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Summary
The real-time detection of trace species is key to a wide range of applications such

as on-line chemical process analysis, medical diagnostics, identification of envir-

onmentally toxic species and atmospheric pollutant sensing. There is a growing

demand for suitable techniques that are not only sensitive, but also simple to

operate, fast and versatile. Most currently available techniques, such as spec-

trophotometry, are neither sensitive enough nor fast enough for kinetic studies,

whilst other techniques are too complex to be operated by the non-specialist.

This thesis presents two techniques that have been developed for and applied

to liquid-phase analysis, with supercontinuum (SC) radiation used for liquid-

phase absorption for the first time. Firstly, supercontinuum cavity enhanced

absorption spectroscopy (SC-CEAS) was used for the kinetic measurement of

chemical species in the liquid phase using a linear optical cavity. This technique

is simple to implement, robust and achieves a sensitivity of 9.1× 10−7 cm−1 Hz−1/2

at a wavelength of 550 nm for dye species dissolved in water. SC-CEAS is not

calibration-free and for this purpose a second technique, a time-resolved variant

called broadband cavity ring-down spectroscopy (BB-CRDS), was successfully

developed. Use of a novel single-photon avalanche diode (SPAD) array enabled

the simultaneous detection of ring-down events at multiple spectral positions for

BB-CRDS measurements.

The performance of both techniques is demonstrated through a number of ap-

plications that included the monitoring of an oscillating (Belousov-Zhabotinsky)

reaction, detection of commercially important photoluminescent metal complexes

(europium(III)) at trace level concentration, and the analysis of biomedical spe-

cies (whole and lysed blood) and proteins (amyloids). Absorption spectra cover-

ing the entire visible wavelength range can be acquired in fractions of a second

using sample volumes measuring only 1.0 mL. Most alternative devices cap-

able of achieving similar sensitivity have, up until now, been restricted to single

wavelength measurements. This has limited speed and number of species that can

be measured at once. The work presented here exemplifies the potential of these

techniques as analytical tools for research scientists, healthcare practitioners and

process engineers alike.
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Chapter 1

Introduction

The work presented in this thesis documents the development of spectrometers

for liquid-phase analysis. The spectrometers employ broad spectral bandwidth

supercontinuum radiation and cavity-enhanced techniques for highly sensitive and

quantitative absorption measurements. This chapter introduces the motivation

behind such developments and current opportunities presented by advancements

in light source, detector and fibre technology. The chapter concludes with a

summary of the main contributions of this work and the thesis structure.

1.1 Motivation: Demand for sensitive liquid ab-

sorption techniques

The analysis of liquids is an important requirement for understanding a number

of fundamental scientific questions. There is high demand for rapid and sensitive

concentration measurement of liquid analytes from a number of industries and

areas of scientific research. For example, many fundamental biological processes

occur in liquids at low concentrations. Therefore, a sensitive tool for analysis

would be beneficial in the life sciences. Applications in the chemical process in-

dustry may not only require high sensitivity to measure small changes in reactant

concentrations, but also sufficient measurement speed in order to monitor reac-

tion dynamics. Flexibility is also another important factor as it may be necessary

to detect a number of different trace molecule or compounds simultaneously, for
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1. Introduction

example, different environment-contaminating compounds in a waterway.

The measurements in this work are based on the interaction of electromagnetic

(EM) fields with matter, which is overt in the field of science and forms the basis

of optical spectroscopy. All atoms and molecules absorb EM radiation at some

frequency and can thus be studied using a radiation source and a suitable detector.

Benefits of optical spectroscopy include rapid, non-intrusive, sensitive and non-

destructive measurements that can enable quantitative analysis. For a number

of years, spectrophotometers have been used for spectroscopic analysis of liquids.

The measurement sensitivity of such machines is limited and, as a result, they

are not capable of detecting any of the samples at the concentrations presented

in this work. There are number of high sensitivity absorption techniques for the

gas phase, but these have yet to be translated into techniques for liquid-phase

analysis. One such group of techniques employs optical cavities for orders of

magnitude sensitivity enhancements.

The advent of broad spectral bandwidth light sources of high intensity opens

up new possibilities. The aim in this work is to exploit the unique features

of supercontinuum (SC) radiation which is informally known as a “white-light

laser”. SC radiation will be applied to liquid-phase direct absorption measure-

ments for the first time. Light from the SC source will be coupled into an optical

cavity formed by two highly reflective mirrors. This increases the sensitivity of

the optical absorption technique by orders of magnitude over conventional single

pass techniques. The use of SC light with cavity-enhanced absorption techniques

utilising optical cavities should, in principle, provide a number of technological

advantages for liquid analysis. There are a number of challenges in first gener-

ating broad bandwidth laser-like light and then secondly the increased solvent

absorption in liquids. The motivation for this work is to develop a sensitive

system of measurement for liquid analytes that can offer advances over existing

techniques. This will thus enable greater levels of interrogation that up until now

have been limited by the available technology.
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BACKGROUND PRINCIPLES

1.2 Background principles

Optical Absorption

Electromagnetic (EM) radiation is commonly used for atomic and molecular ana-

lysis with their resulting spectra providing “fingerprints” for different species,

enabling identification and, most importantly, quantification. Optical techniques

can often be integrated into existing experimental set-ups, for example, process

control lines. Some disadvantages include the potentially high cost of high sensit-

ivity systems, the need for calibration in some cases and requirements for optical

access. Furthermore, spectral overlap caused by the presence of multiple species

may make quantitative analysis of each constituent difficult or even impossible.

Such spectral interference is less important for analysis of small molecules in the

gas phase, but may be an added challenge in the liquid phase, due to the broader

spectra, as discussed in later chapters of this thesis.

Absorption spectroscopy is based on measuring the attenuation of light passing

through a sample. Strictly speaking, the attenuation is caused by extinction,

which is due to both absorption and scattering of the sample. The background

(off-resonance) signal provides the baseline measurement. The amount of attenu-

ation caused by the sample upon absorption is quantified using the Beer-Lambert

law. The intensity I (W/m2) transmitted through the sample is given by Equa-

tion 1.1.

I = I0 exp(−εCd), (1.1)

where I0 (W/m2) is the incident intensity (or irradiance), ε (M−1 cm−1) is the

molar extinction coefficient, d (cm) is the sample pathlength and C (M) is the

sample concentration. The absorption coefficient, α ( cm−1), is defined as α = εC,

directly relating it to sample concentration.

Absorption measurements are based on measuring small changes in intensity

which appear over a large signal background. Fluorescence measurements on the

other hand detect the emission radiating from atoms or molecules that have been

excited by absorption. The fluorescence emission spectrum is redshifted from the

excitation light and can thus be distinguished. This makes fluorescence the most

3



1. Introduction

sensitive of all concentration measurement techniques as it essentially features

a zero background. Although it allows for sensitive measurements, fluorescence

suffers from quenching. Quenching results from loss of excitation energy through

collisions with other atoms or molecules. As a result, this lost energy is not detec-

ted which prevents precise quantification of the total fluorescence. Furthermore,

not all molecules fluoresce which limits the application of fluorescence techniques.

These non-fluorescent analytes may, however, still be detectable by absorption,

assuming sensitivity is not limiting.

Simple commercial spectrophotometers are widely available and routinely used

in research and industry. These instruments are based on single-pass absorp-

tion and, as a result, their sensitivity is typically limited [Berden et al., 2000].

Measurements of 1.0 mL dye solutions were made with a commercial double-

beam ultraviolet (UV)-visible spectrophotometer (UV1, Thermo Scientific, USA).

The minimum detectable absorption coefficient obtained in a standard cuvette of

1.0 cm pathlength was 10−3 cm−1, in agreement with the manufacturer technical

specifications.

Cavity-enhanced techniques, such as cavity ring-down spectroscopy (CRDS)

and cavity enhanced absorption spectroscopy (CEAS), have been implemented

to increase sensitivity by increasing the effective pathlength, as light is passed

through the sample a multitude of times [Berden and Engeln, 2009]. Maximum

achievable pathlengths can be in orders of magnitude greater than traditional

multi-pass Herriott and White cells. The first iterations of CEAS used narrow-

band sources [Engeln et al., 1998]. Such sources are not suitable for simultaneous

identification of different species in a sample. Therefore, alternative light sources

must be sought in order to implement CEAS over much broader spectral band-

widths. The key attributes are thus:

(i) Broad spectral bandwidth: Increased bandwidths to reveal entire ab-

sorption spectra of liquids and to realise multi-species detection capability.

(ii) High spectral resolution: Distinguish spectral fingerprints of multiple

compounds in a liquid sample. This is dependent on the spectral resolution

of the technique, with higher spectral resolution enabling better quantific-

ation.
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(iii) High sensitivity: Ability to detect atoms or molecules at trace concen-

tration levels and for the recovery of weak spectral features.

(iv) Fast spectral acquisition times: Take advantage of high temporal res-

olution for the study of dynamics that occur on sub-second timescales.

Supercontinuum Radiation

The advent of novel supercontinuum light sources has presented opportunities to

advance the field of optical sensing. Supercontinuum sources combine a pulsed

laser with a non-linear medium. The nonlinear medium drastically broadens the

narrowband laser pulse to form a continuous spectrum of light. Early demon-

strations used shards of glass or drops of water to act as the nonlinear medium

[Alfano and Shapiro, 1970; Jimbo et al., 1987]. It was not until highly nonlinear

waveguides, such as photonic crystal fibres (PCF), came along that SC could be

generated far more efficiently and conveniently. The first supercontinuum gener-

ated in photonic crystal fibre (PCF) was demonstrated by Ranka et al. [2000] and

a recent publication presented a spectrum spanning 3.3 octaves reaching 4.5 µm

in the mid infrared [Silva et al., 2012].

The exact same principle of total internal reflection used by standard optical

fibres is used in PCF to guide light. The key difference from standard fibres is the

physical structure. Standard optical fibres contain a glass core surrounded by a

doped-glass cladding layer with a slightly lower index of refraction than the core

material. This leads to wave-guiding of light through the core by total internal

reflection. In contrast, PCF cladding does not contain a bulk material but rather

a periodical matrix structure of both low and high refractive index materials,

with light passing through a core of higher refractive index, as shown in Figure

1.1. The guiding properties of the PCF are dictated by the matrix structure and

as a result can be modified by changing the hole size and/or periodicity. PCFs

have been designed to enable propagation of high intensity light over very large

bandwidth, which is not achievable with traditional fibres.

The single-mode power of a typical commercial SC source is shown in Figure

1.2. Light from SC sources has much higher spectral brightness which is main-

tained over a significantly broader spectral range. This gives rise to its colloquial
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Figure 1.1: Schematic diagram of a photonic crystal fibre (PCF). The active
area of the solid core and hybrid air-silica lattice of the cladding are
both highlighted.

name of “white-light laser”, as it combines some spatial and temporal properties

of a laser with the extreme spectral bandwidth of a lamp. The properties of

the light source will dictate the types of measurement that can be made and ulti-

mately the overall applicability of the technique. Light sources previously used in

liquid spectroscopy range from arc lamps [Fiedler, 2005] to lasers [Bahnev et al.,

2005; Hallock et al., 2002] and light emitting diodes (LEDs) [Seetohul et al., 2009].

Therefore, an opportunity exists for the implementation of SC light sources for

liquid-phase absorption spectroscopy.

• Very high spectral brightness : The high brightness is maintained through-

out the visible and near-infrared spectral regions making SC flexible light

sources for a number of applications. SC sources with typical average spec-

tral power densities of 1 mW/nm throughout most of the visible range are

readily available commercially.

• High spatial coherence: Light pulses from the pump laser source are coupled

into the PCF which confines them in a single-mode waveguide resulting in

very high spatial coherence and high output beam quality.

• Pulsed output : The pulsed nature of the pump laser source, and hence PCF

output, enables time-resolved measurements to be made.

6
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Figure 1.2: Spectral output of PCF-based supercontinuum radiation compared
with an amplified stimulated emission (ASE) source, incandescent
lamp, and a superluminescent LED (SLED). Figure reproduced from
manufacturer datasheet [NKT Photonics, 2009].

1.3 Main contributions: Development of new

methods

There are four main advancements in the field of liquid-phase spectroscopy presen-

ted here in this thesis:

(i) First to perform liquid CEAS with supercontinuum radiation (SC-CEAS):

Sensitivity down to picomolar concentrations is achieved through the use

of external optical cavities. The technique is able to record broad spectral

bandwidth spectra covering the visible spectrum at millisecond timescales.

Furthermore, such sensitivity has been demonstrated in liquid sample path-

lengths of ∼5 cm and volumes of only 1.0 mL.

(ii) Implementation of near UV-SC to liquid sensing : The spectral range of

broadband CEAS for liquids has been significantly extended into the near-

UV through the use of dispersion-engineered tapered PCF. An overview of

SC generation in PCF is also given to provide more of an insight into SC
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properties used here for liquid absorption spectroscopy for the first time.

Both commercial and custom-built SC sources have been employed in the

work here. The use of a custom-built source enabled different state-of-the-

art PCF to be used, highlighting future possibilities.

(iii) Novel use of single photon avalanche diode (SPAD) technology as a de-

tector for broadband CRDS : The development of broadband cavity ring-

down spectroscopy (BB-CRDS) is an advancement that came out of the

need for broad spectral bandwidth calibration of liquid CEAS. The im-

plementation of SPAD array based on complementary metal-oxide semi-

conductor (CMOS) technology presents an opportunity to move towards

a fully calibrated broadband liquid absorption technique using a detector

that can be mass produced at low cost and yet still achieve sub-nanosecond

time resolution.

(iv) Demonstrated applications : Four applications have been shown addressing

different medical, scientific and technological questions. These are: monit-

oring of an oscillating reaction; detection of electronic transition in photo-

physically important lanthanide complexes; study of amyloidogenic proteins

related to neurodegenerative diseases such as Alzheimer’s and Parkinson’s

diseases; and detection of oxygenation levels in blood plasma.

1.4 Thesis outline

This first chapter provides the motivation behind the research presented in this

thesis and an introduction to the background theory and experimental principles.

Chapter 2 discusses the propagation of light in photonic crystal fibres for

the generation of broad supercontinuum radiation. The spectral properties of SC

radiation are discussed to highlight the advantages and limitations of such sources

in relation to the requirements of the optical sensing techniques developed in this

work.

The principles behind the use of high finesse optical cavities for increased

sensitivity for absorption techniques are introduced in Chapter 3. Both CEAS
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and CRDS are discussed in the context of liquid sensing and enhancements over

traditional single-pass techniques.

Chapter 4 details the design and development of SC-CEAS technique applied

to liquid absorption spectroscopy. Experimental considerations and challenges

specific to the liquid phase are first discussed. The experimental method is then

detailed along with characterisation and calibration results.

A broadband calibration technique was developed using a SPAD array. Chapter

5 details how the enabling technology is used in the implementation of BB-CRDS.

Chapter 6 presents experimental applications that demonstrate the potential

of the techniques developed in this thesis. The oscillating Belousov-Zhabotinsky

reaction is used to demonstrate SC-CEAS as an optical reaction monitoring

method. Detection of commercially important metal complexes at trace level

highlights the significance this technique could have in high-technology industries.

UV-CEAS is demonstrated for the first time to detect the early-stage aggregation

of amyloidogenic proteins relevant to the study of neurodegenerative diseases. A

fourth application shows the use of BB-CRDS as a stand-alone sensor for the

detection of blood under different conditions, demonstrating a calibration-free

sensor that could be applied to biomedical applications.

Finally, Chapter 7 sets out the conclusions of the research. It includes an

overview of the work presented in this thesis and concludes with proposed future

developments and improvements.
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Chapter 2

Supercontinuum Generation

2.1 Introduction

The use of supercontinuum (SC) radiation as a practical light source came about

in the last decade [Alfano, 2006; Dudley and Taylor, 2009]. SC sources have since

been implemented in a number optical applications, including high sensitivity,

broad bandwidth absorption measurements in the gas phase [Langridge et al.,

2008; Thorpe et al., 2006]. The utility of SC sources for spectroscopy stems from

their unique combination of bandwidth and brightness. Although often referred

to as “white-light lasers”, this terminology is not strictly correct as SC radiation

is actually a converted form of laser light. High intensity pulsed laser light is

spectrally broadened to encompass a wide range of wavelengths. This is most

efficiently achieved by propagating the laser pulse along a nonlinear optic fibre.

The SC generated retains laser-like properties of spatial coherence, brightness

and pulsed nature from its pump source. Spatial coherence is obtained from

the wave-guiding properties of the photonic crystal fibre (PCF) which allows for

tight focussing and power delivery on location, both of which are desirable in

spectroscopy [Dudley et al., 2006]. Such features are particularly useful for op-

tical cavity-based techniques for which alignment is critical [Kelkar et al., 1999;

Sanders, 2002; Watt et al., 2008]. Spectral brightness allows for shorter signal

integration times which in turn enables faster sensing or more sensitive meas-

urements and improves the signal-to-noise ratio. PCF-based sources are also
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frequency-referenced which means they can be used for time-resolved spectro-

scopic measurements in sensing and microscopy [Kaminski et al., 2008].

In spite of the many advantages, there are a few challenges related to SC light

generation. One example is pulse-to-pulse intensity variation. This variation

stems from the inherently nonlinear processes involved in SC generation in certain

PCF which could be problematic. Signal averaging could be one method of min-

imising such an effect, although this negatively affects the overall measurement

speed. Long term intensity drifts may also be a problem for intensity-dependent

measurements. The stability of the pump laser source will dictate the extent of

this effect and whether it is likely to be of significant concern. A further challenge

is to extend the spectral bandwidth into the UV. This would be of interest to the

sensing of biological analytes in the liquid phase.

Chapter Summary

The aim of this chapter is to describe the physics behind SC light generation and

discuss properties relevant to spectroscopic measurements.

2.2 Propagation of light in optical waveguides

The generation of supercontinuum radiation involves spectral broadening of a

monochromatic laser pulse into a polychromatic pulse of white light. This con-

version can occur in optical waveguides and is influenced by:

(i) Loss of photons by absorption.

(ii) Change of photon energy by nonlinear interactions - usually energy loss but

can also be gain.

(iii) Dispersion due to photons of different energy - and corresponding wavelength,

λ, - travelling at different speeds (refractive index).

The efficient generation of SC requires dispersion to be balanced with nonlin-

ear optical effects within the waveguide [Stone and Knight, 2008]. This requires

special waveguides that can be dispersion-engineered to meet such a requirement.
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PROPAGATION OF LIGHT IN OPTICAL WAVEGUIDES

Figure 2.1: Principle of light propagation within a conventional step-index fibre,
as shown in axial and longitudinal cross-section. The maximum
acceptance angle, θmax is highlighted as well as the critical angle, θc,
for total internal reflection. The core of high refractive index (nco)
is surrounded by a low refractive index cladding (ncl).

Conventional Step-index Fibres

Standard optical fibres are designed to carry light with minimal transmission

losses. They are most widely used within the telecommunications industry for

the transfer of electronic data. Light is confined within such waveguides using the

principle of total internal reflection (TIR). For TIR to occur, the refractive index

of the core, nco, must be greater than the refractive index of the cladding, ncl, as

shown in Figure 2.1. A conventional step-index fibre can have refractive indices

of nco = 1.62 and ncl = 1.52 [Hecht, 2002]. Light must then propagate through

the fibre at an angle greater than the critical angle, θc. Under these conditions,

no light will be refracted across the boundary from the high index core into the

low index cladding, i.e. light is completely reflected at the boundary. Light thus

propagates through the core and is not lost in transmission. In order to achieve

efficient coupling of light into the fibre, one must match the numerical aperture

(NA), or acceptance angle (θmax), of the incident light beam to that of the optical

fibre. The NA is calculated from the half-angle over which the fibre can accept

light and is defined as NA = sin θ (where θ = 1
2
θmax as depicted in Figure 2.1).

Photonic Crystal Fibres

The PCFs used in this work comprise an active core and a matrix cladding. The

cladding is formed of a honeycomb-like structure of both high and low refractive

13



2. Supercontinuum Generation

Figure 2.2: Schematic section of a photonic crystal fibre (PCF) showing key
fibre parameters. The light-guiding solid core is highlighted in red.
(a) Cross-section showing fibre dimensions of core radius, ρ, hole
diameter, d, and pitch, Λ. (b) Profile of the radial change in re-
fractive index across the PCF.

index materials, for example, air-glass microstructure cladding with low effective

refractive index [Knight, 2003; Russell, 2003]. This is in contrast to standard op-

tical fibres which most commonly contain two bulk materials, such as a silica core

and a lower refractive index (solid glass) cladding. The hybrid micro-structured

PCF cladding (shown in Figure 2.2) provides a stronger refractive index contrast

than is the case in normal optical fibres, thus introducing the required nonlinear-

ity to generate broadband SC [Knight et al., 1996]. The properties of the PCF

are dictated by the matrix structure and three key parameters, namely: the core

radius, ρ, the diameter of holes (either air-holes or cladding inclusions such as

doped glass), d, and hole-to-hole spacing (pitch), Λ. Such a structure and dimen-

sions thereof are depicted in Figure 2.2. As the core is not necessarily hollow,

the diameter is defined as the shortest distance between air-holes or cladding

inclusions across the centre of the fibre. It is possible to tailor these parameters

and thus the dispersive qualities of the fibre whilst maintaining the tight spatial

confinement of light pulses offered by an optical waveguide. This can be achieved

by changing the hole size or periodicity, or by introducing complex inclusions and

matrix designs.

14



THEORETICAL BACKGROUND: SUPERCONTINUA

Figure 2.3: Dispersion curves for a commercial anomalous dispersion PCF (SC-
5.0-1040, NKT Photonics, Denmark) and a custom-designed all-
normal dispersion PCF (ND1064, CPPM University of Bath, UK)
courtesy of Hooper et al. [2011]. Anomalous and normal dispersion
regions are indicated on either side of D = 0. The commercial PCF
exhibits a zero dispersion wavelength (ZDW) at 1040 nm, whereas
ND1064 only exhibits normal GVD.

2.3 Theoretical background: Supercontinua

2.3.1 Dispersion

One of the two fundamental physical effects to occur in optical fibres is dispersion.

Dispersion describes the wavelength dependence of group velocity refractive index

which is due to both the material properties and waveguide geometry. It describes

the speed at which photons of different wavelength travel.

