of optical fibre core, R is the curvature radius, 0  

is angle of the ray and 6 c =[1 — is the critical angle for total internal reflection.

The mean quantity of bending loss coefficient considering the contributions from all transmitted rays can 
be calculated by integration. This loss coefficient will vary with the wavelength in detailed analysis. For 
simplicity, the following discussion of bending loss coefficient is based on equation (9).
The light power transmission in a bending optical fibre is defined as [14]:

Foul = Pin ' (10)

where Pou, and Pin are the light output and input powers, respectively, L is the bending length of the 
optical fibre.

In two-wavelength absorption-based fibre-optic sensors, the bending loss of the optical fibre is obviously 
equivalent to the fluctuation of the light power inputted into the absorbing sample, therefore the following 
equations can be obtained:

7,(0) = 7,(0) (11)

S x (0) = e~aLna - 1  (12)

Figure 2 shows the numerical calculation of the error induced by the optical fibre bending 
loss at different bending curvature against wavelength.
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Figure 2 The error caused by the fibre bending loss at different curvatures
against wavelength
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From equation (12), it is known that the error depends on both the radius of bending curvature and the light 
wavelength. Under the same bending, the loss will be different at different wavelengths.
For example: assuming n = 1.5, nc ,=1.496, R = 50mm, a = 60pm, 8  c = 4.2°, 6  = 2.5° and L=4R, 

at X = 1.5pm, 8 XI (0) = 0.45 and at X = 1.0pm, 8 X2 (0) =0.023.
The larger the radius of curvature is, the smaller the loss. The loss difference between the two different 
wavelengths is also smaller. The loss will increase with the decrease of the radius of bending curvature. A 
concept of the critical radius (suffering 3-dB loss) is introduced to reflect the relation between light power 
loss and the bending curvature, which is expressed as [15]:

D  3 " 2 ^
Rc =  T ~2-------JTv- (13)

4 n{n - n c ) /2

For example: using the above optical fibre, at X = 1.0pm, Rc = 410pm and at X = 0.5pm, Rc = 205pm.
When the radius of bending curvature is between these two critical radii, the loss will be very different at 
these two wavelengths. Under this circumstance, the use of these two wavelengths as measurement and 
reference light in a two-wavelength absorption-based fibre-optic sensor will increase the error induced by 
bending the optical fibre.
Bending, especially microbending has a significant influence on the accuracy of two-wavelength 
absorption-based fibre-optic sensors. Microbending of optical fibres should always be considered carefully.

4. Conclusion

In two-wavelength absorption-based fibre-optic sensors, the accuracy is affected by many factors such as 
errors due to the method itself, measurement errors and instability of the environment. In this paper, a 
general formulation has been derived to analyse errors, and using this formulation the error induced by the 
fluctuation of light power inputted into the absorbing sample is studied. As illustrative examples, the errors 
induced by temperature instability of light sources and the bending of optical fibres are numerically 
analysed since they are not previously well studied in two-wavelength absorption-based fibre-optic sensors. 
The environmental physical disturbance (particularly microbending of optical fibres) and temperature 
fluctuation could be critical to the accuracy of the sensor in some applications. From the design point of 
view, under such circumstance, in order to achieve high performance of the sensor, temperature controllers 
or compensators for the light source are needed. Another effective approach to minimise the error is to 
choose the difference between the measurement and reference wavelengths to be as small as possible.
In the design of the light source for two-wavelength absorption-based fibre-optic sensors, not only does the 
stability of output power have to be considered, but the stability of the output power spectrum has to be 
studied carefully as well. Although only the error arising from temperature change of the light source is 
addressed in this paper, other factors which can change the output light power and power spectrum of light 
sources such as the driving current could be discussed using the same approach.
From equation (7), the effects of different errors in two-wavelength absorption-based fibre-optic sensors 
are not the same, with some of them positive, others negative. In the design, this characteristic could be 
used to compensate one against the other and reduce the overall error of the sensor to the minimum.
The information and conclusions drawn from this research can be applied in two-wavelength absorption- 
based fibre-optic sensors both of the transmission-type and reflection-type.

Acknowledgements

This work is supported in part by the CVCP Overseas Research Scholarship Scheme and by Astra-Zeneca 
Limited.

A -2 9



Appendices

References

1. Montgomery JD and Dixon FW. Fibre optics in process control. Proc. ISA/IMC Conf. 
Promecon’ 81, London: 81-90.

2. Boisde G and Harmer A. Chemical and biochemical sensing with optical fibers and waveguides. 
Boston: Artech House, 1996.