The group velocity dispersion (GVD) is defined as the rate of change in phase

of the frequency components of a wave packet. The GVD governs the temporal

broadening and peak intensity as the pulse propagates along the fibre. Numeric-

ally, chromatic dispersion in a fibre is described using mode-propagation constant,

β, which can be obtained by a Taylor series about the centre frequency of the

input pulse, ω0:

β(ω) = n(ω)
ω

c
= β0 + (ω− ω0)β1 +

1

2
(ω− ω0)2β2 + · · ·+ 1

m!
(ω− ω0)mβm, (2.1)

where both β1 and β2 are related to refractive index and its derivatives, given the
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2. Supercontinuum Generation

Figure 2.4: Effects of GVD on the propagation of an unchirped Gaussian
pulse. The modelled pulses have a pulsewidth of 5 ps (FWHM)
and input pulse power of 100 mW. (a) Normal dispersion of
D =−100 ps km−1 nm−1. (b) Zero dispersion, D = 0. (c) Anomal-
ous dispersion of D = 40 ps km−1 nm−1.

relationship in Equation 2.2:

βm =

(
dmβ

dωm

)
ω=ω0

(m = 0, 1, 2, . . . ). (2.2)

The variable β1 is defined as the reciprocal of group velocity and β2 is the

variable of most significance with regard to SC generation. The zero dispersion

wavelength (ZDW or λD), where β2 = 0, is the spectral position at which material

dispersion and waveguide dispersion cancel each other out. The normal dispersion

regime is the region in which β2 > 0 where longer wavelengths travel faster. The

anomalous dispersion regime is where β2 < 0 and conversely shorter wavelengths

travel faster. These regimes are indicated on the dispersion curves shown in Figure

2.3 for two different PCFs, one of which has normal GVD across all wavelength

ranges (ND1064) and another which has normal dispersion at lower wavelengths

and anomalous dispersion at higher ones (SC-5.0-1040). GVD acting on its own

will always cause a pulse to broaden [Siegman, 1986], as shown for a Gaussian

pulse in Figure 2.4 for different cases. Nonlinear effects can either act to reinforce

this broadening, or in fact counter-act the broadening through pulse compression.

A special case of the latter phenomenon are solitons, which are introduced in

Section 2.3.3.

There is a minimum propagation distance required for the dispersion effects to
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THEORETICAL BACKGROUND: SUPERCONTINUA

become significant in an optical waveguide. The characteristic dispersion length,

LD is given by Equation 2.3:

LD =
T 2

0

|β2|
, (2.3)

where T0 is the full width at half maximum (FWHM) of the input pulse and β2

is GVD parameter of the fibre, which is dependent on wavelength.

2.3.2 Nonlinearity

The Kerr effect is an optical nonlinear effect that describes the intensity depend-

ence of refractive index as shown in Equation 2.4:

ntot = n+ ∆n = n+ n2I, (2.4)

where n is linear refractive index, n2 is nonlinear refractive index and I is intensity

of the light pulse. The overall result is that more intense light will have a larger

refractive index and thus travel more slowly than less intense light. Waveguides

and other dielectric materials exhibit a nonlinear response when subjected to high

intensity fields. This manifests itself in an induced polarisation, p, which can be

represented as a Taylor expansion:

p = ε0
∑
n

χnE
n, (2.5)

where E is the applied electric field, ε0 is the permittivity of free space, χn is the

nth order susceptibility of the material. This polarisation is mainly due to the in-

teraction of the applied field with weakly bound valence electrons in the material.

The physical interpretation of these interactions is complex so discussion here is

limited to the lowest order nonlinear effects, which for isotropic materials such as

liquids is third order susceptibility, χ3, a waveguide and material property [Boyd,

2003]. This term includes nonlinear effects such as third harmonic generation

(THG), four wave mixing (FWM), Kerr effect, Raman scattering, multi-phonon

absorption and self-phase modulation (SPM). A more detailed discussion of other

effects is covered in the literature [Agrawal, 2001; Alfano, 2006].
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2. Supercontinuum Generation

The gamma factor, γ, is used to quantify nonlinearity in a fibre. It relates

laser power to nonlinearity and is assumed to be uniformly distributed through

the fibre mode:

γ =
n2ω0

cAeff

, (2.6)

where Aeff is the effective core area, n2 is the nonlinear refractive index, c the

speed of light and ω0 the central frequency of the input pulse. Equation 2.6

shows that the nonlinearity of a fibre increases as the core size decreases.

The characteristic length scale for nonlinear effects to become significant, LNL,

is defined:

LNL =
1

γP0

, (2.7)

where P0 is the peak power of the input pulse. The amount of nonlinearity

experienced by a pulse of light will depend on the length of fibre it interacts

with. The power of the pulse is also a factor, with pulses of increased peak power

experiencing greater nonlinearity. As a result, pulses of higher peak powers have

shorter LNL, as can be calculated from Equation 2.7.

2.3.3 Phenomena in fibre-guided laser light

There are specific phenomena that can occur in optical fibres depending on their

dispersive and nonlinear properties. A few key phenomena that feature in SC

generation are introduced here.

Solitons

Solitons are “waves of translation” that propagate without changing shape. They

were first observed as low amplitude waves in canals that did not dissipate energy

[Rogers and Shadwick, 1982]. In optical applications solitons are formed when the

effect of dispersion and nonlinearity (SPM) counteract. In the anomalous regime,

shorter wavelengths travel faster than longer ones, but nonlinearity causes shorter

wavelengths to travel more slowly. Solitons propagate when these two effects

cancel each other out. This can be shown by considering both effects in first-

18



THEORETICAL BACKGROUND: SUPERCONTINUA

Figure 2.5: Propagation of a sech2 pulse with anomalous dispersion (β2 < 0)
for solitons of order N=1, 2 and 3. (a) N = 1, i.e. fundamental
soliton, (b) N = 2 and (c) N = 3. The non-fundamental solitons
are shown propagating over one soliton period, z0.

order and referring to the nonlinear Schrödinger equation (NLSE) [Mollenauer

and Gordon, 2006]. The result shows that both nonlinearity and dispersion can

be considered as complementary phase shifts, dφ(t), acting on a pulse. This result

is derived in Appendix A.

Solitons are categorised by their soliton number, N , which can explain differ-

ences in propagation:

N2 = LDγP0 =
γP0T

2
0

|β2|
, (2.8)

where T0, P0 are optical pulse parameters, and γ and β2 are waveguide parameters.

The propagation of three different soliton orders are shown in Figure 2.5. The

fundamental soliton is for the case N = 1, as shown in Figure 2.5(a). It maintains

its shape throughout propagation and does not experience spectral or temporal

broadening [Mollenauer and Gordon, 2006; Satsuma and Yajima, 1974]. Higher

order solitons undergo periodic spectral and temporal oscillations, but return to

their original shape after propagating a characteristic soliton distance, z0. This

is shown in Figure 2.5(b) and (c) where z0 = π
2
LD.

Raman Scattering

Most nonlinear effects involved in SC generation are elastic processes, i.e. those

that do not involve energy transfer with the nonlinear propagation medium. Ra-
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2. Supercontinuum Generation

Figure 2.6: Raman scattering energy level diagram. A pump photon (ωp) un-
dergoes a nonlinear interaction (e.g. a “collision” with the glass)
shedding energy (Ω) and being scattered as a lower energy Stokes
photon (ωs).

man scattering, on the other hand, is an inelastic process which involves the

transfer of energy from the optical field (propagating electromagnetic wave) to the

optical waveguide (dielectric material) [Raman and Krishnan, 1928]. A photon

from the EM field interacts with the glass to create a lower frequency photon if

the pump photon excites a vibrational state of a molecule in the nonlinear wave-

guide (see Figure 2.6). The scattered lower frequency so-called Stokes photon

propagates in the same direction as the incident photon. Energy and momentum

are conserved in this process.

Stimulated Raman scattering (SRS) is an efficient form of Raman scatter-

ing and requires a high intensity pump laser beam. This process occurs if the

bandwidth of the soliton is greater than the Raman gain of silica and stimulated

emission increases the rate of Stokes photons production [Agrawal, 2001]. The

formation of Stokes frequencies at the expense of higher frequency components

results in what is known as soliton self-frequency shift (SSFS) [Lee et al., 2008]

and lends to the efficient production of longer wavelengths within the supercon-

tinuum (laser pulse) creating a continuous spectrum.
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THEORETICAL BACKGROUND: SUPERCONTINUA

Figure 2.7: Energy level diagram for degenerate four-wave mixing (FWM). Two
pump photons (ω1 and ω2) interact to produce an idler photon, ω3,
and a signal photon, ω4.

Four-wave Mixing

Four-wave mixing (FWM) is an important nonlinear effect in SC generation be-

cause it can create new frequencies that are some distance from the pump fre-

quency. In this process two photons, ω1 and ω2 interact and produce two new

photons, one red-shifted (idler, ω4) and one blue-shifted (signal, ω3), as depicted

in Figure 2.7. The process is possible when the energy and momentum (wavenum-

ber) are conserved. Most fibres will support some FWM in the case of pulse

break-up ω1 = ω2 (degenerate FWM). PCF is also able to support FWM for

greatly different wavelengths, ω1 6= ω2 and ω4 >> ω3, due to its specially “en-

gineered” waveguide dispersion. This supports energy transfer from solitons to

visible light [Skryabin and Yulin, 2005] and hence white light SC generation.

Dispersive Waves

Solitons that propagate close to the zero dispersion wavelength (ZDW) can trans-

fer energy in the the normal regime to generate so-called dispersive waves which

are occasionally referred to as “non-solitonic” or Cherenkov radiation [Akhmediev

and Karlsson, 1995]. This effect comes about due to phase-matching between

solitons and continuous waves in the normal dispersion regime [Skryabin and

Yulin, 2005; Wai et al., 1986]. The generation of dispersive waves is crucial for

spectral broadening, as it involves the transfer of high intensity in the infrared

(IR) to the visible spectrum. This effect usually occurs close to the ZDW. Higher

order solitons have increased spectral broadening and thus can be further from
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2. Supercontinuum Generation

the ZDW and still achieve the required overlap [Dudley et al., 2006].

A further effect of group velocity matching and cross-phase modulation can

result in the trapping of a dispersive wave by a soliton. Dispersive waves begin

with a lower group velocity than solitons. Soliton self-frequency shift (SSFS)

causes solitons to slow down as they shift to longer wavelengths which allows

the dispersive wave to catch up with the soliton. Interaction between the soliton

and dispersive wave occurs when the group velocities are matched and the res-

ultant FWM process shifts the blue edge of the dispersive wave to even shorter

wavelengths. This process repeats itself. Solitons that have been shifted fur-

ther into the IR by SSFS go on to trap dispersive waves that have been further

blue-shifted through dispersive wave trapping [Genty et al., 2004; Gorbach and

Skryabin, 2007a; Nishizawa and Goto, 2002].

2.3.4 Photonic crystal fibre pumping

Different types of lasers have been used for pumping PCF. Mode-locked titanium-

sapphire (Ti:sapph) lasers were initially required as pump laser sources [Birks

et al., 2000; Ranka et al., 2000; Wadsworth et al., 2002]. Fibre lasers were then

introduced as more compact alternatives that are simpler to operate and less

expensive [Rulkov et al., 2005; Urquhart, 1988].

Further advancements in PCF design and dispersion engineering are leading

towards fibres better tailored to pump sources and offering new opportunities in

spectral and/or temporal output to be realised [Dudley and Taylor, 2009]. PCFs

with all-normal GVD profiles (c.f. ND1064 dispersion profile in Figure 2.3) have

been demonstrated for generating supercontinua [Heidt et al., 2011; Hooper et al.,

2011]. All-normal GVD fibres have better noise characteristics but much narrower

spectral outputs. The output of the fibre shown in Figure 2.3, for instance,

extends to around only 650 nm in the visible. These fibres are still a relatively

new area of PCF research and not yet commercially available. Anomalous GVD

fibres on the other hand can be readily purchased, as can complete “turn-key”

SC systems which use such fibres [Savage, 2009]. Therefore, the discussions in

the rest of this chapter focus on anomalous GVD PCF.

One of the main features of SC generated from PCF pumped in the anomalous
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MODELLING NONLINEARITY AND DISPERSION

group velocity dispersion regime (i.e. λ > ZDW) is the generation of solitons.

Solitons entail high-intensity light propagating long distances along PCF. This

enables individual pulses to experience more nonlinear interactions as they inter-

act with PCF for a longer period of time. The end result is a broader SC output.

The exact nature of the SC generated also depends on pulse length. Pump laser

sources used in this work have relatively long pulses (>1 ps). These types of lasers

have high soliton orders (N > 500). High-order solitons can undergo soliton fis-

sion which leads to spectral broadening in the IR. The combination of these and

other solitonic processes result in broad SC, almost spanning the entire trans-

parent window of silicon and high average powers. As previously mentioned, the

major trade-off with SC generated from anomalous GVD PCF is the reduced

temporal coherence, leading to greater pulse-to-pulse variation.

2.4 Modelling nonlinearity and dispersion

As part of this research, SC simulations were performed based on the established

Fourth-Order Runge-Kutta interaction picture method (RK4IP) developed by

Hult [2007] of the Laser Analytics Group, using more recent algorithm written

by co-workers in the group [Liu et al., 2010, 2012] and implemented in MAT-

LAB (Mathworks, USA). The fibre and pump laser parameters required for the

simulation are listed in Table 2.1.

Table 2.1: Input pump laser and PCF parameters for
RK4IP simulations.

Symbol Input pulse parameter Units

λ0 Centre wavelength nm

P0 Peak power W

T0 Pulse width (FWHM) ps

Symbol Fibre parameter Units

γ Nonlinear coefficient W−1 m−1

R(t) Nonlinear response function

τshock Self-steepening timescale fs

βk Dispersion coefficients at λ0 (k = order) psk km−1
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Simulations and Spectrograms

It is difficult to isolate individual phenomena which is why spectrograms are use-

ful tools for visualising the interplay between nonlinearity and dispersion. They

represent snapshots of the spectral and temporal state of a laser pulse at a par-

ticular position along the optical fibre and can help aid the understanding of very

complex interdependent processes. The pulse parameters input into the RK4IP

simulation were for a 5 ps unchirped Gaussian pulse with a 100 ps FWHM, 100 W

input peak power, centred at 1060 nm. The fibre parameters for a 26 m PCF with

zero dispersion at 1055 nm were taken from Dudley et al. [2008]. Interpretation

of the resultant spectrograms shown in Figure 2.8 is given below:

(a) Input pulse: A high power monochromatic laser pulse is injected into the

fibre at the zero dispersion wavelength (ZDW), leading to propagation. The

pulse then propagates seemingly unperturbed for the first 3 m of fibre.

(b) Creation of sidebands and pulse disintegration: Parametric sidebands are

formed due to four-wave mixing (FWM) in the frequency domain. Phase

matching in fibres enables efficient energy exchange. This requires low an-

omalous dispersion and high nonlinearity. The new frequencies are created

as two identical photons create a new frequency up-shifted “signal” photon

and a frequency down-shifted “idler” photon. This process is equivalent to

modulation instability (MI) in the time domain, where the steady state in-

terplay between nonlinear and dispersive effects causes pulse disintegration

as FWM is phase-matched by self-phase modulation (SPM) [Potasek and

Agrawal, 1987].

(c) Formation of solitons and dispersive waves : The sidebands formed in the

previous stage are strengthened. Since the input pump pulse is pumped at

the ZDW, the sidebands are thus formed in both the normal and anomal-

ous regions. Solitons are formed on the long wavelength side (nonlinearity

and dispersion cancel each other out) and dispersive waves on the short

wavelength side (where both nonlinearity and dispersion result in temporal

broadening). In terms of solitons, the modulation frequency, ∆ωMI, is given

as:
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Figure 2.8: Spectrograms of the spectral and temporal evolution of a 5 ps pulse
along a 26 m anomalous PCF. (a) Input pulse. (b) Creation of
sidebands and pulse disintegration. (c) Formation of solitons and
dispersive waves. (d) Further soliton fission. (e) Soliton turbu-
lence. (f) Soliton collision. (g) Raman scattering and red-shifting
of solitons. (h, and f-h) Pulse breakup and dispersive wave trapping.

25



2. Supercontinuum Generation

∆ωMI =
√

(2γP )/(|β2|), (2.9)

where P is the pump power and the maximum side-band gain is 2γP . The

soliton duration (FWHM) can be related to the period of MI, TMI, in the

time domain, which is TMI = 2π/(∆ωMI). Shorter solitons are created when

the MI period is short, more specifically∼ TMI/5 [Islam et al., 1989; Travers,

2010].

(d) Further soliton fission: The splitting up of high-order solitons into multiple

fundamental solitons is termed soliton fission. The characteristic length

over which soliton fission occurs Lfiss is dependent on the characteristic

dispersion length, LD, and the soliton order, N , as follows: Lfiss ∼ LD/N .

This increases with pump pulse duration which means that the effects of

MI/FWM dominate the initial propagation stage.

(e) Soliton turbulence: Solitons enter a regime of soliton turbulence as different

packets of light bounce off each other to cause the broadening observed in

the spectrogram. Energy is sometimes lost to Raman scattering in otherwise

elastic collisions.

(f) Soliton collision: Solitons in the anomalous regime can experience collisions.

This strengthens the high intensity soliton and weakens the low intensity

soliton. This process is termed cross-Raman scattering in the temporal

domain [Frosz et al., 2006; Islam et al., 1989; Korneev et al., 2008]. Inter-

estingly, solitons travelling near the ZDW can transfer some energy to the

normal regime to a dispersive wave through spectral overlap. This enables

spectral power to build up in the normal dispersion regime [Akhmediev and

Karlsson, 1995; Gorbach et al., 2006; Karpman, 1993; Skryabin and Yulin,

2005; Wai et al., 1986].

(g) Raman scattering and red-shifting of solitons : Soliton bandwidths overlap

with Raman gain and thus the long wavelength solitons undergo Raman

self-frequency shift causing the long wavelength edge to broaden [Dianov

and Mamyshev, 1985; Mussot et al., 2009]. This is another process involving

26



MODELLING NONLINEARITY AND DISPERSION

self-phase modulation (SPM) and highlights the need for sufficient soliton

duration to enable temporal overlap with the Raman gain spectrum.

(h) Pulse breakup and dispersive wave trapping : Group velocity matching and

cross-phase modulation (XPM) can cause interactions between spectral

components in different regimes. Blue dispersive waves become trapped

behind solitons [Beaud and Hodel, 1987; Genty et al., 2004; Gorbach and

Skryabin, 2007a,b; Nishizawa and Goto, 2002]. Raman red-shifting causes

the solitons to slow down forcing the trapped dispersive waves to also slow

down, resulting in further blue-shifting. This process is key to the formation

of broad bandwidth supercontinuum spectra [Stone and Knight, 2008].

The efficient generation of SC requires a balance of low anomalous dispersion

and high nonlinearity. The spectrograms in Figure 2.8 show that extremely broad

SC generation requires soliton interactions, which necessitates pumping of PCF in

the anomalous regime. For the creation of dispersive waves and spectral overlap,

one needs to pump near the ZDW. The final stages of dispersive wave trapping

require group velocity matching of the two spectrally dispersed edges. All these

requirements can be satisfied through careful PCF design and optimised through

modelling.

Current Limitations in SC Generation

There are two main limitations that may affect spectroscopic measurements from

SC generated light:

(i) Spectral bandwidth: Limitations in spectral intensity in required wavelength

range.

(ii) Pulse variation: Pulse-to-pulse intensity fluctuations can introduce noise

for intensity-based measurements.

Material constraints also limit the broadening of supercontinua. As previously

mentioned, PCF is typically drawn from silica preforms (c.f. Figure 2.9). Silica

electronic absorption in the UV limits spectral dispersion at the blue edge. In the
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Figure 2.9: Fibre attenuation curves for fused silica core step-index multimode
preforms from the UV to near-IR. The SSU, SBU, SXU and SOU
fibres are undoped, high OH− pure silica cores with improved UV
transmission. STU, STU-D and SWU are low OH− (<0.7 ppm)
silica preforms. Fibre cladding is pure silica with the exception of
fluorine-doped silica for STU and STU-D preforms. The overall
theoretical attenuation limit is also shown. Figure reproduced from
manufacturer datasheet [Heraeus Quarzglas, 2012].

IR, the main limitation is OH− ion absorption, specifically at 2.7 µm. Water mo-

lecules and other contaminant can get “frozen in” during PCF fabrication, which

is why dopants are normally added to mitigate this. Preform cores are generally

treated with chlorine during fabrication to reduce OH− content. However, the

addition of some dopants such as Cl− ions can also limit the blue edge due to

the introduction of chlorine absorption bands in the UV. As such, different glass

compositions are used to suit different requirements, as shown in Figure 2.9.

SC generated from anomalous regime pumping of PCF have very broad spec-

tra produced by processes that involve solitons and that are seeded by noise.

Such processes are sensitive to pump laser fluctuations and result in large pulse-

to-pulse variation in spectral structure [Dudley and Coen, 2002]. Signal averaging

of multiple pulses has been shown to wash out these single-shot spectral pulse

variations [Gu et al., 2002], although this increases the times required for signal

acquisition.
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2.5 Summary: Supercontinua for optical sens-

ing

The underlying physics behind SC generation has been discussed in this chapter

in order to provide a better understanding of its properties. In summary, there

are four key attributes that make SC radiation suitable for optical metrology:

(i) Extreme spectral bandwidths greater than 1000 nm with potential to cover

the entire transparent window of silica glass (300 nm to 2.4 µm).

(ii) High spatial coherence, directionality and brightness like a laser source.

(iii) Very high spectral power densities of 1 mW/nm and even up to 50 mW/nm

[Travers et al., 2007].

(iv) Pulsed character, enabling advanced time-resolved measurement techniques

using, for example, picosecond SC sources modelled in this chapter.

The past decade has seen the application of SC radiation in a number of

well-established metrological techniques, demonstrating its potential, such as op-

tical coherence tomography [Hartl et al., 2001], confocal fluorescence microscopy

[Dunsby et al., 2004; Frank et al., 2007; McConnell, 2004], high speed gas sensing

[Kelkar et al., 1999; Sanders, 2002; Watt et al., 2008] and open-path remote at-

mospheric analysis [Kasparian et al., 2003]. The motivation here is to now use SC

radiation as an incoherent light source for liquid-phase absorption spectroscopy,

specifically cavity-enhanced techniques.
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Chapter 3

Optical Cavities for Liquid

Spectroscopy

3.1 Motivation: Increasing absorption spectro-

scopy sensitivity

Optical cavities offer a different approach to traditional single-pass absorption

techniques in that light passes through the sample multiple times. This acts to

increase the optical path length. Whilst theoretically attractive, there are prac-

tical consequences, as it requires the introduction of two high reflectivity mirrors

(which form the cavity) into the optical path. This reduces the amount of light

reaching the detector, placing additional demands on detector sensitivity. Light

must also be effectively coupled into the cavity, which might place constraints

on the types of light sources that can be employed. Although optical cavities

have been widely employed in the gas phase, there are only a limited number

of investigations in the liquid phase demonstrated in the liquid phase. There

are different challenges in the liquid phase in terms of increased optical density,

higher background losses and broader spectral features. These factors must be

taken into consideration to determine whether optical cavity techniques can offer

similar sensitivity enhancements for the liquid phase, as they do with the gas

phase. In this chapter, calculations are made and results plotted to model the ef-

fects of liquid absorption for different optical cavities. The aim is to provide some
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theoretical context to the design decisions made in the forthcoming experimental

chapters.

Chapter Summary

The chapter begins with an introduction to single-pass absorption spectroscopy

as used for quantitive absorption measurements before introducing multi-pass

techniques under which cavity-enhanced methods fall. Cavity ring-down spec-

troscopy (CRDS) and cavity enhanced absorption spectroscopy (CEAS) are then

introduced in the context of liquid-phase absorption measurements and the back-

ground theory provided.

3.2 Current spectroscopic techniques for liquids

3.2.1 Single-pass absorption

Commercial spectrophotometers commonly employed by scientific researchers use

single-pass absorption for analysis. The technology is fairly mature, with single-

pass measurements taken using a white light source which most commonly is

an incandescent lamp. A monochromator is used to filter selectively the light

after it has been transmitted through the absorbing sample. It is then possible

to build up a broad bandwidth spectrum through sequentially scanning across

the desired wavelength region. The sample under investigation is held within

standard cuvettes through which the light is passed. Standard cuvettes usually

come with a fixed optical sample pathlength of 1 cm and even 2 mm in cases.

The absorption in single-pass measurements is calculated using the Beer-

Lambert law (Equation 3.1). The wavelength-dependent absorption coefficient

α(λ) is calculated for the transmitted intensity, I, and the incident intensity, I0,

from:

I(λ) = I0(λ) exp(−α(λ)d), (3.1)

where d is the sample absorption pathlength. The absorption coefficient is a

function of concentration, C, related by the molar extinction coefficient, ε, via
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α(λ) = ε(λ)C. Rearranging Equation 3.1 in terms of the absorption coefficient

gives:

α(λ) = −1

d
ln

(
I(λ)

I0(λ)

)
≈ 1

d

(
1− I(λ)

I0(λ)

)
. (3.2)

Weak absorptions in liquids (1 − I
I0
< 10−3) are difficult to detect with con-

ventional techniques, due to the low signal-to-noise ratios (SNR). Absorption

measurements require the detection of a small change in intensity (I0− I) over a

large background (I0). Options to increase measurement sensitivity are either to

suppress (or filter) the detection noise, or to extend the absorption pathlength.

Equation 3.1 shows that an increase in pathlength would result in a larger in-

tensity difference and thus improve the sensitivity of the measurement to above

any SNR limit.

3.2.2 Multi-pass configurations for pathlength increases

It is possible to extend the effective pathlength through multi-pass configurations.

The result of such an approach is evident from Beer-Lambert (see Equation 3.1)

where an increase in pathlength is proportional to an increase in absorption signal.

The earliest multi-pass cells were introduced by White [1942] and Herriott and

Schulte [1965] in the mid 20th century, the principle of which is shown schem-

atically in Figure 3.1(a). The light beam is passed through a small hole in a

mirror and it then traces a path around the cell as it is reflected between the

mirrors. The beam then exits through one of the mirrors, having passed through

the sample a multiple number of times. The alignment of the concave mirrors

dictates the beam path, with effort made to ensure the beam does not overlap

itself on the mirror face as this leads to optical interference. Optical interference

in multi-pass cells comes in the form of cross-talk. Light beams passing through

White cells built using mirrors of lower reflectivity experience higher transmis-

sion losses per pass. Cross-talk in this case would be particularly extreme if an

intense entry beam were to interact with a weaker output beam leading to signal

fluctuations [White, 1942]. Light from multiple lasers can be passed through the
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Figure 3.1: Methods of increasing absorption length and thus sensitivity of ab-
sorption measurements, compared to single-pass 1 cm standard cu-
vette measurements. (a) Multi-pass cell arrangement, which can
offer 10 m to 100 m absorption lengths. Light beams trace unique
paths through the cell. (b) Line-of-sight resonant optical cavity
which can offer 100 m to 10 000 m absorption lengths, based on the
chosen mirror reflectivity pairings. Light beams travel along the
same axis.

same Herriott cell as long as each beam traced a unique path. Path overlap of

different lasers beams or interference fringes on the mirror surfaces would also

result in unwanted cross talk [Herriott and Schulte, 1965; Tarsitano and Webster,

2007]. Another issue is the drop in cavity transmission as the number of passes

increases. The overall enhancement is primarily limited by the finite number of

unique passes that can be made without overlap for a given cavity mirror.

Optical resonators (see Figure 3.1(b)) can achieve even greater number of

passes than multi-pass cells. Dielectric mirrors, which have a much higher re-

flectivity than the metallic mirrors used in multi-pass cells, are used to achieve

longer pathlengths. These so-called cavity-enhanced techniques are normally

based on linear optical cavities in which the input beam traces the exact same

path as it is reflected back and forth within the cavity. This means the ef-

fective pathlength is proportional to the reflectivity values of the mirrors. This

linear optical resonator approach is now more commonly employed in recently

published work due to the smaller sample volumes that are required and larger
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Figure 3.2: Representation of Laguerre-Gaussian TEM mode intensity profiles
along with corresponding 3D intensity distribution plots. Figure ad-
apted from Ishaaya et al. [2003].

effective pathlengths obtainable in comparison to multi-pass Herriott and White

cells [Berden and Engeln, 2009].

3.3 Optical cavities

Optical cavities are able to support certain solutions of the electromagnetic (EM)

wave equation [Kogelnik and Li, 1966]. The transverse and longitudinal modes

of light waves are mathematically represented by Laguerre-Gaussian polynomials

for cylindrical geometries [Siegman, 1986], TEMpl, where l and p are azimuthal

and radial mode indices respectively [Arlt and Padgett, 2000].

Longitudinal modes are important in describing the waves that can be sup-

ported within the cavity, in specific relation to the wavelength of resonant light.

Figure 3.2 shows the spatial intensity distributions of four transverse modes, with

the “fundamental” transverse mode (TEM00) having a near Gaussian distribu-

tion. TEM00 has much lower diffractional losses than the larger higher order

modes [Yariv, 1997], and, where necessary, can be preferentially excited through

the use of mode matching optics (where TEM00 is chosen to match the intra-cavity

beam dimensions, c.f. Figure 3.3).

Fabry-Perot resonator theory states that optical cavities formed of low loss

mirrors will produce a comb-like interference pattern for the cavity transmission

in the form of an Airy function [Born and Wolf, 1999]. The resonance condition is

established when an integer number of wavelengths matches the cavity roundtrip
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Figure 3.3: Cavity parameters and Gaussian beam dimensions for cavity-
enhanced optical set-ups. Radius of incident light beam on rear-side
of first cavity mirror, wi, minimum intra-cavity beam radius, w0,
mirror radius of curvature, r,and cavity length (i.e. mirror separa-
tion), L, are shown. The cavity is comprised of two plano-concave
mirrors aligned along one axis in this “line-of-sight” scheme.

length, qλ = 2L, where L is the cavity length (i.e. mirror separation) and q is

the integer longitudinal mode order. Two adjacent cavity comb elements (i.e. q,

q + 1) are separated in frequency space by the free spectral range (FSR, ∆νFSR)

given by:

∆νFSR =
c

2nL
=

1

tr
, (3.3)

where n is the refractive index of the medium inside the cavity, c is the speed

of light and tr is the cavity roundtrip time. The ability of a cavity to maintain

constructive interference for long periods of time is governed by the cavity finesse,

F :

F =
π
√
R

1−R
, (3.4)

where R is mirror reflectivity. The finesse is related to the linewidth of the cavity

comb ∆νc by Equation 3.5. ∆νc defines the spectral resolution (FWHM) and

is shown for R = 40% in Figure 3.4. Cavity finesse is plotted in Figure 3.4

for cavities with mirrors of different reflectivity. The modelled results show a

decrease in cavity mode linewidth ∆νc with a corresponding increase in mirror

reflectivity.

∆νc =
∆νFSR

F
. (3.5)
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Figure 3.4: Cavity transmission modelled on the Airy function for two-mirror
optical cavities. Mirror reflectivity values of R =40 %, 70 %, 90 %
and 99 % were modelled. The spectral resolution, ∆νc, is shown for
R = 40%.

Another consideration relates to the confinement of light within the cavity. Light

can be lost from the cavity by diffraction due to the finite size of mirrors. There-

fore, an optically stable cavity must enable the refocusing and most importantly,

confinement of light within the resonant cavity [Kogelnik and Li, 1966]. The

criterion originating from optical Gaussian beam theory for a two-mirror cavity

is:

0 <

(
1− L

r1

)(
1− L

r2

)
< 1, (3.6)

where rm (where m=1 or 2 for the respective mirror) is mirror radius of curvature

and L the cavity length (i.e. mirror separation).

Mode Matching vs. Mode Washout

Maximum transmission of light through a cavity occurs when laser frequencies

fully overlap cavity modes. This approach was taken in early cavity-enhanced

methods [Newman et al., 1999; Romanini and Lehmann, 1993] by ensuring that

laser light was coupled to the fundamental cavity mode (TEM00) for the most

efficient laser coupling (see Figure 3.5(a)). The throughput, or transmission T , at

a given wavelength is dependent on the overlap of the laser linewidth ∆νL with the

corresponding cavity comb mode ∆νc according to the relationship T = ∆νc/∆νL
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Figure 3.5: Schematic illustrating optical cavity and laser comb coupling
schemes. (a) Single laser frequency locking to one cavity mode,
where ∆νL < ∆νFSR. (b) Mode matching: Locked coupling of fre-
quency comb to cavity comb, where ∆νL > ∆νFSR. Intra-cavity
dispersion results in inefficient mode matching away from the cent-
ral locking frequency producing a narrower spectrum. (c) Mode
washout: The defined cavity mode structure is “washed out” by
the excitation of multiple higher order modes leading to a dense
quasi-continuous cavity mode structure. Light is coupled at every
wavelength and thus the full spectral bandwidth of a light source
(∆νL � ∆νFSR) is transmitted, but the intensity throughput is low.

[Tittel et al., 2003]. Note that this is true only for cases where ∆νL < ∆νFSR. It

is necessary to match not only the spacing of individual comb elements, but also

absolute positions for the cavity modes and laser comb frequencies [Adler et al.,

2010]. This can be achieved using laser frequency combs (LFCs). These are

special mode-locked lasers that produce pulse trains of broad spectral bandwidth

which are evenly spaced in the frequency domain [Schliesser et al., 2012]. The

laser linewidth may be broad enough to overlap a number of cavity modes. In such

cases ∆νL > ∆νFSR. The degree of overlap dictates the transmitted intensity, as

shown in Figure 3.5(b).

Mode-matching can be achieved by either adjusting the frequency comb of

the laser or modulating the external cavity itself. The cavity mode structure is

dependent on its geometry. Therefore, it is possible to alter certain parameters
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Figure 3.6: Temporal walk-off as a result of intra-cavity dispersion. The simula-
tion shows a phase-dependent frequency mismatch between the laser
frequency comb and cavity modes which is defined as “walk-off”.

by adjusting the cavity, for example controlling the FSR by altering the cavity

length. This method immediately increases the complexity of such a technique as

it requires fine control of the cavity through the use of piezoelectric actuators and

also a feedback loop system for accurate locking. At present only a few optical

labs in the world have the technology and expertise to implement this technique.

The ability to match a laser comb to cavity modes over a broadband spectral

range is further complicated by intra-cavity dispersion. The longitudinal mode

spacing within the cavity is no longer described by a fixed free spectral range

(FSR, c.f. Equation 3.3). Instead, it takes into account a frequency-dependent

phase shift, φ(ω), introduced by cavity mirrors, where ω = 2πν [Lehmann and

Romanini, 1996]:

∆νFSR(ω) =
c

2n(ω)L+ c ∂φ
∂ω

∣∣
ω0

, (3.7)

where L is cavity length, n is refractive index, c is the speed of light and ω0 the

centre frequency. The second term in the denominator, ∂φ
∂ω

, is the contribution

from intra-cavity dispersion and causes the mismatch between the laser comb

and cavity modes, also known as “temporal walk-off”[Peters et al., 2009]. This

mismatch increases with distance away from ω0, shown in Figure 3.6, thus placing

a practical limit on the broadband spectral range for effective mode matching.

Furthermore, the presence of a sample alters the effective cavity mode spacing

and this effect is greater in the liquid phase than for gases.
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An alternative method to mode-matching is called “mode washout” and it in-

volves the excitation of not one but many transverse modes resulting in a complex

mode spectrum. Previous techniques avoided manipulation of the cavity mode

structure. The reasoning behind this is two-fold. First, if a narrow molecular ab-

sorption line fell between the cavity mode structure, it would be absent from the

resultant spectrum. Secondly, it was deemed necessary to match the frequency

comb produced by the laser to the cavity mode structure in order to couple light

in.

The mode washout approach deliberately manipulates the cavity mode struc-

ture in order to excite multiple higher order transverse modes that fall between

the longitudinal mode spacing. This has the effect of “filling in” gaps in the cavity

mode spectrum to create a dense quasi-continuum. As a result, there are cavity

modes at every wavelength and thus the full spectral bandwidth of a light source

can be coupled in and transmitted. This is shown schematically in Figure 3.5(c).

All absorption features within this spectral range will be detected and there will

always be a cavity mode under every spectral position. Mode washout is simple

to achieve, as the two criteria are for the cavity to be stable (see Equation 3.6)

and the mirror separation to be any length that is not confocal (i.e. L 6= r1 + r2),

as shown in Figure 3.7 taken from Meijer et al. [1994].

Whereas mode-locked techniques require precise control of the optical cavity,

mode washout cavities have much lower mechanical stability requirements. Slight

fluctuations in cavity length, for instance, would only act to excite more transverse

cavity modes and thus increase the density of the cavity mode spectrum. Meijer

et al. [1994] showed the quasi-continuum mode structure and compared it to the

confocal arrangement. They also noted that the requirement of high reflectivity

mirrors is relaxed for this case. Furthermore, high precision lasers with frequency

combs are not required and, as a result, non-pulsed coherent and incoherent

light sources, such as LEDs and lamps, can be used. The main downside of the

mode washout approach is that the resultant intensity of light transmitted out

of the cavity is much lower than in a mode-matching scheme as cavity modes are

not actively matched and Fabry-Perot theory collapses [Lehmann and Romanini,

1996; Zalicki and Zare, 1995]. Consequently, sources of high spectral intensity

per unit wavelength are used.
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Figure 3.7: Creation of a quasi-continuous mode structure with mirror separa-
tions (L) with non-confocal cavity geometries. (a) Mode spectrum
for a confocal cavity, where L =10.0 cm. (b) Mode spectrum of a
cavity slightly detuned from confocal (L =10.2 cm) resulting in the
excitation of transverse modes. (c) Very dense mode spectrum for
an intra-cavity length for non-confocal geometry (L =11.5 cm). Fig-
ure reproduced and adapted from Meijer et al. [1994].
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Figure 3.8: Intra-cavity windows creating “cavities within a cavity”. Optical
interfaces within the original cavity act as low reflectivity mirrors
creating multiple internal cavities, some of which are depicted in the
schematic diagram above. The distance between windows 1 and 2
defines the intra-cuvette sample pathlength.

Effect of “Cavities within a Cavity”

Liquid sensing using optical cavities may require additional optics for sample

containment. Liquid samples are commonly held in glass cuvettes whereas gas

samples are frequently in direct contact with cavity mirrors. For liquids this

could lead to an added complication, as light retro-reflected off the first cuvette

window would in theory create another optical cavity within the original cavity.

The original cavity could then be considered as three Fabry-Perot resonators

coupled to each other. The introduction of any additional cavity windows would

amplify the effect creating multiple smaller cavities within a cavity, as shown in

Figure 3.8.

Fabry-Perot theory is required to study the implications of etalon effects on

the cavity mode structure. The equation for the resonant modes of the optical

cavity is [Hodges et al., 1996]:

νqpl =
c

2L

(
q +

(p+ l + 1)

π
arccos

√
g1g2

)
, (3.8)

where q is the longitudinal mode index, p and l are transverse mode indices as

defined at the start of Section 3.3, c is the speed of light in a vacuum, L is cavity
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length and gi = 1− (L/ri), where ri (for i = 1, 2) is radius of curvature for each

respective mirror.

Trace gas sensing requires optical cavities of high finesse, and thus mirrors

of high reflectivity, in order to achieve the required resolution [Ball and Jones,

2003]. Mirrors of lower reflectivity can be used for liquid sensing, such as the pair

modelled in Figure 3.9. The cavity mode structure of TEM00 in a two-mirror

cavity of length 30 cm and mirror reflectivity R = 99.0% is shown in Figure

3.9(a).

Figure 3.9(b) shows the case of a cavity window creating two separate cavities

of length 10 cm and 19.5 cm, inside the original cavity. The window is assumed to

be a low-reflectance mirror, with a reflectivity value of R = 4.0% (c.f. Fresnel’s

law in [Hecht, 2002]). Both cavities are modelled as having a mean reflectance of

R = 51.5%. Figure 3.9(c) plots the previous three profiles along with the broad

transmission profile of an intra-cuvette cavity.

The results plotted in Figure 3.9 show that etalon effects act to create a

dense cavity transmission profile across the frequency range. Results for the

fundamental mode only have been plotted in each case, for simplification. The

presence of higher order modes and other etalons not depicted in Figure 3.9

will further contribute to the “mode washout” phenomenon. This would not be

suitable for a frequency comb method. However, the build up in mode structure

and the collapse of Fabry-Perot theory is beneficial in the case of cavity-enhanced

techniques to be developed in this thesis.

3.4 Theory of cavity-enhanced techniques

3.4.1 Cavity ring-down spectroscopy

Cavity ring-down spectroscopy (CRDS) was first employed as a method for meas-

uring mirror reflectivity [Anderson et al., 1984; Herbelin et al., 1980], before being

adopted as a stand-alone method for absorption measurements [O’Keefe and Dea-

con, 1988]. The technique involves the injection of a short pulse into an optically

stable resonator of high finesse. Only a small fraction of this pulse transmits

through the front mirror. This transmitted fraction then bounces back-and-forth
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Figure 3.9: Modelled spectra studying the effects of “cavities within a cavity” on
transmission for cavity mode TEM00. Legend: ‘1’ shows R = 99.0%,
L = 30.0 cm; ‘2’ shows R = 51.5%, L = 10.0 cm; ‘3’ shows R =
51.5%, L = 19.5 cm; and ‘4’ shows R = 0.04%, L = 5.0 cm. (a)
Transmission profile for the original two-mirror optical cavity. (b)
Cuvette window acting as a low-reflectance mirror and bisecting the
original cavity to create two additional cavities of mean reflectance
R = 51.5%, as plotted. (c) Transmission profiles for the original
cavity plotted with three intra-cavity etalon profiles.
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between the two highly reflective dielectric mirrors. The intensity of the pulse

drops with each pass, dependent on the reflectivity of the mirrors. It is possible

to record this rate of decay, the so-called ring-down time, using a detector placed

behind the rear mirror. The ring-down time is defined as the average time taken

for the intensity of a light pulse leaving the cavity to decrease to 1/e of its initial

value. The value of τ is then obtained by fitting a ring-down trace with an expo-

nential decay, as shown in Figure 3.10. Continuous-wave (CW) sources can also

be utilised for CRDS measurements. In CW set-ups, the light beam is cut off in

order to measure the cavity response, i.e. decay rate [He et al., 1998; Romanini

et al., 1997; Schulz and Simpson, 1998].

In the absence of an absorber, the transmitted intensity measured after the

first pass, I0, is given by:

I0 = (T1Iin)T2, (3.9)

where Tm = 1−Rm (where m=1 or 2 for the respective mirror), i.e. if scattering

and diffraction losses are assumed to be negligible. If one assumes the mirror

reflectivity is equal to the geometric mean of both mirrors (where R =
√
R1R2)

and takes into account absorption according to Beer-Lambert (see Equation 3.1),

then Equation 3.9 simplifies to:

I0(λ) = Iin(λ)T 2e−α(λ)d, (3.10)

where d is the single-pass pathlength of the absorbing sample.

A round-trip consists of two passes; therefore, attenuation of stored intens-

ity within the cavity follows the geometric progression of (e−α(λ)dR)2n for n

roundtrips. The equation for total transmitted intensity can then be re-expressed

in Equation 3.11.

In = I0(e−αdR)2n

= I0 exp(−2n(αd− | lnR|)). (3.11)

Equation 3.11 can also be rewritten in terms of temporal dependence:
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Figure 3.10: Definition of ring-down time, τ , as shown on a monoexponential
cavity ring-down decay. It is the time taken for the intensity to
reach 1/e of its initial value.

In(t) = I0 exp

(
ct

L
(lnR− αd)

)
, (3.12)

where L is the cavity length and t = 2Ln/c. In the limit of high reflectivity (i.e.

R→ 1), lnR ≈ 1−R and thus:

In(λ, t) = I0(λ) exp

(
− t

τ(λ)

)
, (3.13)

where the decay constant, τ , is given by:

τ(λ) =
L

c(1−R(λ) + αd)
. (3.14)

In the absence of an absorber, the decay constant for the background, or empty

resonator, is given by:

τ0(λ) =
L

c(1−R(λ))
. (3.15)

The absorption coefficient can then be obtained from CRDS measurements of τ

and τ0 using Equation 3.16:

α(λ) =
L

cd

(
1

τ(λ)
− 1

τ0(λ)

)
. (3.16)

Figure 3.11 shows numerically simulated results using Equation 3.12 for a
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Figure 3.11: Modelled CRDS decays for mirrors of different reflectivity and
increasing levels of intra-cavity absorption for a cavity length
L =30 cm. (a) Ring-down decay curves for mirrors of reflectiv-
ity R =98.0 %, 99.0 %, 99.5 % and 99.9 %. (b) Modelled changes
in decay time for a cavity of R=99.0% mirrors and increasing trace
levels of intra-cavity absorption, α.

cavity of length 30 cm. The relatively low reflectivity mirrors, in comparison

to those employed in the gas phase, lead to correspondingly short ring-down

times, as shown in Figure 3.11(a) for an empty cavity with no absorption. The

second challenge for liquid-phase CRDS is having to detect small absorbances,

as reflected by fractional changes in ring-down times (see Equation 3.16). The

scale of such changes is indicated in Figure 3.11(b) to provide an indication of

the temporal resolution required for such measurements.

3.4.2 Cavity enhanced absorption spectroscopy

The first cavity-enhanced technique (CRDS) requires the time-resolved measure-

ment events occurring on a very short time-scale. Cavity ring-down events in

liquids are much shorter than those in the gas phase and typically of the order of

1 ns to 100 ns. This requires pulsed lasers (with pulse picking necessary for lasers

of high repetition rates) or accurate “optical chopping” of continuous-wave (CW)

sources in order to produce a pulsed output. Further to this, detectors must have

a fast enough time response in order to detect and process the signal. These

constraints have been met for single-channel liquid-phase techniques using point

detectors [Alexander, 2006; Hallock et al., 2003; Xu et al., 2002]. The challenge
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increases if broad bandwidth measurements spanning the entire visible spectrum

are to be made simultaneously, i.e. without having to tune the light source or

sequentially shift the detector.