3. Deboux BJC, Lewis E, Schlly PJ, and Edwards R. A novel technique for optical fiber pH 
sensing based on Methylene blue adsorption. J. Ligthwave Technol. 1995; 13(7): 1407-1414.

4. Zhou Q, Shahriari MR, Kritz D, and Sigel Jr GH. Porous fiber-optic sensor for high- 
sensitivity humidity measurements. Anal. Chem. 1988; 60(20): 2317-2320.

5. Peterson JI, Goldstein SR, and Fitzgerald RV. Fiber optic pH probe for physiological use.
Anal. Chem. 1980; 52(6): 864-869.

6. Landis DA, Seliskar CJ, and Heineman WR. Fiber-optic-graded-index-lens absorption 
sensor with wavelength-scanning capability. Appl.Opt. 1994; 33(15): 3432-3439.

7. Jin W, Stewart G, and Culshaw B. Source noise limitation in an optical methane detection 
system using a broadband source. Appl. Opt. 1995; 34(13): 2345-2349.

8. Jin W, Stewart G, Philp W, Culshaw B, and Demokan MS. Limitation of absorption-based 
fibre optic gas sensors by coherent reflections. Appl. Opt. 1997; 36(25): 6251-6255.

9. Chappell A. Optoelectronics theory and practice. Bedford: Texas Instrument Ltd., 1976
10. Gloge D. Bending loss in multimode fibers with graded and ungraded core index. Appl.

Opt. 1972; 11(11): 2506-2513.
11. Snyder AW, and Mitchell DJ. Bending losses of multimode optical fibres. Electron Lett. 1974; 

10( 1): 11- 12.
12. Marcuse D. Curvature loss formula for optical fibers. J. Opt. Soc. Am. 1976; 66(3): 216-220.
13. Marcuse D. Field deformation and loss caused by curvature of optical fibers. J. Opt. Soc. Am. 

1976; 66(4): 31-319.
14. Wolf HF. Handbook of fiber optics: theoty and applications. New York: Garland STPM Press, 

1979.
15. Senior JM. Optical fiber communications principles and practice. London: Prentice Hall, 1985.

A -30



Appendices

Appendix 4

Yu Xu, N. Barrie Jones, John C. Fothergill and Chris D. Hanning, 2000, An Approximate 
Theoretical Model of Surface Plasmon Resonance Optical Waveguide and Fibre-Optic

Sensors, IEEE J-LT, Submitted publication

A -31



Appendices

An Approximate Theoretical Model of Surface Plasmon Resonance 
Optical Waveguide and Fibre-Optic Sensors

Yu Xu, N. Barrie Jones, John C. Fothergill, and Chris D. Hanning*

Engineering Department, University of Leicester 
Engineering Department, University of Leicester, Leicester LEI 7RH, UK

*Department of Anaesthesia, Leicester General Hospital, Leicester LE5 4PW, UK

Abstract

Optical surface plasmon resonance (SPR) excitation can be theoretically depicted and discussed using 
Fresnel’s equations. However, Fresnel’s equations cannot explicitly give expressions to reflect the 
characteristics of SPR systems, especially in SPR optical waveguide and fibre-optic sensors. In this paper 
an approximate mathematical model based on the approximation proposed by Kretschmann in bulk optics 
is presented to describe the characteristics of SPR large dimension optical waveguide and fibre-optic 
sensors. This model keeps high accuracy for operation close to the minimum reflection area, at which the 
resonance condition is achieved. This model can be used to analytically estimate the performance of SPR 
optical waveguide sensors, and SPR fibre-optic sensors in meridional rays approximation.

In d ex in g  te rm s : surface plasmon resonance (SPR), optical waveguide, fibre-optic sensors,