A variant of CRDS called cavity enhanced absorption spectroscopy (CEAS)

was introduced to simplify experimental requirements, whilst still offering the ab-

sorption enhancements conferred by cavity-enhanced techniques. CEAS involves

the detection of changes in steady state intensity due to sample absorption rather

than changes in ring-down time. As a result, individual light pulses do not need

to be resolved. This significantly reduces the time resolution requirements of de-

tectors and also means that a range of incoherent and coherent light sources can

be used [Berden and Engeln, 2009]. The CEAS approach involves the excitation

of many higher order modes across a broad spectral range in order to produce a

dense mode structure, rather than the defined comb structure required for CRDS

[Lehmann and Romanini, 1996] and more experimentally demanding techniques

such as optical frequency comb spectroscopy [Thorpe et al., 2006]. In CEAS, the

detected intensity is the superposition of all the intensities after an odd number

of passes, as shown in Figure 3.12. This superposition is described below, starting

with Equation 3.17 for the intensity of light transmitted out of the cavity after

the first pass:

I = Iin(1−R1)(1− A)(1−R2). (3.17)

The intensity of subsequent passes is up to n passes:

I = Iin(1−R1)(1− A)(1−R2)

+ Iin(1−R1)(1− A)R2(1− A)R1(1− A)(1−R2)

+ . . .

+ Iin(1−R1)(1− A)Rn
2R

n
1 (1− A)2n+1

= Iin(1−R1)(1−R2)(1− A)
∑

Rn
1R

n
2 (1− A)2n. (3.18)

In the case where R1 = R2 = R, Equation 3.18 simplifies to:
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Figure 3.12: Schematic diagram of variations in intensity of a beam propagat-
ing within a cavity of length L during CEAS measurements. Iin
is the incident input intensity from the laser, and Iout is the time-
integrated output intensity after the cavity. The labels denote re-
flection at the mirror surfaces (of reflectivity, R) and intra-cavity
absorption (A) only. It is assumed here that the intensity of light
will leak out equally from the front and back mirror.

Iout = Iin(1−R)2(1− A)
∞∑
n=0

R2n(1− A)2n. (3.19)

When R < 1 and A < 1 then the above Equation 3.19 can be simplified using a

geometric progression to:

Iout = Iin
(1−R)2(1− A)

1−R2(1− A)2
. (3.20)

It is now possible to relate measurements made in the presence (Iout) and absence

(Iout,0) of an absorbing sample to the absorption coefficient, α, approximated by

Beer-Lambert to be (1− A) = e−αd in the limit of low absorption (α→ 0):

Iout,0

Iout

=
1− (e−αdR)2

(1−R2)e−αd
, (3.21)

where d is sample pathlength. Equation 3.21 can be re-arranged to:
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Figure 3.13: Comparison of the full solution (Equation 3.22) and the approx-
imated form (Equation 3.23) of the equation for calculating the
CEAS absorption coefficient. Absorption coefficient, α, is plotted
against ratio of intensity, I0/I, at a fixed wavelength. The cavity
parameters are set as R = 0.99 and L =30 cm.

α = −1

d
ln

 1

2R2

√4R2 +

(
Iout,0

Iout

(R2 − 1)

)2

+
Iout,0

Iout

(R2 − 1)

 . (3.22)

In the case of high reflectivity mirrors and at low loss (as R → 1 and α → 0),

Equation 3.22 becomes:

α =

(
Iout,0

Iout

− 1

)(
1−R
d

)
. (3.23)

The approximate form (see Equation 3.23) has been compared with the full

solution (see Equation 3.22) for a cavity of length 30 cm and a mirror reflectivity

of 99.0%, cavity parameters used for liquid-phase CEAS measurements in this

work (see Chapter 4). The results are shown in Figure 3.13. Equation 3.23

holds true for absorption values α ≤ 0.01 with a discrepancy of <1%, rising to

a discrepancy of 5% for α = 0.02. The typical range of CEAS measurements in

this work is from 10−3 cm−1 to 10−6 cm−1. For a common dye such as rhodamine

6G (ε = 116 000 M−1 cm−1) this equates to concentrations in the nanomolar and

high picomolar range.
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Sensitivity Enhancement of Optical Cavities

Optical cavities increase the number of passes through a sample, but also reduce

the amount of light reaching the detector after the cavity. Given this, it is neces-

sary to determine whether there is an overall increase in sensitivity when using

optical cavities, as modelled for a range of mirror reflectivity values. This can be

done by comparing signal-to-noise ratios (SNR) of CEAS and single-pass meas-

urements. Photon behaviour can be approximated using Poisson statistics and

thus, if the mean signal intensity is N photons per second, the root mean square

variation is given as ±
√
N photons per second. This is shown in Equation 3.24:

SNR =
√
N. (3.24)

The mirrors used for optical cavities significantly reduce the amount of transmit-

ted light and as a result, the SNR will be reduced. This reduction in SNR based

on intensity can be related to the light transmitted through the optical cavity

using Equation 3.20 [Fiedler, 2005]:

SNRCEAS(I) =
√
Iout,CEAS

=

√
Iin

(1−R)2(1− A)

1−R2(1− A)2

=

√
(1−R)2(1− A)

1−R2(1− A)2

√
Iin. (3.25)

Equation 3.25 can be simplified in the high reflectivity (R→ 1, thus 1 +R ≈ 2),

low absorption (A → 0, thus 1 − A ≈ 1) limit. Making the substitution for the

single-pass intensity, SNRSP =
√
Iin, gives:

SNRCEAS(I) ≈
√

1−R
2

SNRSP(I). (3.26)

The above relation needs to be related to absorption. Comparisons of the equa-

tions for single-pass (Equation 3.2) and CEAS (Equation 3.23) absorption coef-

ficients show that use of an optical cavity increases pathlength by a factor 1
1−R .
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As a result, the SNR for a given absorption coefficient will be greater than for a

single-pass measurement.

SNRCEAS(α) =
1

1−R

√
1−R

2
SNRSP(α)

≈

√
1

2(1−R)
SNRSP(α). (3.27)

The maximum enhancement factor, Q, of CEAS over single-pass measurements,

in the absence of losses, can be written as Q =
√

(2(1−R))−1.

In reality, background losses originating from either the measurement (e.g.

detector noise) or from the sample (i.e. solvent absorption, scattering) will occur.

The losses counteract the increase in cavity enhancement brought about by the

use of high reflectivity mirrors. This is simulated in Figure 3.14 using Equation

3.25 where the substitution A = L is made (where L represents intra-cavity loss).

Results in Figure 3.14(a) show that, in the absence of intra-cavity losses, the SNR

can be increased by using mirrors of higher reflectivity. Figure 3.14(b) now takes

into account the effects of intra-cavity absorption for simulated losses of L =0 %,

0.1 %, 1.0 % and 4.0 %, for a fixed laser input intensity (Iin). The plot shows that

at a certain value of L, intra-cavity losses will dominate and thus increasing mirror

reflectivity would not yield SNR improvements. Preliminary measurements can

be made to determine losses in a system and thus choose appropriate mirrors.

The values chosen here (see Figure 3.14) are representative of those expected for

the liquid-phase CEAS being carried out in this work.

Cavity Mirror Transmission

CEAS calculations are based on the fact that light is collected from only one

mirror and, furthermore, the same amount of light (i.e. half) exits each mirror

for the case of R1 = R2. This is denoted by the scaling factor of 1
2

in Equation

3.27. Ouyang and Jones [2012] described cases where use of this constant scaling

factor does not hold true. They referred to such cases as “unsymmetrical” trans-

mission of light through the cavity; for instance if the mirror reflectivity were
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Figure 3.14: Modelled signal-to-noise (SNR) ratio enhancement based on mir-
ror reflectivity and intra-cavity background losses. (a) SNR as a
function of laser input intensity for mirror reflectivity R =98.0 %,
98.5 %, 99.0 %, 99.5 % and 99.9 %. (b) Effect of intra-cavity loss
(L) on SNR enhancement at a fixed laser input intensity (Iin) as
a function of cavity mirror reflectivity.

close to zero, then the cavity transmission would be closer to that of a single-

pass measurement. In this case there would be a disparity in the intensity of

light calculated as exiting the cavity and the actual detected intensity, leading to

incorrect data analysis. Their analysis is applied here, assuming non-negligible

intra-cavity losses of αd = 10−5 and T = 1−R. Figure 3.15 shows the change in

intensity ∆I = Iin−Iout of cavity transmission, normalised against the single-pass

case (i.e. αdIin) as a function of mirror reflectivity R for a range different intra-

cavity losses. Ouyang and Jones [2012] studied this relationship at a lower limit

(αd = 10−7 in Figure 5 of [Ouyang and Jones, 2012]) where the ratio ∆I tends

to αdIin/2 for reflectivity values of R > 0.5. The study in Figure 3.15 of higher

intra-cavity losses, which are a feature of liquid absorption spectroscopy, shows

that unsymmetrical transmission becomes significant at very high reflectivity too;

therefore, care in analysis should be taken. Mirrors of reflectivity R =99.0 % still

have symmetric transmission for losses up to αd = 10−3, so the simplification

made in Equation 3.27 remains valid for most liquid implementations using such

mirrors.
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3. Optical Cavities for Liquid Spectroscopy

Figure 3.15: Change in transmitted cavity signal (I0 − I), normalised by the
single pass transmission (αdIin), for different intra-cavity losses as
a function of cavity mirror reflectivity. Intra-cavity losses ranging
from αd = 10−6 to 10−3 are shown on the plot.

3.5 Summary

Optical cavities have been introduced in the context of liquid spectroscopy. Time-

resolved CRDS and its variant CEAS have been introduced and shown to offer

theoretical increases in sensitivity of the order of a few magnitudes over single-pass

measurements. CRDS has the advantage of not requiring calibration, whereas

CEAS does not require complicated electronics or fast detectors. Modelling has

shown that both techniques are suitable for liquid-phase studies. SC radiation

introduced in Chapter 2 can be coupled with CEAS to obtain significant gains

in sensitivity, speed and bandwidth. The following chapters will further discuss

design and implementation of this new technique. One final advantage over other

light sources is that its inherently pulsed nature also allows for CRDS measure-

ments to be carried out for system calibration.
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Chapter 4

Supercontinuum Cavity

Enhanced Absorption

Spectroscopy

4.1 Introduction

This chapter describes the development of cavity enhanced absorption spectro-

scopy (CEAS) using a supercontinuum (SC) light source for the detection of liquid

analytes at trace concentrations. The properties of SC radiation are discussed

in Chapter 2 and optical cavities, which form the basis of CEAS, are introduced

in Chapter 3. Applications that motivate the development of such a technique

can be found in Chapter 6 of this thesis. These include the monitoring of an

oscillating reaction, investigation of the photophysics of trace metal complexes

used in high-tech consumer products, study of early-stage protein aggregation

and also analysis of blood oxygenation. Application and development of CEAS

have been made possible by the increased sensitivity, broad spectral bandwidth

and high speed of the technique developed here.

Chapter Summary

This chapter highlights practical design considerations and relates them to the

properties of liquids. The experimental design of the optical cavity and liquid
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4. Supercontinuum Cavity Enhanced Absorption Spectroscopy

handling components is presented and described along with the overall SC-CEAS

set-up. The chapter concludes with the characterisation of performance and proof

of principle measurements, which also includes the method of calibration.

4.2 Experimental considerations

There are a number of challenges in first generating broad bandwidth laser-like

light and then coupling into the cavity. An additional issue is the introduction of

liquid-handling components into the optical path within the cavity which could

dramatically reduce potential gains in optical pathlength. Furthermore, the in-

creased density, scattering and absorption losses of the solvent must be overcome.

The sample-holding element, or cuvette, must be suitably adjustable in order to

optimise the optical alignment and also mechanically stable enough to maintain

the alignment over long periods of time. There have been relatively few publica-

tions of liquid-phase CEAS or CRDS studies in the literature. Of these, a number

of different approaches have been taken with regards to liquid sample handling.

The key differences in approach are reviewed below.

Challenge of Liquid Handling and Cavity Design

One of the earliest liquid-phase cavity-enhanced studies used an intra-cavity cu-

vette placed at the Brewster angle. This was done in order to eliminate reflection

losses at the windows of the sample cell of the liquid analyte (see Figure 4.1(a))

[Xu et al., 2002]. CRDS measurements were carried out by Xu et al. using a tun-

able laser to scan over a relatively narrow bandwidth range of 590 nm to 620 nm.

The Brewster angle was fixed to that of the solvent (calculated relative to the

refractive index of light in air, nair = 1.00). The Brewster angle, θB, is defined

as θB = arctan(n2(λ)/n1(λ)), where n1 is the refractive index of light in the first

medium and n2 the refraction of light of the medium about to be entered.

In their paper, Xu et al. [2002] recommended this geometry only for cases in

which the refractive index of the solvent matched that of the cuvette/quartz cell.

The refractive index of fused silica optical windows used for this work is 1.46 at

590 nm and 20 ◦C [Malitson, 1965] and 1.54 for the quartz used by Xu et al.. This
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Figure 4.1: Intra-cavity geometries for liquid-phase cavity-enhanced techniques.
(a) Brewster-angle cell. (b) Zero-angle cell. (c) Liquid-filled cavity.

makes water, which is the most commonly used solvent in this work, less than

ideal for this method as it has a refractive index of 1.33 [Hale and Querry, 1973].

A further complication is that solvent index of refraction can change with

wavelength [Hale and Querry, 1973]. This means that the corresponding Brewster

angle does not remain constant, as can be seen in Figure 4.2 for a range of solvents.

The refractive index of water does not change significantly, but for solvents such

as ethylene glycol, the difference in refractive index at 400 nm compared to 632 nm

[El-Kashef, 2000] results in a change in Brewster angle of more than 1◦. In such

cases, use of the Brewster angle approach would be problematic.

Fiedler et al. [2003] showed that a zero degree angle of incidence, i.e. normal

to the cuvette window surface, (see “zero-angle” design in Figure 4.1(b)) pro-

duced relatively small optical losses as light reflected at the optical interfaces is

maintained within the cavity. More recent studies simply placed the liquid sample

in direct contact with the mirrors to avoid losses due to additional interfaces (see

Figure 4.1(c)) [McGarvey et al., 2006; Seetohul et al., 2009].

According to the literature, the sensitivity achieved by Seetohul et al. [2009]

is the lowest for liquid absorption spectroscopy at αmin =2.8× 10−7 cm−1. The

sample pathlength was 20 cm and light emitting diodes (LEDs) were used as the

light source. The advantage of LEDs is that they are low in cost. The disad-

vantage for optical cavity techniques is that they are not easy to collimate and

as such the beam size is much larger than a spatially coherent SC or laser beam.

This explains why a large cross-sectional sample area, and thus volume (98 mL),

was required in Seetohul et al. [2009]. This limits the overall applicability of such

a measurement, as precious biological or chemical samples may be available only
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Figure 4.2: Brewster angle for six aqueous solvents across the visible spectrum
(where 1 = water; 2 = butanol; 3 = ethylene glycol; 4 = benzene;
5 = tetrachloromethane; and 6 = methanol). Solvent data at 20 ◦C
are taken from El-Kashef [2000]; Moreels et al. [1984], with the
Brewster angles for the solvent relative to the refractive index of
fused silica [Malitson, 1965].

in volumes two or more orders of magnitude smaller. Furthermore, the measure-

ment time required with the LEDs was 2.5 s which may be too long for monitoring

fast reactions. The use of the liquid-filled cavity configuration achieves very good

sensitivity, but does bring up some practical issues. Seetohul et al. [2009] men-

tion in their publication that alignment changes can be introduced when filling or

emptying the cavity. Therefore, it would be of benefit to have a system in which

sample exchange does not affect alignment and thus the enhancement in sample

pathlength, such as in Figure 4.1(b).

Solvent Scattering Effects

Light scattering, spectral broadening and solvent shifts can all influence spectro-

scopic measurements of liquids. The elastic scattering of light depends on the

particle size relative to the wavelength of incident light, λ, and falls into one of

three categories, namely Mie, Tyndall or Rayleigh. Mie scattering occurs if the

particle size is larger than λ/10 [Mie, 1908; Wiscombe, 1980]. Tyndall scattering

is for particles (or colloids) of a size similar in order of magnitude as λ. It fol-

lows the same wavelength dependence as Rayleigh scattering, although Tyndall
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scattering is much more intense, due to the larger particles and thus scatter-

ing cross-sections involved [Mer, 1948]. The third category of light scattering is

Rayleigh scattering. This occurs in samples with particle sizes smaller than the

wavelength of light [Rayleigh, 1900]. The extent of Rayleigh scattering, defined by

a particle’s scattering cross-section, is proportional to λ−4 [Cracknell and Hayes,

1991]. As a result, scattering will be stronger at shorter wavelengths in the blue

than longer ones towards the red edge of the visible spectrum [Morel, 1974]. The

liquid samples being measured with cavity-enhanced techniques are assumed to

be homogenous and free of large particles. Ultrapure water (18 MΩ cm−1, Milli-

Q, Millipore, USA) is used to reduce the risk of impurities making their way

into samples. Further sample pre-treatment steps, such as filtration, could also

be taken if required. For this reason, it is assumed that the effects of Mie and

Tyndall scattering are negligible in this work.

Figure 4.3 models the scattering of haemoglobin (Hb) molecules in water at

low concentration. In this analysis, the diameter of Hb is taken to be the particle

size. The results have been plotted along with water absorption across the visible

spectrum. Background absorption is a much bigger issue in the liquid phase than

for gas measurements due to the increased optical density of liquid solvents [Pope

and Fry, 1997]. Figure 4.3 shows that water (solvent) absorption dominates at

longer wavelengths, with Rayleigh scattering only starting to have a significant

contribution at around 480 nm and below. Different solvents will have different

absorption profiles and also the Rayleigh scattering contribution will increase for

larger molecules and higher sample concentrations. This is why light sources of

higher spectral power are required to ensure enough light can be transmitted

through samples onto the detector. This makes the use of high intensity broad-

band SC radiation well suited for the purpose (c.f. spectral intensity of different

light sources in Figure 1.2).

Spectral Broadening and Shifts

Molecules and thus their chromophores are likely to have slightly different local

environments in the condensed phase. This results in more diffuse spectra than

say for the equivalent gas phase spectra. The term chromophore is used to de-
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Figure 4.3: Spectra of pure water optical absorption in the visible spectrum
(400 nm to 700 nm) and modelled Rayleigh scattering of Hb mo-
lecules (2.7× 10−2 g/L tetramer concentration) in water calculated
over the same spectral region (dotted red line). Water data are from
experimental measurements taken by Pope and Fry [1997] (solid blue
line).

scribe the part of a molecule (i.e. group of atoms) that gives rise to an electronic

absorption corresponding to a spectral colour. An example of this is given later

on in the thesis (see Section 6.2), where energy transitions in europium com-

plexes cannot be resolved into their narrow bandwidth constituent peaks in the

liquid phase. Qualitative definitions explaining spectral broadening in liquids,

as described in a review by Myers [1998] , can be given. However, accurate

quantitative models do not yet exist which is why discussion here is limited.

Spectral shifts are the result of solvent-solute interactions. n → σ∗, π → π∗

and n → π∗ transitions in organic molecules can be spectroscopically studied

by UV-visible absorption. Shifts to longer wavelengths, known as bathochromic

or red shifts, are observed when polar solvents cause conjugation in unsaturated

bonds. The π∗ orbital is more susceptible to dipole-dipole interactions and the

result is a lowering of this energy level [Matyushov and Newton, 2001]. This leads

to a reduction in the energy gap between π and π∗ orbitals and thus red shift, as

shown in Figure 4.4.

Strong π → π∗ transitions occur in the UV, whereas n→ π∗ transitions occur

in the near-UV to visible spectrum. The n electrons are heavily influenced by
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Figure 4.4: Effects of conjugation in polar solvents. Use of a polar solvent (e.g.
alcohol) as opposed to a nonpolar solvent (e.g. hexane) results in a
reduction in the π and π∗ energy difference and resultant increase
in absorption wavelength - bathochromic or red shift.

strong hydrogen bonding which acts to drastically reduce their energy level, thus

increasing the energy gap between the n and π∗ orbital. This results in a hypso-

chromic or blue shift. Hydrogen bonds are the strongest type of intermolecular

force and, as a result, blue shifting will dominate over any bathochromic reduction

in n → π∗ in solvents capable of forming hydrogen bonds. Examples of suitable

solvents include water, alcohols, amines and other molecules with O-H or N-H

bonds. Blue shifts can be as much as 25 nm to 50 nm [Robinson et al., 2004].

Therefore, solvent selection is even more important if the spectral bandwidth of

the technique is limited. This of course will be less of a problem for broadband

techniques.

4.3 Experimental design and set-up

Experimental Set-up

The experimental set-up is shown in Figure 4.5. Output from a 1060 nm fibre

laser (5 ps pulse width; FemtoPower 1060, Fianium, UK) operating at 1 MHz

repetition rate was launched into a photonic crystal fibre (SC 5.0-1040 PCF,

NKT Photonics, Denmark) to generate supercontinuum (SC) light with a spectral

bandwidth ranging from around 480 nm to 1800 nm. The specification of the PCF

is shown in Tables 4.1.
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Figure 4.5: Experimental SC-CEAS set-up for liquid-phase studies. A super-
continuum radiation source consisting of a fibre laser and photonic
crystal fibre (PCF) is coupled into the optical cavity formed by a
pair of plano-concave mirrors. The IR filter is placed in front of the
laser output and any other interchangeable bandpass or short-pass
filters are placed after the cavity. The liquid sample is contained
in the intra-cavity cuvette. The spectrum of the transmitted light is
detected by a grating spectrometer and CCD camera.

Table 4.1: Specifications for the photonic crystal fibre
used for SC-CEAS.

Photonic crystal fibre Parameter value

Manufacturer model SC-5.0-1040, NKT Photonics

Zero dispersion wavelength 1040 ± 10 nm

Core diameter 4.8 ± 0.2 µm

Cladding diameter 125 ±3 µm

NA @ 1060 nm 0.20 ± 0.05

Material Pure silica

The IR portion of the SC output is cut out with a short-pass filter (730 IK 25,

Comar Optics, UK), and the visible light is subsequently coupled into a 30 cm

long linear optical cavity formed by a pair of plano-concave cavity mirrors (0.5

m radius of curvature, 99.0% nominal reflectivity from 400 to 680 nm; Layertec,

Germany). The liquid sample is contained in a custom-designed cuvette. The

spectrum of the light transmitted through the cavity was recorded using a grating

spectrometer (Shamrock SR-303-i, Andor, UK; 50 lines/mm grating) equipped
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with an air-cooled charge-coupled device (CCD) camera (iXon DV887ECS-BC,

Andor, UK) capable of variable readout rates up to 10 MHz.

Cuvette Design

The cuvette design shown in Figure 4.6 allows independent alignment of each

cell window. The intra-cavity cuvette is formed by a 50 mm long poly-methyl

methacrylate (PMMA) or glass tube. The tube is placed between the cell windows

(WG41050, Thorlabs, USA; λ/10 surface flatness, 20-10 scratch-dig, ≤5 arcsec

parallelism) using rubber O-rings as seals. The first set of cuvette tubes had an

internal diameter of 8 mm giving a total sample volume of 2.7 mL, including the

spacer distance. The internal diameter of subsequent cuvettes was reduced to

5 mm bringing the sample volume down to 1.0 mL. The reduced volume cuvette

tubes were used for applications where sample volumes are only available in small

quantities (see Chapter 6), without a loss in sensitivity as the optical pathlength

within the sample is the same for both tubes. The entire cuvette can be easily

disassembled for complete cleaning of the windows and the cuvette tube without

affecting the alignment of the cavity mirrors. The output of the SC source is

from a single mode fibre and thus has very good beam quality. This means that

the light beam can be tightly confined for coupling into the optical cavity [Watt

et al., 2009]. The design enables the cuvette material, pathlength and/or total

volume to be changed to suit different applications by simply replacing the low

cost tube element.

4.4 Results and discussion

4.4.1 Figures of merit

Absorption spectra of Alexa Fluor 633 Hydrazide (AF633H, Invitrogen, USA),

commonly employed in antibody labelling and cell tracing, dissolved in ultrapure

(18 MΩ cm−1) water are shown in Figure 4.7 at 15 nM and 30 nM concentrations.

The plot also includes the water (solvent) baseline, which is well below the meas-

ured concentrations, giving an indication of sensitivity of these measurements.

The total sample volume was 2.7 mL.
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Figure 4.6: Components and rotational axes of custom-designed cuvette. (a)
Rotational axes of cuvette. The front window is placed in a kin-
ematic mount and the back window mounted to a pitch and yaw
platform. (b) Cross-sectional illustration of individual components
of the cuvette. Cuvette window 1 is held in a kinematic mount
(KC1, Thorlabs, USA) and cuvette window 2 is fixed to a pitch and
yaw platform (ATP001, Thorlabs, USA). The total liquid sample
pathlength is 5.4 cm (5 cm tube element and two 0.2 cm O-ring seals)
and the sample volume is either 2.7 mL or 1.0 mL depending on the
cuvette tube chosen.
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Figure 4.7: Absorption spectra of Alexa Fluor 633 Hydrazide in 18 MΩ cm−1

ultrapure water at 15 nM and 30 nM concentrations. The spectra
were acquired using 50 ms single-shot exposure time. Averages of
20 single-shot spectra are shown here corresponding to a 1 s total
acquisition time. The spectral resolution of the spectrometer was
1.1 nm.

Quantitative results from SC-CEAS were obtained throughout the broadband

detection of transmitted light in the absence, I0, and presence, I, of the sample.

It is from these two quantities that the absorption coefficient, α, was calculated,

as derived in Section 3.4.2:

α(λ) =

(
I0(λ)

I(λ)
− 1

)(
1−R(λ)

d

)
, (4.1)

where d is the single-pass absorption length in the liquid sample (here d = 5.4 cm),

I is the transmitted intensity in the presence of a sample (analyte and solvent),

I0 is the intensity in the absence of the sample (pure solvent), R is the effective

mirror reflectivity and λ is wavelength.

Signal-to-noise ratio (SNR) is used to estimate the minimum detectable con-

centration from the standard deviation (σ) of the baseline noise of the measure-

ment. This limit of detection (LOD) is defined as the limit at which the analyte

can be detected. This is not to be confused with another metric known as the

limit of quantification (LOQ). The LOQ is the limit at which the analyte con-

centration can be quantified to a reasonable degree of accuracy and is defined as

LOQ= 10σ. Values for LOD are more commonly quoted and will thus be used
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Figure 4.8: Absorption spectrum of rhodamine 6G in 18 MΩ cm−1 ultrapure wa-
ter at 246 nM concentration with a 5 ms single-shot exposure time.
A total of 200 individual spectra were averaged corresponding to a
1 s acquisition time. The spectral resolution is 0.7 nm.

from hereon in this work.

Rhodamine 6G (Rh6G, Sigma Aldrich, USA) was used to further characterise

the performance of the spectrometer, a spectrum of which at 246 nM concen-

tration is shown in Figure 4.8. The sample volume was 2.7 mL. A 3σ min-

imum detectable absorption coefficient of 9.1× 10−6 cm−1 at 550 nm for a total

10 ms signal integration time on the CCD camera (average of 2 single-shot spec-

tra) was thus obtained. This value can be quoted in the normalised form of

9.1× 10−7 cm−1 Hz−1/2 to facilitate easier comparison with other methods. The

corresponding minimum detectable Rh6G concentration for this figure is thus

calculated as 200 ± 70 pM. Errors can be estimated using the propagation of

error method [Ku, 1966]. This method is mainly suitable for cases in which the

error cannot be determined directly from experimental results. Here, the error

is calculated from measured data and thus provides a more accurate estimate

of the minimum detectable absorption coefficient of the system as it is actually

configured for each measurement. The overall sensitivity demonstrated here is

comparable with the best reported liquid-phase absorption results obtained but

with the advantage of broad spectral coverage (see Table 4.2).
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Table 4.2: Comparison of liquid-phase absorption techniques using linear optical
cavities.†

Reference Method R(%) dabs

(cm)

λ (nm) tmeas

(s)

αmin

(cm−1)

αmin,∆f

(cm−1

Hz−1/2)

[Kiwanuka et al., 2010] CEAS 99.0 5.4 400-700 0.01 9.1×10−6 9.1×10−7

[Alexander, 2006] CRDS 99.98 0.0023 628 5.4×10−3

[Bahnev et al., 2005] CRDS 99.98 0.2 532 1.6×10−4

[Fiedler, 2005] CEAS 99.0 1 607 5 2× 10−5 4.5×10−5

[Hallock et al., 2002] CRDS 99.98 21 620-670 1× 10−6

[Hallock et al., 2003] CRDS 99.98 23 655 3.3×10−7

[McGarvey et al., 2006] CEAS 99.998 0.175 783 7×10−6 9.1×10−6 2.2×10−7

[Seetohul et al., 2009] CEAS 99.9 20 630-670 2.5 2.8×10−7 4.4×10−7

[Xu et al., 2002] CRDS 99.97 1 607 1× 10−5

† The table shows the cavity-enhanced method used: reflectivity of cavity mirrors R, single-

pass sample absorption length dabs, measurement wavelength range λ, total measurement

time tmeas, minimum detectable absorption coefficient αmin, and the minimum detectable

absorption coefficient normalised by the measurement bandwidth αmin,∆f .

4.4.2 Calibration

The determination of the wavelength dependent absorption coefficient, α, re-

quires the mirror reflectivity value, R(λ), to be known at each spectral position

(c.f Equation 4.1). As a result, CEAS measurements require prior calibration to

determine R(λ). Calibration can be done by measuring a broadband absorber of

known concentration and spectrum. However, this is limited by the availability

of suitable calibration species in the spectral regions of interest. Furthermore,

mirror reflectivity cannot be determined at spectral positions where the sample

absorbance is zero, i.e. in between absorption peaks. An alternative method is to

directly measure the reflectivity at a single wavelength or in a narrow wavelength

range, e.g. using cavity ring-down spectroscopy (CRDS), and then using pub-

lished data on the spectral response of the mirrors and solvent to extend the

calibration over the required wavelength range.

A broadband mirror reflectivity calibration using phase-shift cavity ring-down

spectroscopy (PS-CRDS) has been developed for gas phase measurements [Laurila
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et al., 2010]. In this CRDS variant, an acousto-optic tunable filter (AOTF)

is used for light modulation and a lock-in amplifier for phase detection. The

phase delay, φ, on periodically modulated light coupled into the optical cavity

is measured sequentially across the mirror reflectivity range [Berden and Engeln,

2009; Lakowicz, 2006]. The sensitivity of this PS-CRDS is maximised when φ

is π/4, given the equation tanφ = −τΩ, where Ω is the angular modulation

frequency [Engeln et al., 1996]. The corresponding angular frequency must be

chosen to satisfy τΩ ≈ 1. Unfortunately, this poses practical constraints for

the mirrors of relatively modest reflectivity used in the liquid phase (i.e. 99.0%

reflectivity), as the nanosecond ring-down times would require correspondingly

high light modulation frequencies in order to achieve good sensitivity. The fact

that the majority of commercial lock-in amplifiers are limited to around 100 kHz

currently precludes this particular calibration method.

Calibration Results

Standard cavity ring-down spectroscopy (CRDS) was performed in this work

using spectrally filtered SC pulses [Watt et al., 2009]. In CRDS a pulse of light

is coupled into the cavity and the decay rate or ring-down time, τ , is measured

[Berden and Engeln, 2009]. The value of τ is obtained by fitting an exponential

curve to the ring-down trace. At the limit of high reflectivity (R → 1, thus

lnR ≈ (1−R)) the ring-down time is given by [Berden and Engeln, 2009]:

τ =
L

c[(1−R) + αd]
, (4.2)

where c is the speed of light, R is mirror reflectivity, α is the sample absorption

coefficient, d is the single-pass sample length and L is the mirror separation or

cavity length.

The mirror reflectivity values determined using CRDS were 98.8% (nominal

99.0%) and 99.9% (nominal 99.9%). The CRDS measurements were taken using

the same in-house built SC source described in Section 4.3, but operating the

pump laser source at 331 kHz repetition rate. The 99.0% and 99.9% mirrors used

in this work operate in different spectral ranges and thus required different band-

pass filters for the SC output beam: 500 ± 70 nm (500 IW 12, Comar Optics,
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UK) for 99.0% mirrors and 633 ± 40 nm (633 IU 12, Comar Optics, UK) for

99.9% mirrors. Individual light pulses were then detected with a photomultiplier

tube, with average decay curves of 500 laser pulses shown in Figure 4.9.

The single-pass losses associated with the cuvette windows βwindow were calcu-

lated using Equation 4.2 in the absence of a liquid sample, using the substitution

βwindow = αd. This was measured as βwindow = 0.5%. Interestingly, this value is

much lower than the 4% reflectional losses Rloss in the case of a normal incident

light beam on a window (of n2 = 1.46), as described by Fresnel’s law [Hecht,

2002]:

Rloss =

(
n1 − n2

n1 + n2

)2

, (4.3)

where n1 = 1.0003 for air. This shows that the use of the custom-designed intra-

cavity cuvette did not introduce significant losses for this set-up.

Enhancement Effect of the Optical Cavity

In an ideal case, one would increase the pathlength by increasing the reflectivity

of the cavity mirrors used (cf. Equation 4.1). However, a point will be reached

when the intra-cavity losses become the limiting factor, as previously discussed

in Section 3.4.2. In the liquid phase, these intra-cavity losses are primarily due to

the introduction of cuvette windows and also the solvent itself, through absorp-

tion. Fiedler [2005] derived a relationship for the enhancement factor of CEAS

techniques over different background losses. They obtain an empirical relation-

ship for the optimum mirror reflectivity, Ropt, for given single-pass intra-cavity

losses (see Equation 6 in [Fiedler, 2005]) stating that there is no benefit in using

mirrors of reflectivity R > Ropt as no further pathlength enhancement will be

gained. Solvent absorption losses have been shown by Cabrera et al. [2006] to be

of significance. Results from CRDS were used to determine these losses and thus

quantify the enhancement effect of the cavity.

Mirror calibration results show that there are 40 passes in total for the water-

filled cavity using 99.0% reflectivity mirrors. This means that the effective sample

pathlength of a 5.4 cm cuvette within the cavity is 2.1 m. This is a significant

enhancement over the 1.0 cm single-pass pathlength used by spectrophotometers.
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4. Supercontinuum Cavity Enhanced Absorption Spectroscopy

Figure 4.9: Normalised ring-down profiles for calibration of cavity losses. Pro-
files are shown for an empty cavity, single window loss, and
solvent loss (ultrapure 18 MΩ cm−1 water). (a) Nominal 99.0%
reflectivity mirror pair measured within the high reflectivity range
465 nm to 535 nm. (b) Nominal 99.9% reflectivity mirror pair meas-
ured within the high reflectivity range 613 nm to 653 nm.

The empty 99.9% mirror cavity had a much longer lifetime (τ99.9% = 800 ns com-

pared with τ99.0% = 90 ns), implying a greater number of passes due to higher

reflectivity, as expected. The addition of the liquid solvent drastically reduced

the lifetime, as can been seen in Figure 4.9 (sharper gradient of exponential de-

cay for H2O losses). This limited the number of passes to 120 and an effective

sample pathlength of 6.6 m. The results show a threefold increase in pathlength

for the order of magnitude increase in reflectivity. Solvent losses dominate, as

shown by the ring-down spectra in Figure 4.9. Losses of 2300 ppm for 99.0%

mirrors and 7000 ppm with 99.9% mirrors (the latter measured at their longer

operating wavelengths) were measured. This agrees with the findings of Pope

and Fry [1997]. Absorption varied quite considerably from 5.0× 10−3 cm−1 at

692.5 nm (equivalent to 27,000 ppm) down to a minimum of 4.0× 10−5 cm−1 at

417.5 nm (216 ppm). Fiedler [2005] suggests that the optimum reflectivity (cor-

responding to the maximum loss of 5.0× 10−3 cm−1) would be 99.0% which is

in agreement with the above calibration measurements. The above results con-

firm that solvent absorption is the limiting factor, as it commonly is with other

spectroscopic techniques in the condensed phase.
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Figure 4.10: The effect of signal averaging on SC-CEAS measurement noise
reduction. (a) Intensity spectrum of light transmitted through an
empty optical cavity (where L = 40 cm, R = 99.0%). The spectrum
is an average of 200 single-shot spectra, taken with an exposure
time of 5 ms. Three wavelengths are indicated on the spectrum:
540 nm, 561 nm and 565 nm. (b) Reduction in signal noise as the
degree of spectral averaging is increased.

Stability Analysis and Detector Averaging

Signal averaging is a well-known method to improve measurement sensitivity,

as has been shown in previous studies [Hult et al., 2007; Werle et al., 1993].

However, some applications such as reaction monitoring, require fast acquisition

times. Achieving good time resolution is in direct conflict with extensive signal

averaging. Therefore, a balance must be struck based on the equipment to be

used and system requirements. The required exposure time is dependent on

the sensitivity of the CCD camera. Figure 4.10 shows the proportional error as a

function of signal averages from which the amount of averaging typically required

in this particular set-up can be seen.

Figure 4.10(a) shows a typical spectrum of light transmitted through the

cavity and detected on the CCD camera. The set-up is as described in Section

4.3 and, in this case a narrow bandwidth filter (550 IU 12, Comar Optics, UK) is

used to limit the spectral bandwidth of light passing through the cavity to 40 nm

centred at 550 nm. The intensity spectrum shown is obtained from 200 camera

frames with a single-shot exposure time of 5 ms. A comparison is shown for

three different wavelengths to demonstrate the effects of signal averaging across
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the spectrum. The noise parameter in Figure 4.10(b) is taken as the standard

deviation of signals measured with n averages, where the integer n varies from

1 to 200, normalised by the mean error for 190 to 200 averages. The results

show a significant reduction in error as a result of signal averaging with an order

of magnitude improvement from 2 to 45 averages. There were no discernible

differences at the different wavelengths selected in Figure 4.10, as signal intensity

is sufficient across the wavelength range. It is worth noting that 100 averages

dramatically reduce the noise, but require only a 0.5 s total acquisition time,

given the single-frame exposure time of 5 ms.

4.5 Conclusions

A spectrometer for the rapid and sensitive detection of liquid-phase analytes at

trace concentrations is presented. Broad spectral bandwidth supercontinuum

radiation was coupled into a linear optical cavity incorporating an intra-cavity

liquid-sample cuvette. CEAS spectra of trace species covering more than 300 nm

were recorded. In this case, the bandwidth is limited only by the high reflectiv-

ity range of dielectric mirrors. Single-shot acquisition times of 10 ms to 50 ms

are demonstrated here. The effective absorption path length exceeds 2 m in

sample volumes measuring 1.0 mL. A key feature of the instrument is that it

can be calibrated using cavity ring-down spectroscopy without the requirement

of changing the optical alignment. The sensitivity of the instrument is exem-

plified by measurements of trace concentrations of dye molecules in water. A

minimum detectable absorption coefficient of 9.1× 10−7 cm−1 Hz−1/2 at 550 nm

was obtained. The capability to capture broad bandwidth absorption spectra on

short time scales opens up a number of potential applications, to be presented in

forthcoming chapters.
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Chapter 5

Broadband Cavity Ring-down

Spectroscopy

5.1 Introduction

The previous chapter introduced cavity enhanced absorption spectroscopy (CEAS)

for fast, spectrally broad measurements of liquids at low concentration. This

chapter investigates the possibility of performing the variant cavity ring-down

spectroscopy (CRDS) over a broad spectral bandwidth. Implementation of broad-

band CRDS (BB-CRDS) poses a number of design challenges which are discussed

in the following section.

SC-CEAS demonstrated in Chapter 4 enabled highly sensitive measurements

of liquid analytes to be undertaken. Typical acquisition times were of the order

of milliseconds for spectra of 120 nm bandwidth. Despite such advantages, accur-

ate broadband calibration of SC-CEAS remains an issue. The method presented

in Chapter 4 uses a CRDS measurement taken over a narrow bandwidth spec-

tral range to re-scale reflectivity values from the manufacturer-supplied data. A

BB-CRDS technique that measures reflectivity values over all spectral positions

simultaneously would provide a more accurate calibration system.

There are a number of challenges that have thus far hindered the develop-

ment of BB-CRDS in the liquid phase. CRDS requires fast measurement of

cavity ring-down events, as mentioned in the introduction to optical cavities (see
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Chapter 3). The SC sources used in this work are pulsed, with variable repetition

rates (∼0.5 MHz to 40 MHz). Consequently, the same sources used for SC-CEAS

are suitable to be used for time-resolved BB-CRDS measurements. Narrowband

CRDS measurements have already been demonstrated in Chapter 4 using a single-

channel photomultiplier tube (PMT) and SC source. The advent of new detectors

and latest developments in photon counting technologies could offer opportunities

in further developing a broadband variant, as discussed later in this chapter.

Chapter Summary

BB-CRDS is presented as a calibration method for the SC-CEAS technique de-

veloped in the previous chapter. This chapter discusses the specific challenges

associated with liquid CRDS in greater detail. Methods of simultaneously re-

cording multiple time-resolved ring-down times at different spectral positions are

analysed along with the current detectors being used. The chapter concludes

with a discussion of the enabling technology and implementation of a novel single

photon avalanche diode (SPAD) array. Preliminary data, system validation and

proof of principal measurements conclude the chapter.

5.2 Background

Simultaneous CRDS measurements over wide spectral ranges have until recently

been limited by two key technological factors. The first has been the unavailability

of pulsed, broad spectral bandwidth sources and the second, a lack of suitable

detectors. Sources that have routinely been used in optical cavity techniques,

such as tunable lasers [Hult et al., 2005], filament lamps [Fiedler et al., 2003;

Hamers et al., 2002], and light emitting diodes (LEDs) [Kebabian et al., 2005,

2007] suffer from low spectral power density and/or limited spectral bandwidths.

The recent advent of high brightness laser frequency combs [Cundiff and Ye, 2003;

Udem et al., 2002] and supercontinuum (SC) sources [Alfano, 2006], is leading to

a paradigm shift in the field [Stelmaszczyk et al., 2009, 2011].

The ability to resolve multiple ring-down events in parallel and at high speed

remains a major challenge. However, there are now opportunities to replace the
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detectors that have traditionally been used for spectroscopy with novel arrays.

These arrays need to have the time-resolved capabilities of single-channel detect-

ors such as photodiodes or photomultiplier tubes (PMTs), but also the ability to

collect and process such data simultaneously.

Theory of Cavity Ring-down Spectroscopy

The cavity ring-down time is defined as the average time taken for the intensity

of a light pulse leaving the cavity to decrease to 1/e of its initial value, as derived

in Section 3.4.1. The absorbance is calculated for ring-down times measured in

the presence (τ) and absence (τ0) of the absorbing sample, using [Lehmann et al.,

2010]:

A(λ) =
α(λ)d

2.303
=

L

2.303c

[
1

τ(λ)
− 1

τ0(λ)

]
, (5.1)

where c is the speed of light, L is the optical length of the cavity, α is the

sample absorption coefficient, and d the single-pass optical length inside the liquid

sample. Here, L = Lairnair+dnliquid, where Lair is the free-space intra-cavity length

in air and n represents the related refractive indices. Equation 5.1 is valid for

α� 1. We use this equation to obtain calibration measurements and absorption

spectra. As mentioned in the calibration section of the previous chapter (see

Section 4.4.2), the value of τ is obtained by fitting the ring-down trace with an

exponential decay.

Challenges for BB-CRDS in Liquids

Early implementers of CRDS took measures to ensure only single-exponential

ring-down times were recorded [Newman et al., 1999; Romanini and Lehmann,

1993]. They achieved this by using probe lasers with a spectral bandwidths nar-

rower than the linewidth of the absorbing sample. This eliminated potential

errors due to the detection of “multi-exponentials” which it also precluded the

use of broadband light sources. Multi-exponential decay occurs when signific-

ant differences in τ values (due to its wavelength dependence - c.f. Equation

5.1) result in decays which can no longer be described by a single-exponential

[Hodges et al., 1996; Jongma et al., 1995; Zalicki and Zare, 1995]. The effect

75



5. Broadband Cavity Ring-down Spectroscopy

Figure 5.1: Broadband cavity ring-down spectroscopy schemes using time-
resolved detectors. (a) Wavelength selection method for a single-
channel detector for point or sequential analysis. (b) Spectral disper-
sion onto an array for simultaneous wavelength- and time-resolved
measurements.

of this is an incorrect estimation of absorbance calculated using Equation 5.1.

Reducing the number of different wavelengths incident on a single detector is one

way of reducing the likelihood of multi-exponential decays. This does of course

reduce the spectral bandwidth of the measurement, which may be undesirable.

Sequentially scanning across different spectral positions is thus required to build

up a broadband picture. An alternative is to use an array of detectors and then

disperse light across the array, with each individual channel or pixel detecting

only a narrow portion of the broadband light. Broadband measurements using

the latter method can thus be carried out simultaneously, i.e. without scanning,

as shown in Figure 5.1. Another possibility is a streak detection system, which

is introduced and discussed in the following section of this chapter.

The most commonly used mirrors in the previous chapter had a nominal re-

flectivity of 99.0% for most wavelengths in the visible spectrum. A ring-down

time of 90 ns was recorded for an empty cavity using a single-channel PMT over

a spectrally filtered narrowband range (see Section 4.4.2). The introduction of

the liquid sample reduces this. Differences in ring-down times of τ and τ0 may

be on the order of nanoseconds. Therefore, any proposed broadband scheme will

need to achieve nanosecond resolution. Sensitivity also needs to be considered as
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spectral dispersion or the use of narrowband filters reduces the spectral intensity

in each detector channel. A broadband detector should also have a relatively uni-

form sensitivity and spectral response in each channel. Other challenges involve

the speed of data transfer. Detector arrays record data from individual ring-

down events across multiple channels. This greatly increases the computational

processing demands. Finally, it is important to consider the required detector

sensitivity.