1. Introduction

Optical surface plasmon resonance (SPR) excitation is a promising technique in the fields of chemical and 
biochemical sensing, with high sensitivity as its main feature. After study and development over more than 
two decades, this technique has been applied to the determination of gas concentration [1-3], the 
measurement of optical properties of metals [4-5], microscopy [6-7] and biosensors [8-9]. Based on the 
configuration and the approximate mathematical model proposed by Kretschmann [10], there have been 
successful theoretical and experimental studies of bulk-optic surface plasmon resonance systems [11-12]. 
In recent years, with the progress of optical waveguides and fibres and related techniques, SPR optical 
waveguide sensors [13-16] and SPR fibre-optic sensors [17-20] have attracted much attention. Fresnel’s 
equations are very useful to analyse SPR large dimension optical waveguide and fibre-optic systems. 
However, parameters which can affect the performance of SPR sensors are implicit in Fresnel’s equations. 
In order to help the study and design of SPR optical waveguide and SPR fibre-optic sensors, it is necessary 
to make efforts to construct theoretical models. It was with this in mind that the characteristics of SPR 
fibre-optic sensors were analysed numerically in our previous paper[21].
Furthermore, the sensing measurement in SPR sensors happens within the area close to the minimum 
reflection of light power from the interface of the SPR supporting metal film and the dielectric medium ( 
there is a Lorentizan “dip” on the reflection curve around the minimum reflection). Therefore, the 
characteristics of the reflection curve close to the “dip” is important to the performance of a SPR optical 
waveguide or fibre-optic sensor. In this paper, based on the approximation proposed by Kretschmann [10] 
in SPR bulk-optic systems, an explicit, approximate expression is derived for large dimension optical 
waveguide sensors and fibre-optic sensors in the approximation of meridional rays. This model keeps high 
accuracy in the area close to the reflection “dip”.

2. Mathematical Model
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Because the planar optical waveguide is simply a special case of the optical fibre ( with radius = 00), for 
generality, the mathematical model in this section is based on the optical fibre. Figure 1 shows the 
meridional cross-section of the sensing element of the SPR fibre-optic sensor.
A multi-mode optical fibre, with core diameter d and refractive index n2 (dielectric permittivity S2), has 
the jacket and the cladding removed to expose the core, on which is symmetrically deposited a metal film 
of thickness d l and dielectric permittivity £x (refractive index nx).
In some SPR sensors, the metal film is directly in contact with the sample to be measured with dielectric 
permittivity £0 (refractive index n0 ), in others, a dielectric isotropic transducing layer with thickness

d 3 and dielectric permittivity £3 (refractive index n3) is deposited symmetrically outside the metal film. 
For generality, in this paper all formulations are derived including this transducing layer. Sensors without 
transducing layers are considered as a special case by setting d 3 = 0  .

[Insert figure 1 about here]

In multi-mode optical fibre sensors, due to the easiness and effectiveness of describing the behaviour, 
meridional rays are often used to construct approximate models. Further, the theoretical models of SPR for 
bulk-optics are satisfied by meridional rays in optical fibres. Therefore the following theoretical analysis of 
light power reflection in the interface of the SPR supporting metal film and the dielectric medium in SPR 
fibre-optic sensors is based on meridional rays.
Considering a ray of light transmitted in an optical fibre with incident angle 0 with respect to the normal to 
core/metal interface, the expressions related to the surface plasmon wave are summarised as [21-25]:
The propagation constant of the incident light in z  direction is:

7 z 2/r . _kx = — n2sm0  (1)
X

The electric field E  of the SPR propagating in the z-direction is expressed as:

Ez (x, z , t)  = E°z (x ) exp(zcot -  ikzz)  (2)

where E z is the field amplitude, CO is the angular frequency, kz is the SPR complex propagation constant 
in the z-direction.
The resonance condition, under which the propagation constant of the incident light beam in the z-direction 
is equal to the real part of the SPR propagation constant, is expressed as:

V 2n
Re(£z) = k(£2 ) /2 sin 0SP = —  n2 sin 0SP (3)

X

where k is the propagation constant of the incident light beam in vacuum and 6 sp is the resonance angle. 
The SPR propagation constant is accurately given by:

k. = k °  + k* + k T

k° eae, OA CO

(4)

(5)
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k* = k°
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(7)

&° expresses the dispersion relation of SPR of a metal-vacuum interface in a one-sharp-boundary model, 
k R expresses the perturbation to k° due to the finite physical volume of the optical fibre and 
k T expresses the modification to &° due to the transducing layer.
Intensity reflection coefficient r {9 )  in the interface of metal film and optical fibre core can use the result 
for SPR bulk-optic system, which is obtained as:

r(0) = I r.210
rn +ruoexp(2ikid x)

where r2X = ' 21

n21

1 + ri\r\-iu exp(2A,rf,)

_ 2 , 0  - i z 43 tan(fc3</3)
130 nx0- i n 43tan(k3d3)

(8)

, z- = k s  ■ — k .£■, n.. = k s  ■ + k s - ,

k;  = e , £ f ) 2 ~ i k - f
2 2 ?r F F

, kI  = (— )«2sin6>, £t = -2-!-
A Si

k  -  k°kl

i , j  = 1,2,3,4

When light is incident at an angle close to 9SP , the resonance angle, the TM mode of the incident light is

strongly absorbed and the overall reflected light is attenuated very much. At resonance angle 0 SP the 
strongest absorption happens, therefore creating a “dip”, the minimum reflection.
With the angle close to 9SP, the reflection coefficient r(9) of the TM light can be approximately 
expressed as a function of 9  as [10] [22]:

r(Q) _ 1 + Im (£ r ) ]Im (£ *)
\kf  -Re(&z)]2 +Im(A:z)2

(9)