5.3 Multi-channel cavity ring-down detection

Certain technologies have been used for simultaneous detection of ring-down times

over multiple wavelengths in the gas phase. However, BB-CRDS has not previ-

ously been demonstrated for liquids. As mentioned in the previous chapter, the

spectroscopic demands of measuring liquids differ from those imposed by gas

phase measurements (c.f Section 4.2 with regards to solvent effects and broad-

ening). Therefore, the two-dimensional (2D) detector technology used in the gas

phase may not be suitable for liquid analysis. An overview of such technology is

given below.

Current Detectors for 2D Measurements

Special detection schemes have been implemented in order simultaneously to re-

cord data in two dimensions (2D), i.e. wavelength- and time-resolved measure-

ments. Three different commercially-available technologies that have been used

for gas analysis are presented below.

Multi-anode photomultiplier tube array: Photomultiplier tubes (PMTs) are

single-channel detectors that achieve high electron gain through a process called

secondary-electron emission (see Figure 5.2). Unfortunately, they do not provide

information on spectral distributions. For this reason, multi-anode PMTs were

developed for measurements over broader spectral bandwidths [Pan and Chang,

2001]. Wavelength dispersion (as shown in Figure 5.1) can then be used to distrib-

ute the signal across the detector. Photoelectrons incident on the photocathode

have their location recorded. Electron multiplication then occurs such that the

77
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Figure 5.2: Operation principal of a photomultiplier tube using secondary-
electron emission electrons. Typical detectors achieve maximum
electron number gains of 106 to 108 through the use of 9 to 12 dyn-
ode stages.

readout from a specific pin at the base of the PMT housing can only correlate to

one specific anode and corresponding to a specific location on the photocathode.

As a result, spectrally-varying intensity data from a linear array of anodes can be

recorded [Pan and Chang, 2006]. Linear multi-anode PMTs are of interest but

at the time of writing these arrays are available only in 16-anode and 32-anode

forms.

Clocked CCD: Charge-coupled devices (CCDs) are commonly used in spectro-

scopy for capturing intensity images for spectral imaging, where intensity distribu-

tions are spread across the wavelength range using dispersion optics, e.g. grating

or monochromator. CCDs are available with single-photon detection capability

over arrays featuring up to 512 and even 1024 pixels along a single axis. Such

large pixel arrays have slow data transfer rates which can be limited to the order

of 100 Hz. For this reason, Ball and Jones [2003] used a so-called “clocked” CCD

(EEV 37-10) camera. This CCD has a small portion of its 512 × 1024 pixel ar-

rangement exposed (10 rows) and the majority masked to protect it from incident

light. The clocking mechanism of the pixel voltages shifts the charge on the ex-

posed rows down on the masked area, as shown by Povey et al. [1998]. It is only

these exposed rows that are actually photo-active, i.e. used for detection. Once

detected, the signals are then periodically transferred to the masked “storage”

section of the array. Ball and Jones [2003] used a clocking rate of 0.5 µs per row

and thus had a time resolution of 5 µs for the 10 rows used. Ring-down times

of between 1 µs to 4 µs were recorded for the measured sample of the gas sample
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Figure 5.3: Streak camera principal based on a high speed scanning mirror used
to vertically disperse the monochromator/diffraction grating output.
Figure taken from Scherer et al. [2001].

(470 pptv NO3). Repeated clocking then enabled a 2D time-wavelength picture

to be obtained.

Streak camera detection system: Streak detection systems were designed to

circumvent certain electronic constraints associated with detectors such as CCD

cameras. Scherer et al. [2001] designed the system depicted in Figure 5.3 com-

bining a scanning mirror with a CCD to obtain simultaneously two-dimensional

information at high acquisition rates for gas phase frequency comb measurements.

As with most spectroscopic methods, a monochromator is used to disperse spec-

tral components along one axis, e.g. horizontally. A scanning mirror placed at the

output plane of the monochromator deflects light onto different orthogonal rows

of the CCD, in this case vertically. It is then possible to build up a spectrally dis-

persed, time-resolved image on the CCD by adjusting the oscillation frequency

of the mirror. Thorpe et al. [2006] used a frequency of 355 Hz to collect ring-

down times every 1.4 ms. The rate of mechanical mirror scanning then becomes

a limiting factor in acquisition speed. A novel galvo-mirror scanning method has

recently been demonstrated in a sensitive large image array CCD streak system.

This approach has overcome traditional rotating mirror limitations and is capable

of 2.4 MHz acquisition rates [Buckner and L’Esperance, 2013].
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5.3.1 Design objectives for analysis of liquids

The design objectives for BB-CRDS are broadly similar to those outlined in the

introduction to optical cavities (see Chapter 3). Although BB-CRDS and SC-

CEAS (see Chapter 4) share some common features, e.g. cavity geometry, there

are significant technical differences that need to be overcome in the development

of a viable BB-CRDS system, e.g. detection system. The specific requirements

are discussed below in more detail:

(i) Time resolution: CEAS is a continuous wave technique involving the meas-

urement of integrated light intensity. CRDS, on the other hand, requires

the use of pulsed light sources to measure time-resolved decays. As pre-

viously mentioned, ring-down times in the liquids are very short and thus

any suitable technique must have a detector with nanosecond (10−9 s) res-

olution. As a broadband technique, this is the timing resolution required

for each individual channel of a detector or array in BB-CRDS.

(ii) Spectral bandwidth: Solvent broadening in liquids results in spectra that

are much broader than in gases, as previously discussed in Section 4.2. The

two peaks of Alexa Fluor 633 Hydrazide (see Figure 4.7) for instance re-

quire a measurement bandwidth spanning 120 nm. Much greater spectral

coverage would be required for mixtures of analytes that absorb at differ-

ent wavelengths in the visible spectrum. The challenge for BB-CRDS is

simultaneously to record time-resolved measurements over these multiple

spectral positions. Some detectors may have fast time resolution, but lack

the spectral channels to take real advantage of spectrally broad and pulsed

SC sources. The mirrors used in this research have a high reflectivity band-

width of∼300 nm (99.0% mirrors, Layertec, Germany) and∼100 nm (99.9%

mirrors, Layertec, Germany) respectively. Therefore, a CRDS measurement

bandwidth of 100 nm to 240 nm should be achievable.

(iii) Spectral resolution: The spectral resolution of the technique is constrained

in practice by the spectral bandwidth divided by the number of available

channels on the detector. Liquids generally have broad spectral bandwidths,

although there are cases of molecules with more defined spectral features.
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One such example is holmium chloride for which a resolution of ∼3 nm is

required to resolve spectral detail. A 128-channel detector would be able to

cover the entire visible spectrum at this resolution and a 64 channel detector

could cover over 190 nm. As ever, there is a trade-off between spectral

coverage and resolution and thus a suitable balance must be struck.

(iv) Sensitivity : The sensitivity of the detector is an important factor. Wavelength

discrimination limits the amount of light per spectral channel on an array.

Detectors need to be sensitive enough to detect light from a single pulse.

Note that this is light that has passed through the optical cavity and is then

dispersed onto different spectral channels for detection, i.e. of low intensity.

As a result, it may be advantageous to use mirrors of lower reflectivity, i.e.

99.0% reflectivity rather than 99.9% reflectivity, to allow greater transmis-

sion of light onto the detector.

5.3.2 Single-photon avalanche diode array

The detectors introduced in Section 5.3 do not meet all of the design objectives

set out in the previous sub-section. Although they meet the requirements of

BB-CRDS in the gas phase, they are not suitable for use in this work. Current

multi-anode PMTs do not have enough spectral channels and CCD cameras sys-

tems (both clocked and streak detection) nor do they meet the fast nanosecond

acquisition rates required for liquid-phase analysis. A single-photon avalanche

photodiode (SPAD) array on the other hand may provide an opportunity to

overcome these current limitations.

Background to SPAD Array Development

The SPAD array used in this work was developed at the Fondazione Bruno

Kessler, Trento, Italy, specifically for high-speed, time-gated fluorescence ima-

ging [Esposito, 2012; Pancheri and Stoppa, 2009]. SPADs are capable of fast

photon counting and time-resolved detection (sub-nanosecond). The sensors are

capable of measuring fluorescence intensity in addition to lifetime across multiple

spectral components. It is not commercially available yet but a prototype was
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Figure 5.4: Micrograph of the SPAD chip architecture used in the current work.
The entire chip measures 3.3 × 3.2 mm, with the linear actively
quenched array measuring 1.6 mm × 100 µm. Each of the 64 spectral
elements can be time gated in rapid succession and consists of four
light sensitive SPADs which are read out in parallel.

made available for the present work, the architecture of which is shown in Figure

5.4. The SPAD array features 64 lifetime measurement channels, each of which

has fast time resolution, high frame rates and low noise.

The aim in this chapter was to test this device’s capabilities as a detector

for BB-CRDS. SPADs are based on complementary metal-oxide semiconductor

(CMOS) technology. CMOS technology has certain advantages and disadvant-

ages, which are set out in an extensive review by Bigas et al. [2006]. The proper-

ties of a CMOS sensor are intrinsically linked to its architecture with individual

circuits for each pixel enabling exceptionally fast readouts compared to CCDs,

which scan individual pixels sequentially. Furthermore, CMOS on-chip processing

enables operations such as time-gating, image processing, analogue-to-digital con-

version to be executed rapidly. CCDs require additional external circuitry adding

complexity and data throughput rates are much slower that for CMOS chips.

There are a few current disadvantages of CMOS technology compared to CCD

technology which has been the dominant technology in the field. The increased

circuitry for each pixel reduces the percentage of the light sensitive area and thus

the so-called fill factor. This reduces sensitivity compared to CCDs which could

have fill factors approaching 100%. CMOS sensors also have smaller dynamic

ranges and are less sensitive to low-light levels. Recent advances have reduced
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this gap in performance between CMOS and CCD sensors, with huge strides over

the past few years driven by the miniaturisation of consumer electronic devices.

Further advantages of CMOS sensors include lower power consumption, opera-

tional voltages and cost of manufacture. From a practical point of view, they have

smaller pixels and can be readily integrated into different devices, as found in all

new camera phones, camera-enabled tablet computers and compact lightweight

digital single-lens reflex (dSLR) cameras entering the consumer market. In the

past, SPAD arrays have been implemented or custom-built for particle experi-

ments such as nuclear resonant scattering [Kishimoto, 2004] and X-ray detection

[Hara et al., 1996; Nonaka et al., 1996; Shah et al., 2001]. The avalanche photo-

diode (APD) arrays used in these works are comprised of up to only 32 diodes

with time responses in the range of ∼0.4 ns to 3 ns.

SPAD Array Operation

CMOS technology allows for complex operations and circuits to be integrated

into the SPAD array to enable on-chip processing. All this functionality is main-

tained within the 3.3 × 3.2 mm chip, as can be seen on the micrograph in Figure

5.4. Each pixel of the SPAD array used here is made up of four SPADs. Having

four SPADs per spectral element as opposed to one large SPAD reduces the dead

time. Larger SPADs are prone to longer dead times due to the increased oper-

ational voltage required. This has the overall and undesirable effect of reducing

count rate. More detailed technical information relating to the SPAD and initial

development can be found in Pancheri and Stoppa [2009]. A brief overview is

given in the text below.

SPADs are set to operate biased at a reverse voltage, VA (at ‘A’ in Figure 5.5),

above a particular threshold (breakdown voltage, VB). At this voltage, the arrival

of a single photon is enough to set off an avalanche (at ‘B’ in Figure 5.5), which

is then detected [Cova et al., 1991; Dautet et al., 1993; Haitz, 1965]. The leading

edge of the avalanche denotes the photon arrival time. The SPAD must then

be reset or “quenched” before the arrival of the next photon. This is achieved

by increasing the reverse voltage to a value above VB and then restoring it to

the original operating voltage VA (from ‘C’ to ‘A’ in Figure 5.5). The speed of
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Figure 5.5: Current-voltage characteristics of SPAD operating in Geiger mode,
where VB is the breakdown voltage. ‘A’ - SPAD is set to its operating
voltage. ‘B’ - arrival of one photon is enough to trigger avalanche
multiplication when in Geiger mode. ‘C’ - avalanche quenched by
lowering the bias voltage below that of the breakdown voltage and
avalanche multiplication stops. The SPAD is then reset by restoring
the reverse voltage above VB and back to point ‘A’ ready for the
arrival of the next photon.

the quenching process is important, especially if photons are arriving at a fast

rate. A SPAD can quench itself passively, but this process is relatively slow.

As a result, active quenching was introduced to apply a quenching pulse almost

instantaneously instead of waiting for a passive voltage drop to occur [Cova et al.,

1981].

Upon successful photon detection, data are stored by 8-bit time-gated counters

and are then, after a specified signal accumulation time, transferred in parallel to

shift registers for output (see Figure 5.6). Not only is this parallel transfer fast,

but also it can occur without having to stop data acquisition. As a result, the

only operational dead-time occurs during the resetting of counters which takes

just a few nanoseconds.

The SPAD array receives external trigger signals from electronic pulse and

waveform generators. This enables data accumulation time and initial time delay

(with respect to the pump laser pulse), t0, to be adjusted. Adjustment of t0

permits different sections along the exponential ring-down decay to be sampled.

There is an on-chip delay generator; however, an external generator, with a higher
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Figure 5.6: Individual pixel circuitry for fast data capture, transfer and on-chip
processing. Signals from the four SPADs are actively quenched and
then binned. A multiplexer is included to enable external testing of
the circuit and its response to test voltages Vtest. The time-gates
(Gate1 - Gate4) generate an output pulse when a signal is detec-
ted in the time windows (w1 - w4). Data accumulate on the coun-
ters and are transferred to shift registers in parallel. AQC=active
quenching circuit, MUX=multiplier, SR=shift register. Figure re-
produced courtesy of Pancheri and Stoppa [2009].

resolution of delay control is used here with this prototype SPAD. The individual

widths of the time gates w1 to w4 are adjustable from 0.7 ns to 10 ns (see Figure

5.7). Different combinations of gate widths can be set to ensure signals are

recorded near the start of the decay rather than towards the end, where the

signal intensity is much lower, thus improving the SNR.

5.4 Experimental design and set-up

Cavity Length and Sensitivity Limit of CRDS

The ability to distinguish and quantify small changes in ring-down time is what

determines the sensitivity of CRDS. The minimum detectable absorption coeffi-

cient, αmin, as defined in Equation 5.1, can be re-written in the limit τ → τ0 as

Equation 5.2 [Mazurenka et al., 2005].
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5. Broadband Cavity Ring-down Spectroscopy

Figure 5.7: SPAD time-gating principal for ring-down measurement. The ring-
down time is determined from integrated signals during gates w1 to
w4 for each of the 64 spectral channels. The time delay between the
laser trigger and the opening of the first gate, t0, can be adjusted in
order to measure different sections along the decay.

αmin(λ) =
L

cd

(
τ0 − τ
τ 2

0

)
=

1−R
d

(
∆τmin
τ0

)
, (5.2)

given τ0 = L/c(1 − R). Equation 5.2 shows that the value of ∆αmin can be

reduced, thus increasing sensitivity, by increasing the mirror reflectivity or by in-

creasing the sample path length. It is worth noting that the ultimate sensitivity

depends on the ability of the detector to distinguish changes in ring-down time

∆τmin. If τ0 is small, then the absolute value of ∆τmin will also be small, perhaps

even on the sub-nanosecond scale. The cavity ring-down time is directly related

to the cavity length, L (c.f Equation 3.14 in Section 3.4.1). Measurements were

performed to investigate this for a cavity formed of mirrors with nominal reflectiv-

ity 99.0% in the range 300 nm to 600 nm. The experimental set-up is shown with

the PMT arm of the proposed test BB-CRDS set-up in Figure 5.8(a). Figure

5.8(b-c) shows the corresponding ring-down times for a range of cavity lengths

measured with a PMT (R636-10, Hamamatsu, Japan) across a filtered narrow

bandwidth range of 40 nm. As predicted, an increase in cavity length results in

a linear increase in ring-down time. For short cavities this either increases the

86



EXPERIMENTAL DESIGN AND SET-UP

demands on the detector in terms of timing resolution or decreases the ultimate

sensitivity of the technique. It is worth noting that for a cuvette-based CRDS

technique, an increase in cavity length does not mean a simultaneous increase in

sample volume. This may be an added advantage.

According to Figure 5.8(c) the expected ring-down time for such a cavity (as-

suming a mirror reflectivity value of R = 98.2%) would be ∼50 ns. The SPAD

array, with a maximum time gate width of 40 ns, is capable of recording a sig-

nificant portion of the ring-down decay for such a set-up. The mirrors used in

this work have a radius of curvature of 0.5 m and so cavities of length L ≤ 1 m

would satisfy the cavity stability parameter (see Section 3.3). Figure 5.8(c) shows

that ring-down times would be greater than 80 ns, i.e. twice the maximum total

measurement bandwidth of the SPAD array, for cavity length above 45 cm. For

this reason, cavity lengths shorter than 45 cm were used in this work, so that the

SPAD could record as much of the ring-down decay as possible. This discussion

shows that values for αmin are dependent on the cavity parameters. The theoret-

ical minimum absorption coefficient, calculated from Equation 5.2 using results

from Figure 5.8(c) (where the PMT ∆τmin = 2 ns and τ0 = 70 ns), is estimated as

αmin ≈ 1× 10−3 cm−1. Values in the range αmin = 10−3 cm−1 to 10−7 cm−1 have

been demonstrated in the liquid phase in previous published work [Alexander,

2006; Bahnev et al., 2005; Hallock et al., 2003; McGarvey et al., 2006; van der

Sneppen et al., 2006; Xu et al., 2002]. It is worth noting that these values were

obtained for single-channel CRDS measurements. The aim is to demonstrate

sensitivity towards the higher end and across a broadband spectral range using

the SPAD array rather than a single-channel detector.

SPAD Photosensitivity

Photon detection characteristics provided by the SPAD manufacturers are shown

in Figure 5.9. The detection probability is the probability of a photon triggering

an avalanche after it hits the SPAD active area. Note that this value does not

include the fill factor efficiency, nor has the quantum efficiency been measured

by the manufacturers for this prototype SPAD array. The array has its greatest

photon detection sensitivity in the visible range [Stoppa and Mosconi, 2009] which
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5. Broadband Cavity Ring-down Spectroscopy

Figure 5.8: (a) Test set-up for comparison of BB-CRDS measurements using
the SPAD array with single channel CRDS (PMT arm). An IR
short-pass filter is placed before the cavity, whilst interchangeable
bandwidth filters are placed after the cavity to select different spec-
tral ranges. (b) Measured ring-down times for optical cavities of dif-
ferent lengths over the narrowband spectral range 530 nm to 570 nm
recorded using the PMT arm and a fast oscilloscope. Normalised
experimental ring-down traces for 5 cm, 10 cm, 15 cm, 30 cm and
50 cm cavities. (c) Corresponding ring-down times for cavity lengths
from 5 cm to 55 cm. Experimental data appear as points (blue); the
modelled fit (red dotted line) is obtained for R =98.2 %.
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Figure 5.9: SPAD photon detection characteristics for visible wavelengths. Fig-
ure reproduced courtesy of Stoppa and Mosconi [2009].

makes it highly suited for liquid absorption techniques, due to the lower solvent

absorption in this range (see previous discussion on solvent effects in Section 4.2

for more detail). By way of comparison, current multi-anode PMTs have quantum

efficiencies ∼1 % to 10 % (taking into account the fill factor) in the visible range

[Esposito, 2012].

Experimental Set-up

The set-up for the broadband cavity ring-down spectrometer is shown in Fig-

ure 5.10 [Kiwanuka et al., 2012]. A commercial supercontinuum source (SC-

390, Fianium, UK) was used featuring a 1 MHz pulse repetition rate (variable

from 500 kHz to 40 MHz) and 3 W average power in the wavelength range from

390 nm to 2400 nm. An interference filter (hot mirror, 716 GK 25, Comar Optics,

UK), limited the SC output to visible wavelengths. The light was coupled into a

40 cm optical cavity formed by a pair of plano-concave mirrors (Layertec, 0.5 m

radius of curvature, 99.0% nominal reflectivity from 400 nm to 680 nm). Details

of the liquid sample cuvette can be found in Section 4.3 of the previous chapter.

As previously discussed in Chapter 3, the use of higher reflectivity mirrors does

not yield greater sensitivity as the absorption length in liquid samples is limited

by intra-cavity losses due to solvent extinction [Pope and Fry, 1997] and also the

presence of cuvette windows [Kiwanuka et al., 2010].

Light transmitted through the cavity was coupled with a lens (f = 50 mm)
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5. Broadband Cavity Ring-down Spectroscopy

Figure 5.10: Experimental BB-CRDS set-up for the study of liquid analytes.
The collimated output from the SC source (SC-390, Fianium, UK)
is spectrally filtered (IF= short-pass interference filter) to remove
the IR light. The broadband light is coupled into the optical cavity
formed by a pair of plano-concave mirrors (M). The optical cavity
is used to pass light multiple times through the liquid sample con-
tained in the 5.4 cm long intra-cavity cuvette. Narrow bandwidth
spectral filters (F) are placed after the cavity, when required. This
enables filters to be introduced and exchanged without disrupting
the path or alignment of light entering the cavity. Light trans-
mitted from the cavity is then coupled (L=lens) into a multimode
fibre (GIF=graded index fibre) and then passed through a spectro-
meter and onto the SPAD array for detection. Electronic signals:
A pellicle beam splitter (PBS) is used to select a portion (∼8%)
of the SC light to enable individual pulse detection on a photo-
diode (PD). The signal from the detected pulses is amplified and
then used to trigger the required waveforms and pulses which are
then sent to the SPAD array (where 1=trigger signal, 2=SPAD
clock signal). SPAD control software is operated with a standard
computer.
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into a multimode fibre (GIF 625, Thorlabs, USA) and dispersed and focused

onto the SPAD array to record individual cavity ring-down signals in up to 64

spectral channels. The power inside the cavity was ∼50 mW and <1 mW on the

detector. The custom-built spectrometer comprised a lens (f = 6 mm), disper-

sion prism (SF11 - MgF2 25 mm glass, Edmund Optics, USA), and a focusing

lens (achromatic doublet, f = 20 mm). The width wn and time point tn of the

four time gates were measured from the detector response to a short input laser

pulse (<200 ps) at different time delays, t0. Two electronic signals were fed to the

SPAD array. A function generator (Agilent 33521A) set the initial delay, t0, and

a pulse generator (Stanford Research DG535) set the readout rate. Both units

were triggered by individual supercontinuum pulses, as shown in Figure 5.10.

A photodiode (DET210, Thorlabs, USA) and signal amplifier (SR445A, Stan-

ford Research Systems, USA) were used for pulse detection. The use of external

control electronics provided increased flexibility for testing the performance cap-

abilities of the SPAD array in the proof of concept measurements presented in

subsequent sections. The performance parameters of the used SPAD array are

shown in Table 5.1.

Table 5.1: Performance parameters of SPAD array
[Pancheri and Stoppa, 2009].

Parameter Value

Active pixels 1 × 64

Pixel pitch 26 µm

Fill factor 34%

Maximum throughput rate 320 Mbps

Maximum output frame rate 150 kfps

Current consumption 200 mW @ 150 kfps

Chip size 3.3 × 3.2 mm

Time resolution ≤160 ps FWHM
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5. Broadband Cavity Ring-down Spectroscopy

Figure 5.11: Cavity ring-down measurements of pure water using a 70 nm band-
pass filter centred at 500 nm. (a) Composite semi-log decay plot of
SPAD array data obtained for different laser trigger time delays t0.
For each t0, 4 individual data points are obtained (corresponding
to w1 to w4). Each data point corresponds to spectral averages
across all pixels over 250 shots. (b) Corresponding ring-down trace
obtained with a PMT detector.

5.5 Results and discussion

The ability of the BB-CRDS spectrometer to correctly sample different portions

of a ring-down curve was first determined. In the configuration used in this work,

the SPAD array was set-up to sample only a portion of the ring-down. The first

test was to see whether the same ring-down time was measured when different

sections of the ring-down decay were sampled. This was achieved by changing

the initial laser trigger delay, t0, so that the measurement time window fell over

different portions of the exponential decay. The decay times for nine different

trigger delays were plotted in Figure 5.11(a). By linear fitting of the slope one

obtains τ = 101 ± 5 ns. For validation, the signal decay was also measured

with a photomultiplier tube (PMT; R636-10, Hamamatsu, Japan) and an 8 GHz

bandwidth digital oscilloscope (TDS6804B, Tektronix, USA), as depicted by the

PMT arm in Figure 5.8. A ring-down time of 104± 1.8 ns was obtained with the

PMT (see Figure 5.11(b)), which is within 4% agreement with the SPAD data.

The bandwidth of the transmitted light was filtered to a width of 70 nm centred

around 500 nm for both SPAD and PMT measurements in Figure 5.11.
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Figure 5.12: (a) Broadband CRDS spectra of rhodamine 6G at concentrations
from 17.6 nM to 80.3 nM in 18 MΩ cm−1 ultrapure water. Sig-
nal integration times were 100 ms, corresponding to ∼100,000
individual supercontinuum pulses. Dashed lines represent refer-
ence spectra obtained with SC-CEAS. (b) Calibration curve for
rhodamine 6G (Rh6G) measurements in the concentration range
17.6 nM to 142.9 nM obtained from BB-CRDS using the SPAD de-
tection system. Absorption coefficient values are taken at the peak
value for absorption coefficient.

Proof of Principal Measurement

The detection limit was estimated from measurements of various concentrations

of rhodamine 6G (Rh6G; Sigma Aldrich, USA) dissolved in ultrapure water

(18 MΩ cm−1 Milli-Q, Millipore, USA), as shown in Figure 5.12(a). The total

sample volume in these measurements was 1.0 mL. The value of αmin was de-

termined from the 1σ baseline noise in measurements of α (obtained from Equa-

tion 5.1) for different measurements of blank samples. This was found to be

3.2× 10−6 cm−1 Hz−1/2 at a spectral resolution of 0.7 nm per pixel. The limit

of detection (LOD) for these time-resolved measurements was calculated using

LOD=3αmin/2.303ε [Seetohul et al., 2009], giving a minimum detectable concen-

tration of 360 pM for rhodamine 6G (ε = 116 000 M−1 cm−1 at 529.75 nm).

These BB-CRDS results are comparable to those achieved using single wavelength

liquid-phase CRDS techniques [van der Sneppen et al., 2010; Xu et al., 2002]. An

increase in effective path length of approximately 50 times the cuvette length
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5. Broadband Cavity Ring-down Spectroscopy

enabled higher sensitivity to be achieved. A linear response was obtained for

Rh6G measured in the concentration range 17.6 nM to 142.9 nM, with a root

mean square error of RMSE = 2.8× 10−4 cm−1, as shown in Figure 5.12(b). Fig-

ure 5.12(a) shows BB-CRDS spectra of Rh6G and, for comparison, broadband

SC-CEAS measurements as described in Kiwanuka et al. [2010] and Chapter 4.

The general agreement between the results obtained by these independent tech-

niques is very good although some wavelength-dependent systematic differences

can be seen. This is most likely caused by differences in the relative pixel sensitiv-

ities and spectral throughput between the two approaches. The signal from each

time-gate was integrated for 100 ms (∼100,000 shots) before the SPAD array was

read out. Stelmaszczyk et al. [2009] showed integral smoothing to be effective for

exponential signals.

5.6 Conclusions

A spectrometer for sensitive absorption measurements in liquids across broad

spectral bandwidths that is both insensitive to spectral intensity variations and

calibration-free is presented here. The spectrometer combines the unique spec-

tral properties of incoherent supercontinuum light sources with the advantages

of cavity ring-down spectroscopy using a custom-built avalanche photodiode ar-

ray for detection. This enables the simultaneous measurement of ring-down

times for up to 64 different spectral components at nanosecond temporal res-

olution. The minimum detectable absorption coefficient was measured to be

3.2× 10−6 cm−1 Hz−1/2 at 527 nm.

In comparison, the SC-CEAS technique achieved higher sensitivity and the de-

tection CCD featured a larger number of pixels to enable either higher resolution

or broader spectra to be recorded. By contrast, BB-CRDS measurements taken

here are self-referencing and insensitive to light source fluctuations. The SPAD

array detector used is much less expensive and more compact than the EM-CCD

and spectrometer used for SC-CEAS in Chapter 4. However, both techniques

have their own relative advantages. Based on the demonstration here in this

chapter of liquid-phase BB-CRDS, believed to be the first, this technique shows

its potential as a compact, calibration-free sensor. Due to the scalability of CMOS
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production methods the technique could be developed into a flexible and cost-

effective sensor technology in the future. Further enhancements in CMOS-based

SPAD detector technology can be envisaged, leading to sensitivity improvements.

For example, improved fill factors could be achieved through the use of microlens

arrays [Randone et al., 2009] and better performance through increases in the

number of time-gates and photosensitive pixels.
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Chapter 6

Application of Cavity-enhanced

Liquid Sensing

Introduction

The development of two cavity-enhanced techniques has been described in Chapters

4 and 5. This chapter focuses on the application of both techniques. The over-

all aim of this thesis is not only to develop a sensitive spectroscopic techniques,

but also to demonstrate their capabilities as applied to scientific problems. Four

applications have been selected for this purpose:

(i) Spectroscopic monitoring of an oscillating reaction (p. 98).

(ii) Detection of technologically important trace metal lanthanide ions to aid

further investigation of their luminescent properties (p. 107).

(iii) Near-UV sensing of protein aggregation related to research into neurode-

generative conditions such as Alzheimer’s Disease (p. 116).

(iv) Use of liquid BB-CRDS for analysis of blood samples (p. 127).

The following sections highlight the recent technological advancements that

have enabled the above studies to be undertaken, along with any additional ex-

perimental considerations.

97



6. Application of Cavity-enhanced Liquid Sensing

6.1 Monitoring oscillating reactions

Introduction: Aims and Objectives

The aim of this section is to investigate the potential of SC-CEAS in its use in

reaction monitoring. Spectral measurements of non-reacting liquid species were

made in Chapter 4. The motivation here is to monitor an oscillating reaction.

This is to provide an initial demonstration of the technique’s ability to measure

dynamic systems.

6.1.1 Background to reaction monitoring

In the process industry it is often important to control the consumption rate of

reagents or the formation rate of products. More detailed analysis of reactions

can provide information on the overall reaction mechanism, intermediate states

and/or whether equilibrium has been reached. These factors can help one better

understand how to further optimise the process. Furthermore, a number of these

factors can be externally influenced by controlling physical parameters such as

temperature, pressure or the use of a catalyst. Therefore, quantitative analysis

can be used in the evaluation of the effects of such changes.

Chemical reactions proceed from an initial state to a final state over a given

period of time. Take for instance, the timescales of different biological processes.

Photobiology is a key process in nature and methods such as photosynthesis can

occur on the order of 1 ps [Rentzepis, 1978]. Neurotransmitter binding is a few

orders of magnitude slower in the microsecond range whereas protein emergence

after gene expression may take up to 100 s [Lodish et al., 2000]. The reagents and

products may absorb different wavelengths of light, thus requiring broad enough

spectral bandwidth to detect their respective spectra during the reaction. Detec-

tion sensitivity would also be required if concentrations of constituents involved

in the reaction are low.

There are a number of analytical techniques for reaction monitoring such as

conductivity for measurement of ionic mixtures, mass spectrometry, polarimetry,

gas chromatography and titration. Such techniques may have specific constraints

such as requiring paramagnetic samples or fluorescent molecules. Optical absorp-
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tion techniques have the advantage that most molecules interact with light and,

assuming sufficient sensitivity, can be detected. Spectrophotometry is one partic-

ular technique that is widely used for reaction monitoring, based on the amount

of light absorption of different molecules. For this initial proof of concept it is,

therefore, necessary to find a suitable reaction.

Requirements for Initial Demonstration

Optical change: SC-CEAS is capable of sensitive measurements across the visible

range in a single-shot, i.e. without the need for sequential scanning. Therefore,

a reaction that undergoes a distinct spectral change should be chosen in order to

demonstrate the optical capabilities of the technique across the visible spectrum,

i.e. spanning 200 nm to 300 nm in bandwidth.

Time resolution: The single-shot spectral acquisition times demonstrated in

Chapter 4 were on the scale from 10 ms to 50 ms. The chosen reaction should thus

occur on the suitable timescale so that changes can be captured by the technique.

6.1.2 What are oscillating reactions?

Some reactions do not simply proceed in one forward direction from initial to

final state. Instead, they oscillate back and forth from one state to another in

a rhythmic fashion. These so-called oscillating reactions were first discovered in

1950 by Boris Pavlovich Belousov, who noticed a periodic colour change in a reac-

tion mixture. Heterogeneous oscillating reactions had of course been discovered

electrochemically over a century earlier by Fechner [1828] and then Ostwald [1899,

1900] who followed the corrosion mechanism of chromium and iron in different

acids. Belousov [1959] noticed oxidation of citric acid with brominated sulphuric

acid exhibited an oscillatory behaviour in the condensed phase. This was only

when cerium ions acted as a catalyst. The solution changed from yellow to col-

ourless and then back again over a period of oscillations. The reaction is often

referred to as a “chemical clock reaction” exhibiting periodic oscillations which

can be monitored in time [Hegedus et al., 2002]. It was the work of A.M. Zhabot-

insky that created a theory for these oscillations through further modelling based

on extensive experimental data that proved their importance for later study of
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thermodynamics and equilibrium systems [Zhabotinsky, 1964; Zhabotinsky and

Zaikin, 1971]. Zhabotinsky was able to observe oscillation of larger amplitude by

replacing citric acid with malonic acid.

The Belousov-Zhabotinsky (BZ) reaction is unique in that it provides spatial

and temporal information. The spatial propagation can provide information on

chemical wave formation and pattern propagation in media, whereas temporal

information can be provided by composition. The importance of this is clear from

the stand point of chemistry or physics, but there is also biological significance.

Oscillating reactions are a form of self-organisation in time, similar to embryonic

formation. The focus in this work is on the temporal evolution. The advantage

of using an oscillating reaction is that it provides multiple opportunities to detect

spectral changes for the purpose of this initial demonstration. The response of

the system can also be checked and compared across a number of oscillations.

6.1.3 Methodology: Belousov-Zhabotinsky reaction

Temporal Behaviour of Oscillations

The BZ reaction will be modelled first to see whether oscillations occur on a suit-

able timescale for the technique in its current configuration. The “Oregonator” is

one of the simplest models for modelling oscillatory behaviour in a chemical reac-

tion [Noyes and Field, 1974]. The dynamics are based on coupled stoichiometries

of the system and a set of differential equations can be set out to describe the

concentration change of the reactants and products as a function of time [Epstein

and Pojman, 1998]. The model used to simulate the BZ reaction in this work was

taken from Deuflhard and Bornemann [2002]. The reaction scheme is presented

on the following page.
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BrO−3 + Br− −→ HBrO2, (6.1)

HBrO2 + Br− −→ Pα, (6.2)

BrO−3 + HBrO2 −→ 2 HBrO2 + Ce(IV), (6.3)

2 HBrO2 −→ Pβ, (6.4)

Ce(IV) −→ Br−. (6.5)

where P stands for organic products (where P = Pα + Pβ). The rate of change

of reactant concentration is given by the following set of equations:

d[A]/dt = −k1[A][X]− k3[A][Y ], (6.6)

d[X]/dt = −k1[A][X]− k2[X][Y ] + k5[Z], (6.7)

d[Y ]/dt = k1[A][X]− k2[X][Y ] + k3[A][Y ]− 2k4[Y ]2, (6.8)

d[P ]/dt = k2[X][Y ] + k4[Y ]2, (6.9)

d[Z]/dt = k3[A][Y ]− k5[Z]. (6.10)

where ki is the rate of reaction for Equation 6.i (for i = 1 − 5), [A] = BrO−3 ,

[X] = Br−, [Y] = HBrO2, [P] = P and [Z] = Ce(IV). The evolution of Br− and

HBrO2 concentration, along with other reactants, is shown in Figure 6.1. After an

initial delay, oscillations appear within a period of about 40 s to 45 s. Continuous

measurement with SC-CEAS over a few minutes will be sufficient to detect a

number of oscillations.

Detecting Spectral Changes

The BZ reaction studied here involves the reduction of cerium(IV) to cerium(III)

ions by malonic acid and the oxidation using bromate(V) back to cerium(IV) ions.

The Ce(IV) oxidation state is yellow in colour whereas Ce(III) is colourless; there-

fore, oscillations in colour occur which correlate with Ce(IV) concentration. Peaks

in CE(IV) concentration coincide with those of both HBrO2 and Br− throughout

the reaction, as shown in Figure 6.1. The equilibrium for the Ce(IV)/Ce(III)
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Figure 6.1: Modelled temporal evolution of BZ reactant concentration as a func-
tion of time. Initial concentrations are [A] = BrO−3 = 0.17 M, [X]
= Br− = 0.26 M, [Y] = HBrO2 = 0.085 M, [P] = P = 0.83 M
and [Z] = Ce(IV) = 0.008 M. The reaction constants (taken from
Deuflhard and Bornemann [2002]) are k1 = 1.34 M−2 s−1; k2 =
1.6× 109 M−2 s−1; k3 = 8.0× 103 M−2 s−1; k4 = 4.0× 107 M−2 s−1;
and k5 = 1.0 M−1 s−1.
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Figure 6.2: Ferroin indicator colour change at either extremity of the oscil-
lating Belousov-Zhabotinsky (BZ) reaction. The oxidised form
[Fe(phen)3]3+ appears in blue, as shown on the left, and the reduced
form [Fe(phen)3]2+ appears red, shown on the right.

couple is summarised in Equation 6.11.

BrO−3 + 4 Ce(III)(aq) + 5 H3O+ −−⇀↽−− 4 Ce(IV)(aq) + 7 H2O, (6.11)

Ce(IV)(aq)
yellow

+ [Fe(phen)3]2+

red

−−⇀↽−− Ce(III)(aq)
colourless

+ [Fe(phen)3]3+

blue

. (6.12)

The oxidation step of the reaction involves bromomalonic acid, an autocata-

lytic intermediate, which is critical to the self-propagating oscillations. For spec-

troscopic analysis of the reaction, ferroin indicator is used as it exhibits a stronger

colour change from red to blue upon oxidation in the reaction step. The role of

ferroin as an electron transfer agent for this BZ reaction is shown in Equation

6.12 [Franck, 1978]. The oxidised form of ferroin has a blue colour, whereas the

reduced form is red. This colour change is shown in Figure 6.2 at the bench scale

and much higher concentration. Traditionally, the change in electrode potential

has been used to determine this redox change, using platinum working electrodes

and saturated Hg2SO4 at the reference electrode. The colour change which was

replicated at much higher concentrations at bench-scale volumes (see Figure 6.2),

is distinct enough to be monitored spectrally.
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Figure 6.3: Oscillating Belousov-Zhabotinsky reaction recorded using SC-CEAS.
The periodic transition between FeII and FeIII oxidation states is eas-
ily observed in the closed (unstirred) cuvette. Spectra (averaged over
1,000 single-shots) with 250 nm spectral bandwidth were acquired at
2.75 Hz rate using 50 ms exposure time. The period of oscillation of
the medium is 44 s, as shown in the above 3D plot. Initial concen-
trations in 1.0 M H2SO4 solvent were potassium bromate = 0.17 M,
potassium bromide = 0.26 M, malonic acid = 0.83 M, ceric am-
monium nitrate = 0.008 M, ferroin indicator = 1.0 M.

6.1.4 Results and discussion

In this work, the BZ reaction was monitored over a period of 6 min using 50 ms

exposure time per spectral reading. The experimental set-up is exactly as de-

scribed in Section 4.3. Figure 6.3 shows 1000 single-shot spectra ranging from

400 nm to 620 nm, acquired at 2.75 Hz repetition rate. Higher acquisition rates

are clearly possible at 50 ms exposure time but not required here as the oscilla-

tion period of the reaction was measured to be 44 s (see Figure 6.3). The changes

in spectra permit the relative proportions of ferroin in its unoxidised (red) and

oxidised form (blue) to be detected at any time point during the reaction. This

is a clear advantage of the multiplexing capability of the technique. In this work,

up to 50 individual spectra have been averaged. The total sample volume was

2.7 mL.
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The theoretical models used in the previous section are based on continu-

ously stirred systems [Field et al., 1972]. An effective method of stirring has yet

to be implemented in the current experimental design, therefore the sample in

this SC-CEAS measurement remained unstirred. This may account for the slight

discrepancy between the experimental results and theoretical simulations. Meas-

urements in Figure 6.3 were taken once the system was oscillating, i.e. after the

“induction phase”, which is defined as the sometimes extended period of time

before the first oscillation (see Figure 6.1). Information on the effects of malonic

acid, bromate ion and cerium initial concentrations can be found in more detailed

studies and discussions by Field et al. [1972], based on their investigations of a

stirred system.

Summary and Future Work

The oscillating Belousov-Zhabotinsky reaction was successfully monitored with

SC-CEAS as an initial demonstration of the technique’s potential for reaction

monitoring. This result extends the previous broad spectral bandwidth meas-

urements of non-reactant species at low concentration (see Chapter 4), further

demonstrating the broad applicability of the technique. Dynamic measurement,

or so-called “on-line” analysis, of products is important in process industry for

a number of different reasons, for example, quality control, pollutant detection

and/or health and safety monitoring.

The BZ reaction and the Oregonator model are also of interest outside the

realm of basic chemistry. Biologists are interested as the BZ reaction may be used

to develop models of biological events. Two such examples are the dynamics of

slime mould in a petri dish and the onset of ventricular fibrillation as manifested

by waves of contraction in heart tissue [Shanks, 2001]. SC-CEAS could thus

represent an experimental tool that could be used in corroborating results from

adjustments to and re-interpretations of the theoretical Oregonator model.

Future work could involve either integrating the SC-CEAS technique into

current process systems or, alternatively, modifying the current set-up to enable

more detailed studies. For instance, simple adaptation of the apparatus, e.g. ad-

dition of heating elements and thermocouples around the cuvette would permit
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the temperature-dependent behaviour of this and other systems to be observed.

The spectral bandwidth is broad enough to detect simultaneously different ana-

lytes in the condensed phase and even faster reactions than the one shown here

can be observed on millisecond timescales. One potential limitation is the sample

volume size, which at 2.7 mL is relatively small but may be too large for reactions

occurring on the micro-fluidic scale. Nevertheless, recent cavity-enhanced micro-

fluidic set-ups can achieve microlitre volumes but do so by sacrificing sensitivity,

with sensitivity in the 10−3 cm−1 to 10−2 cm−1 range [Neil et al., 2011].
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6.2 Europium and the quantification of Lanthan-

ides

Introduction: Aims and Objectives

Lanthanides are rare earth metals used in a number of high-tech applications

as well as for more basic manufactured products. They are of scientific interest

due to their photophysical properties, in particular, their high luminescence. Use

of lanthanide has increased in recent decades and, as a result, researchers are

looking at ways to improve the design of such complexes. At present, there are

few methods capable of detecting lanthanides at low concentration in order to

quantify their absorbance properties. Consequently, the author was approached

by a researcher within the field to see whether SC-CEAS could provide a solu-

tion. The aim here was to detect different lanthanide species in solution at low

concentration. SC-CEAS was used to quantify absorbance of different complexes

and see which electronic transfers can be detected in order to provide designers

of lanthanide complexes with previously unobtainable information. The results

of this investigation are set out in Section 6.2.4.

6.2.1 Background to Lanthanides and their uses

The lanthanide series contains the rare earth elements of atomic number 57 to

71, as shown in the periodic table (Figure 6.4). There are a multitude of uses

of lanthanides and they have found even more applications in recent decades.

The emergence of novel technologies has seen their application as part of high-

temperature superconductors, in batteries for hybrid cars and next-generation

magnetic refrigeration schemes, as well as more traditional applications such as

lighter flints and glass polishing [Haxel et al., 2002]. Lanthanides are gradually

replacing other metals due to their low toxicity and weight. Praseodymium (Pr),

neodymium (Nd), samarium (Sm), gadolinium (Gd) and dysprosium (Dy) have

all been used in miniaturised, high strength magnets for consumer electronics

devices and telecommunication systems [Haxel et al., 2002; Naumov, 2008].

Lanthanides are categorised according to whether they are found in minerals

in the Earth’s crust (predominantly so-called light lanthanides, e.g. cerium) or in

107



6. Application of Cavity-enhanced Liquid Sensing

Figure 6.4: Periodic table of elements with the lanthanide series (atomic num-
bers 57-71) highlighted.

the mantle (heavy lanthanides, i.e. Gd to Lu). Even so, they display remarkably

similar chemical properties across the entire group [Moeller, 1970; Pimentel and

Sprately, 1971]. From a photophysical perspective, lanthanides are of extreme

interest due to their heightened response to specific wavelengths of light in the

visible and near-IR. This is fundamentally due to their electronic configuration.

Lanthanides predominantly exist as trivalent cations LnIII ([Xe]4fn, n = 0-14)

in aqueous form and it is these transitions of electrons in the f -orbital that give

rise to the unique properties of lanthanide ions, including sharp absorption and

emission lines in addition to strong luminescence with long lifetimes [Pimentel

and Sprately, 1971].