This function has a Lorentzian dip at 9SP.
This light ray transmitted in the multi-mode optical fibre (with incident angle#, shown in figure 1), will 
have N  reflections in length L of SPR sensing element. The number N  is expressed as:

N  =
d tan 9

(1 0 )
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3. Illustrative Applications

3.1 Characteristic parameters o f  SPR optical waveguide sensors

In a SPR large dimension optical waveguide sensor, three parameters, the minimum position 6 sp (or k zSP)

where the resonance condition is achieved, the minimum reflection coefficient J^min , and the half-width,

FWHM We (or Ak? ) are important and closely related to the performance of the sensor. For example, the

sensitivity of the sensor is inversely proportional to the half-width FWHM AO  (or A k z ) [26].
Considering an optical waveguide with length L of SPR sensing element, incident TM mode light at angle 
0  with respect to the normal at the medium/metal interface, the number of reflections at the interface will 
be N  -  L I 2d. t a n 0 .
Under condition of |lm(&z )j « |Re(&z )| [11][25], using the variable definition in above section, and using 

the equation (14), 9sp, R ^ n and We can be obtained:
2 n

When Re(£z) =  k { s 2y 2 sin 0SP =  n2 s in 6 SP , the minimum position 0 SP is achieved.
X

The minimum reflection coefficient R min is expressed as:

(15)

The half-width FWHM of the reflection curve We is expressed as:

w  _ 2c\m(k2)
6 na>cos6sp

1 - c r N  \ / ' 2

u(l + a N)J
(16)

4[Im(fc°) + Im(£r )] lm(kR ) 4[Im(fc°) + lm(kT)]lm(kR)
where <j — Im(/fcJ2 Im(/lz)2 -  4[Im(i0) + lm{kT)] lm(kR)

3.2 Reflectance o f  SPR fibre-optic sensors

It is known that light rays with a range of incident angles are allowed to propagate in a multi-mode optical
fibre. The range is determined by the numerical aperture of the fibre, N. A.= n2 COS0c = (ftj2 — n2 ) .
Only rays with 90° > 6  >  0 C (critical angle) can be transmitted in the optical fibre. To find the output of 
the SPR fibre-optic sensor the contribution from all of rays transmitted should be considered. Such a 
consideration depends on the power distribution of the light source. Mathematically an integration has to be 
made to combine all these rays’ contributions.
For simplicity, if the light power reaching the sensing region is distributed equally among all rays with 
incident angles in ( 0 X, 0 2 ), the total light power reflectance is expressed [27]:

*  <ni

where y{&) is the reflection coefficient of light ray at angle 0 .
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Then, in fibre-optic sensors, the guided modes within angles of ( 0C, 90° ), the total reflectance of TM 
mode light is expressed as:

1 <*f „ ..........  1 fio” crN
R = — „ \ r n ( 0 ) d 0 = — r  [     ;-------------r d 0

90° ~ 0 c k  90° - 0 C *. 1 - u[k‘ - R e(^ )]2 / \m(kz f

(18)

Because different ranges of angles suffer different number of internal reflections, from 1 to maximum N m (

at 0C ), the total angle range (0C, 90°) can be divided into discrete sub-ranges {0■ , 0j+l) , j  = 1,...
, N m, each sub-range suffers the same number of reflections. These angle sub-ranges correspond to

propagation constant sub-ranges, ( k* , k*+l ) . Therefore, the analytical expression for the reflectance is 
given by:

ft _ 1 y  fj j  |*'+1____________ \___________
k L  - K  M k  l -u[k ;  -Re(A:z)]2 /lm(kz)2 1

1 N” K,T ( 7 n
lm (kJ  + M k ;  -R e(fcJ] 
Im(kz) -  4v[k. -  Re(i_,)]

7+1
(19)

where k*Q0 and ^ represent the propagation constants of guided rays at 90° and critical angle 0C,
respectively, and the definition of other variables is the same as in earlier equations.

These are illustrative examples to demonstrate the application of the approximate model. Due to the 
complication of light power distribution of light sources, the detailed analysis of the reflectance in some 
cases can only be calculated by numerical methods, and, in SPR sensors, the analysis should also consider 
that both TE and TM polarised light are possibly allowed to propagate in optical waveguides or optical 
fibres. All these have been studied in our previous paper [21].

4. Conclusions

Theoretical models are important tools in the study and development of surface plasmon resonance (SPR) 
sensors. However, Fresnel’s equations cannot give explicit expressions to reflect the relationship between 
parameters of the design and the characteristics of the sensor. Furthermore, the performance of SPR optical 
waveguides and fibre-optic sensors is closely related to the characteristics near the minimum reflection 
“dip” area in the reflection curve. To construct theoretical models to estimate the characteristics of the 
curve close to the “dip” is meaningful and very useful. In this paper, a theoretical model has been presented 
for SPR optical waveguide and fibre-optic sensors. This model can be applied to analytical study as shown 
in two illustrative examples.
These examples show that the analytical relationship between the characteristic parameters of SPR large 
dimension optical waveguide or fibre-optic sensors (such as those using light reflectance etc.) can be used 
to quantitatively estimate the performance in the area close to the minimum “dip”. The nearer to the dip , 
the higher the accuracy obtained. Theoretically the derived approximation gives no error at the minimum 
“dip”.
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k z -Re(& )
All mathematical manipulations in this appendix are under the condition of —----------- — «  1

In**,)

] 4tIm(fc°) + Im(/cr )]Im(fc'!) 
[*,* - R e (^ ) ] 2 +Im(*l )2

(Al)

r(Q  1 ^tIm(^ °)+ Im(fcr )]Im(£*)/Im(fcz)

1 +
R e ( t)

Im (^) Im (*)

(A2)

r ( f )  l 4[Im(fc0) + Im(A:T )] Im(ft *) exp
^ / - R e ( ^ ) V 

Im(*,)
In 2 (A3)

l 4[lm(k°) + lm(kT)]lm(kR) 
Im ( K) 2

1 - f  kl  -Re(AJ)'|
2

In 2
t Im(*z) J

(A4)

4[Im(fc °) + Im(fc r )] Im(/r * ) 4[Im(£°) + Im(£r )]Im(7c'!) 
Im(fc )2 + Im ( k V

X

^ / - R e ( * 2)V
Im(* )

In 2
2> J

(A5)

m =
4[Im(£0) + Im(£ r )] Im(fc * )

1 +

4[Im(fc0) + Im(£ r )] Im(fc *) 
Im (k.)2

4[Im(A:0) + Im (k T)] Im (k R) 
Im (kzf

^ - R e ( f c , ) V 
lm(kz)

In 2 (A6)
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m =
4[Im(fc° ) + Im(fcr )] Im(fc *)' 

Im(fc)2

exp

4[Im(fc °) + Im(fcr >] Im(A *) 
Im(* )2

4[Im(£°) + Im(fcr )]Im(^'i)
Im a y

f K  -R e (* ,)V In 2 (A7)

r*(CT 11
i [*,*-Re(*,)]J +Ini(*,)J

AT
(A8)

1 - 4[Im(£ °) + Im(fc r )] Im(fi *) 
Im (* )2

exp AT
4[Im(&0) + Im(£ r )] Im(A *)

Im(fc )2 -  4[Im(fc0) + \m(k T)] Im(£ *)
*,*- Re(fc2) 

Im(£ )

\2
In 2

V V r a /

(A9)

r" (0 )  = 1 -
4[Im(£°) + Im(;t:r )] Im(ft *) 

Im (^ )2

l - N 4[Im(/t0) + Im(* r )] Im(/t *) k ; - R e ( k J  
Im {kz)

(A10)

Appendix B

Figure B1 shows the reflection coefficient curves calculated from the approximate expressions derived in 
Appendix A. The parameters for the calculations are: He-Ne laser, X = 632.8nm , core refractive 
n2 = 1.515, core diameter d = 600fjm , SPR element length L = 12mm , light incident angle

0  — 68°, and SPR metal silver. Assuming: 4[Im(A:0) + \va (k T )] ) / Im (kz ) 2 =  0.7.
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[Insert figure B1 about here]

When k f  — Re(&z ) / Im (k2 )| < 0.14, the error of the Gaussian approximation is about 9%, the error of

the Lorentzian approximation is about 11%, when k- -  Re(&z) /  Im(A:z )| <0.1 the error of the
Gaussian approximation is about 5%, the error of the Lorentzian approximation is about 2%.
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Figure 1. The meridional cross-section of the sensing element of the optical waveguide or fibre-optic 
SPR sensor.
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Figure Bl. The reflection coefficient curves for different approximations, —  represents the curve from 
equation (A8), ▲ represents the curve from equation (A9) and ■ represents the curve from (A 10).
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