Ytterbium is a well-known dopant for the active medium in solid state lasers

[Lacovara et al., 1991]. The 1060 nm fibre laser used in this work (see Chapter

4) in fact contains two lanthanides in its neodymium-doped yttrium aluminium

garnet (Nd:YAG) crystal, first demonstrated as a laser gain medium by Geusic

et al. [1964] at Bell Laboratories. Lanthanides also play an important role in

the telecommunications industry. Long runs of fibre-optic cabling are commonly

interspliced with erbium-doped fibre sections and amplifiers.
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Figure 6.5: Schematic diagram of lanthanide ion excitation via organic ligand
acting as an “antenna” and subsequent luminescence. Light ab-
sorbed by the ligand is transferred to its triplet state and then to the
lanthanide ion.

6.2.2 Lanthanide photophysics and electronic transitions

Absorption spectroscopy is an important tool in the study of lanthanides as it

can be used to determine electronic structure [Görller-Walrand and Binnemans,

1998]. The difficulty is that lanthanide ions do not readily absorb light which is

why their molar extinction coefficients are very low. Direct excitation is difficult

as f − f electronic transitions are forbidden by the Laporte rule [Laporte and

Meggers, 1925; Morrison and Leavitt, 1982]. Energy transfer must then occur

via an alternative pathway where the overall quantum yield is dependent on the

ease with which excited state(s) can be populated. Organic chromophores are

much better at absorbing light and when used as ligands on a lanthanide ion, can

act as “antennae”, transferring absorbed energy to the lanthanide ion, as shown

schematically in Figure 6.5.

Indirect excitation, also referred to as antenna effect or sensitisation, is what

ensures LnIII have high luminescence. The three stages of the process are: (i)

absorption of light by attached organic ligands; (ii) energy transfer to one or more

of the excited states of LnIII; and (iii) emission of light [Latva et al., 1997; Wilson

et al., 2010]. This process of ligand(S1) → ligand(T1) → LnIII* energy transfer

is shown in Figure 6.6 in terms of the different energy levels [de Sá et al., 2000;

Gonçalves e Silva et al., 2002; Gutierrez et al., 2004]. The energy gap between

the lowest lying excited (emissive) state of the lanthanide ion and highest sub-

level of its ground multiplet dictates the intrinsic quantum yield. Lanthanides

display large enough energy gaps which make them less likely to close due to
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Figure 6.6: Chemical structure of the Eu-tBA complex and energy transfer path
for lanthanide luminescence via ligand excitation and resonance en-
ergy transfer. Absorption and emission processes are shown.

non-radiative deactivation.

Researchers of lanthanides ions and their complexes are interested in determin-

ing their quantum yield (QY). Accurate determination of QY will aid the design

of new complexes with improved photophysical characteristics. The emission

lifetime is straight-forward to measure via fluorescence techniques [Frank et al.,

2007]. However, QY determination requires calculation of the radiative lifetime.

The radiative lifetime is defined as the radiative decay of an electronic state by

spontaneous emission only and in the absence of any non-radiative effects [Ed-

wards, 1966; Fowler and Dexter, 1962]. Eu3+ ions have non-degenerate ground

states and absorption in the visible, making them attractive for spectroscopic

analysis. Although Eu3+ has a number of absorption peaks in the visible, many

are too weak which is why complexes and compounds generally appear colour-

less in solution and white in powder. The work here focuses on the detection

of Eu3+ in solution, to see whether SC-CEAS can provide a better method for

initial spectroscopic analysis.

6.2.3 Methodology: Detection of Europium

There are four main questions to be addressed in this section:

(i) Does SC-CEAS have the required sensitivity to detect weak lanthanide

absorption peaks in the visible?
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(ii) How many transitions can be detected within the given spectral bandwidth

of the technique?

(iii) Is there sufficient spectral resolution to resolve the different transitions?

(iv) Can different solvents be used with the current SC-CEAS set-up?

A previous investigation by Sawada et al. [1979] identified several spectral fea-

tures of Eu3+ aqueous ion in the visible spectrum from 400 nm to 600 nm. This

will be the spectral region of investigation in this work. Different ligand environ-

ments require different solvents. The only modification to the SC-CEAS set-up

described in Section 4.3 is the use of a glass cuvette tube element instead of an

acrylic one. The glass cuvette tube is suitable for use with almost all conceivable

solvents which is important as corrosive solvents, such as dichloromethane, have

been used with Eu3+ complexes [Moudam et al., 2009]. The glass cuvette tube

has the same dimensions as the PMMA version and is also easy to replace. All

other aspects of the set-up, e.g. equipment configuration and optical pathlength,

remain the same as in Section 4.3.

6.2.4 Results and discussion

Europium Salt

A europium salt was first investigated in order to identify whether different

transitions could be detected with SC-CEAS. Figure 6.7 shows a spectrum of

europium(III) nitrate hydrate (Eu(NO3)3 · 5H2O, Sigma Aldrich, UK) dissolved

in ultrapure water (18 MΩ cm−1 Milli-Q, Millipore, USA) at 50 and 100 mM con-

centrations in the spectral range 410 nm to 600 nm. The total cuvette sample

volume was 1.0 mL. Sawada et al. [1979] used photo-acoustic spectroscopy to

detect Eu3+ oxide dissolved in nitric acid at 200 mM and estimated a limit

of detection of 100 mM. The results here show SC-CEAS to be more sensit-

ive than those measurements. A minimum detectable absorption coefficient of

3.0× 10−6 cm−1 Hz−1/2 at 591 nm was estimated for a 1 s total acquisition time.

This corresponds to a limit of detection (3σ) of 150 ± 50 µM. The spectra cover

nearly two-thirds of the visible.
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Figure 6.7: Absorption spectrum of europium(III) nitrate hydrate at 50 mM
and 100 mM dissolved in 18 MΩ cm−1 ultrapure water. The wa-
ter (solvent) baseline is shown on the plot in blue. The spectra
were acquired using 20 ms single-shot exposure time. Averages of 50
single-shot spectra are shown for each concentration corresponding
to a total acquisition time of 1 s.

Figure 6.7 shows five Eu3+ transitions from 415 nm to 600 nm in the visible.

The 5D0 ← 7F1 transition appears at 592 nm. Spectral broadening in aqueous

solutions, as discussed in Section 4.2, prevents individual peaks in this and other

transitions from being resolved. This same transition would appear as three

distinct peaks in absorption spectra of single crystals doped with lanthanide ions

and solid lanthanide salts [Binnemans and Görller-Walrand, 1997]. The transition
5D0 ← 7F0 is spin forbidden and thus does not appear in the spectrum. The

weak transition 5D1 ← 7F1 is at 535 nm and 5D1 ← 7F0 appears at 526 nm. The

transition 5D2 ← 7F0 appears at 464 nm with transitions to 5D3 in the violet (i.e.

<450 nm).

The lanthanide ion has only weak interactions with the ligand. The 4fN elec-

trons of the lanthanide ion have a smaller radial extension and are thus strongly

shielded from external charge by the more diffuse filled 5s2 and 5p6 orbitals [Dun-

lap and Lander, 1974]. As a result, overlap with ligand electronic orbitals is small.

However, there is sufficient interaction to produce the fine spectral structure ob-

served in spectra. Detailed discussion of transitions and associated photophysics

can be found in Görller-Walrand and Binnemans [1998]. Some transitions in

the visible spectrum are highlighted in Figure 6.7 to demonstrate the sensitiv-
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ity achievable and spectral information obtainable with SC-CEAS. For example,

the positions of the peaks will correspond to the 4fN structure and the relative

intensity of peaks reflects interaction between the lanthanide ion and its environ-

ment.

Europium Complex

The measurement of europium salts provides a starting point in this investigation,

but it is europium complexes that are of greater interest as they have more

exotic spectroscopic properties [Gutierrez et al., 2004]. Electronic excitation in

lanthanides has briefly been discussed, yet in reality deactivation through non-

radiative processes can also occur. For example, temperature-dependent multi-

phonon processes can also lead to deactivation [Hüfner, 1978], and O-H vibration

in aqueous solutions leads to severe quenching [Beeby et al., 1999]. Quenching

effects can be minimised by limiting high-energy vibrations, collision-induced

deactivation and solvent interactions. One method of achieving all of this is

through rigid design of ligands [Bünzli and Piguet, 2005].

The europium(III) complex C42H35Eu(No3)2 (Sigma Aldrich, USA; referred

to from hereon as Eu-tBA) was chosen for analysis. Its chemical structure is

shown in Figure 6.6. Eu-tBA was dissolved in dimethyl sulphoxide (DMSO)

and its resultant spectrum shown in Figure 6.8. The total sample volume was

again 1.0 mL. Werts et al. [2002] showed that the spectra of aqueous Eu3+ vary

depending on the surroundings, i.e. ligand environment. However, the absorption

strength of the 5D0 ← 7F1 transition was shown to be independent of the ligand

environment [Werts et al., 2002]. This transition, highlighted in Figure 6.8, is

often taken as the reference for dipole strength. The 3σ standard deviation of

each measurement is shown on the plot, denoted by the grey shaded region.

As part of general experimental observations, a very slight pink hue was ob-

served in the light beam as it passed through the sample. This the result of

Eu3+ luminescence [Cotton, 1991; Lagowski, 1973; Main Smith, 1927; Shriver

and Atkins, 1999]. Pink is not a spectral colour, but in fact red when viewed in

strong white light or against a strong white background. It is this phosphores-

cence that has long been exploited for cathode ray tubes in traditional television
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Figure 6.8: Absorption spectrum of 2 mM Eu-tBA complex dissolved in DMSO.
One standard deviation (1σ) of the calculated absorption coefficient
is represented with the grey shaded area. The spectrum was acquired
using 20 ms single-shot exposure time and an average of 50 frames,
corresponding to a total acquisition time of 1 s.

sets using YVO4:Eu3+, Y2O3:Eu3+ and Y2O2S:Eu3+ [McColl and Palilla, 1981].

Summary and Future Work

In this work, Europium ions were detected in solution at low concentrations

(50 mM to 100 mM) and a limit of detection of 3.0× 10−6 cm−1 Hz−1/2 at 591 nm

calculated for Eu(NO3)3 · 5H2O dissolved in ultrapure water. To the best of

the author’s knowledge, this is lower than any value quoted in the literature.

Five key transitions in the spectral range 400 nm to 600 nm were detected. This

investigation has shown that the technique is capable of handling a variety of dif-

ferent solvents and thus analysing lanthanides in different ligand environments.

A europium complex (Eu-tBA) at 2 mM concentration was detected in DMSO.

There is sufficient spectral resolution and bandwidth to identify key electronic

transitions, as highlighted in the spectra shown from experimental analysis. The

small sample volumes of 1.0 mL are also important in this application as com-

plexes may either be very expensive, or difficult to synthesise and, therefore,

available for analysis only in small quantities.

The spectral information here can enable the radiative lifetime of Eu3+ to be

calculated using the strength of the 5D0 ← 7F1 transition to correct the emis-

114



EUROPIUM AND THE QUANTIFICATION OF LANTHANIDES

sion spectrum [Werts et al., 2002]. This in turn enables the overall luminescent

quantum yields and observable lifetimes to be calculated for different europium

complexes. The specific aims are to help develop ligands that have high radiative

rates. Experimental measurements obtained from SC-CEAS can also be used

to confirm or refine existing transition theory, such as Judd-Ofelt model [Judd,

1962; Ofelt, 1962].

Europium and other lanthanides have been used in a number of industries

over the past few decades but are also predicted to have a role in future ad-

vancements. For example, the lighting industry has seen organic LEDs using

lanthanides replace lamp phosphors [Kido and Okamoto, 2002]. There are also

completely new exciting areas of growth such as biological assay development

[Yam and Lo, 1999] and medical imaging [Faulkner et al., 2005]. As a result,

research into lanthanide complexes is likely to expand as increasing demands are

placed on their photophysical capabilities and tools such as SC-CEAS have the

potential to be of increasing benefit.
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6.3 Near-UV supercontinuum for Amyloid de-

tection

Introduction: Aims and Objectives

There are a number of biological substances and small compounds, for instance

many organic compounds, that have absorption peaks in the blue and near-UV

spectral range. These currently cannot be detected with SC-CEAS presented in

Chapter 4 or current methods presented in the literature. Current commercial

SC sources do not extend below 390 nm and as a result a recent focus for PCF

fabricators and SC source designers has been to push the blue edge further into

the UV [Stark et al., 2011] to enable further applications in spectroscopy and

imaging to be made. Novel custom-drawn PCFs have been used to demonstrate

SC extending down to 350 nm and lower either by tailoring the cross-sectional

fibre dimensions [Udem et al., 2002] or through producing “tapered” PCF, with

a dimensions varying along the axial fibre length [Stone and Knight, 2012].

The motivation here is to use novel dispersion-engineered tapered fibres to

generate near-UV supercontinuum to be used in SC-CEAS. The target analyte is

hen egg white lysozyme (HEWL) which is an amyloidogenic protein. The study

of HEWL aggregation is important for research into neurodegenerative diseases

such as Alzheimer’s and Parkinson’s disease and, at present, quantitative results

are difficult to obtain for early-stage aggregation.

6.3.1 Background: Tapered photonic crystal fibres

The dispersive properties of photonic crystal fibres were first adjusted by altering

the cross-sectional dimensions of a uniform fibre, as discussed in Section 2.2.

It was then shown that tapering PCF along the axial length of the fibre could

produce supercontinua that could not be generated in uniform fibres [Kudlinski

et al., 2006; Stone and Knight, 2012]. Tapered fibre research has had particular

focus on extending the blue-edge of SC light into the UV [Travers, 2010].

Stone and Knight [2012] stated that the introduction of a taper does not alter

the underlying physics involved in SC generation, i.e. those discussed in Chapter

2. Instead, tapering enables the zero-dispersion wavelength (ZDW) to be shifted
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Figure 6.9: Scanning electron micrographs of tapered PCF in cross-section.
Fibre input with 6 µm core (left) and fibre output with 2 µm core
(right). Figure reproduced courtesy of Stone and Knight [2012].

along the axial length of the fibre, whereas it is fixed throughout a uniform

fibre. This allows different nonlinearity to be amplified at different points along

the fibre. The custom-designed PCF described in Stone and Knight [2012] was

used in this work, courtesy of Dr Jim Stone of Centre for Photonics & Photonic

Materials (CPPM), University of Bath. The 6 µm fibre core is tapered down to

2 µm over a fibre length of 5 m. Scanning electron micrographs of the fibre ends

are shown in Figure 6.9.

A detailed discussion of the effects of tapering is given by Travers [2010]. A

key finding of Stone and Knight [2012] is that the SC generated at the 6 µm

input end of the fibre is broad enough to extend to the blue-shifted ZDW near

the 2 µm tapered end of the fibre. This light also has enough spectral intensity

to seed SC generation of light that extends down to 330 nm at the fibre output

(see Figure 6.10), giving the spectrum its symmetrical appearance. The output

of the taper used in this work was recorded by the author at CPPM, University

of Bath, using a pump laser (FemtoPower1060-20-PP, Fianium, UK) very similar

to that used for SC-CEAS measurements in Chapter 4, but with a lower average

power of ∼350 mW.

6.3.2 Neurodegenerative diseases and Amyloid aggrega-

tion

Alzheimer’s Disease (AD) is a neurodegenerative disease that affects 35.6 million

people worldwide, with this number expected to double by 2030 [World Health

Organistion, 2012]. The annual cost of treatment was estimated as US$604 bil-
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Figure 6.10: Spectral output of 5 m tapered PCF covering ∼330 nm to 2700 nm.
The core size was 6 µm and 2 µm at the input and output respect-
ively. The fibre was pumped using a ytterbium-doped fibre laser
(FemtoPower1060-20-PP, Fianium, UK) emitting 5 ps pulses at
1060 nm wavelength and 1 MHz repetition rate.

lion in 2010. In the UK, the figure for the current annual cost of treatment is

expected to rise to £23 billion [Alzheimer’s Society, 2009]. AD is the most com-

mon cause of dementia. Dementia is not actually a disease, rather a description

of the symptoms that develop when neurons in the brain die or stop functioning

correctly. Such symptoms are memory loss and loss of other cognitive functions,

which ultimately lead to death. It mainly effects those over 65 which is why it is

a growing issue for countries with ageing populations.

The causes of AD are currently attributed to protein misfolding; very little

is known about the actual pathology [Gidalevitz et al., 2011]. Proteins within

a living organisms have a target conformation into which they must form, with

their structures defining their functionality. It is this aggregation that can inhibit

regular cellular function within a cell [Gidalevitz et al., 2011]. Misfolded proteins

can go on to form fibrillar-structured so-called protein amyloids. It is believed

that the formulation of these species, either as extracellular deposits or intracel-

lular inclusions with amyloidogenic characteristics are responsible for the onset

of AD [Chiti and Dobson, 2006]. Further details and biological aspects of protein

folding are discussed in Anfinsen [1972, 1973], with discussion here limited to the
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case where proteins are misfolded leading to aggregation.

In addition to AD, there are other diseases linked to protein amyloid forma-

tion, such as Parkinson’s Disease (PD) and type II diabetes [Westermark et al.,

1990]. There is an urgent need to study amyloid formation in order to find out

how better to treat and prevent such diseases occurring. The World Health Or-

ganistion [2012] called research into AD a public health priority, along with U.S.

Department of Health and Human Services [2012] and Department of Health

[2012] in the UK, with both governments announcing significant increases to re-

search funding. Unfortunately, current research has been limited by the absence

of suitable non-invasive experimental techniques capable of monitoring the pro-

cess of amyloid formation in vitro [Alzheimers Association, 2013]. The ultimate

aim would be to study in vivo, i.e. in live cells of organisms, but this is still

much further away in the future. The aim here is to utilise the high sensitivity

of SC-CEAS to make in vitro measurements of amyloids and obtain quantitative

data.

Techniques for Monitoring Protein Aggregation

A number of different experimental techniques have been used to study amyloid

aggregation [Harper and Lansbury, 1997]. Dynamic light scattering and circular

dichroism (CD) have been used to determine aggregation kinetics through particle

size distribution [Bitan et al., 2003; Lomakin et al., 1996; Uversky et al., 2002].

Other studies have used techniques such as atomic force microscopy (AFM) and

transmission electron microscopy in order to take time-lapsed images of amyloids

both before and during fibril formation [Goldsbury et al., 1999; Huang et al.,

2000; Mastrangelo et al., 2006]. Amyloid fibril structure has also been studied in

3D using nuclear magnetic resonance spectroscopy (NMR). This is necessary to

observe structural changes on a molecular level and, most importantly, provide

information for the design of aggregation inhibitors [Lührs et al., 2005].

In terms of optical methods, Fourier transform infrared spectroscopy (FTIR)

has been employed to infer structural behaviour during fibril formation through

analysis of spectral changes [Bouchard et al., 2000; Zandomeneghi et al., 2004].

FTIR does not have the resolving power of X-ray crystallography or NMR, but is
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used for its fast measurement times and broader applicability for studying aggreg-

ates with natural isotope distributions. Fluorescence techniques are also widely

employed, with congo red and thioflavin T (ThT) identified as two dyes that

bind specifically to amyloids [Klunk et al., 1989; Naiki et al., 1989]. Fluorescent

dyes or stains are popular because they are sensitive and convenient to use, but

there are problems concerning their use. First, the magnitude of fluorescence was

shown to vary with fibrillar morphology. Secondly, ThT was found to be most

suitable for detecting mature fibrils. Results from AFM and TEM images have

shown that a number of oligomers form well before they can be detected with

these methods [Huang et al., 2000; Mastrangelo et al., 2006].

Research is now focussing on this early stage aggregation, as studies have

shown that this stage of oligomer formation causes greater cytotoxity [Caughey

and Lansbury, 2003; Haass and Selkoe, 2007; Kirkitadze et al., 2002]. Further

work is needed in order to confirm the findings of these studies and also to find

the cause of toxicity, as this remains unknown [Petkova et al., 2005]. New fluor-

escent tags designed specifically for early stage oligomers, for instance, are being

developed [Lindgren and Hammarström, 2010; Yushchenko et al., 2010]. Amyloid

research would benefit if a sensitive technique capable of label-free detection was

available too. This particular area is where SC-CEAS could be applicable with

results of experiments described in this thesis demonstrating its potential.

6.3.3 Methodology: Extending into the blue and near-UV

Fibre Coupling

As previously discussed in Section 2.2 efficient coupling laser light into PCF

requires matching of the light beam to the mode size (i.e. core) and ensuring

that the numerical aperture (NA) of the fibre is larger than the NA of the focused

beam. The fibre laser (FemtoPower 1060, Fianium, UK), emits a Gaussian beam

of diameter 1.1 mm. A lens of focal length, f , can be used to focus a Gaussian

beam of waist, Di down to spot size, D0:

D0 =

(
4λ

π

)(
f

Di

)
, (6.13)
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Figure 6.11: Schematic of focused beam dimensions and PCF regions for effect-
ive light coupling. (a) Lens effects on a Gaussian beam and res-
ultant beam dimensions. (b) Axial cross-section of a PCF showing
the collapsed and microstructured regions.

where λ is the wavelength of the laser (see Figure 6.11). In this case, the 1060 nm

fibre laser would require a lens of 6.2 mm focal length to match the ∼6 µm core

of the tapered fibre. Microscope objectives are commonly used for fibre coupling.

Here, an aspheric lens of f = 6.2 mm (5723-H-C, Newport Corporation, USA) was

used in this set-up. Aspheric lenses have higher transmission than a microscope

objective with the same magnification. The NA can be calculated using the

equation NAlens = n sin
(

arctan D
2f

)
. The calculated value in this particular case,

NAlens = 0.13, is less than the NA of the fibre, NAPCF = 0.20.

The bare fibre must be cleaved in order to ensure clean fibre faces at both

ends. PCF come with a standard acrylate coating which must first be removed

before cleaving. Standard mechanical stripping tools are available, but these may

not be effective for fibres with non-standard diameters. In such cases, stripping

must be done by hand using a bare razor blade carefully to remove the coating,

especially at the thin end of the taper. This was the approach used for the tapered

fibre here. Fibre cleaving can be done with diamond scribers or high precision

cleavers. In this work, a ceramic tile was used to cut the PCF by hand with a

stereo microscope (SZX10, Olympus, Japan) used to check the quality of each

cleave. Again, a manual method was more effective for this non-standard fibre.

A set-up for fibre coupling is shown in Figure 6.12. A collimation lens is needed

for lasers that do not have collimated outputs. Beam attenuators may also be

required for lasers without in-built power control. The two steering mirrors are

used to ensure the laser beam travels directly along the axis of the focussing lens
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Figure 6.12: Fibre launching set-up for UV-SC generation. The beam attenu-
ator consists of a polariser, half-waveplate and analyser.

and into the fibre. It may be necessary to employ a telescope if the collimated

beam requires an expansion or reduction in beam waist in order to correctly fill the

focussing lens. The bare fibre input end of the tapered fibre is placed on a high-

precision 3-axis stage with differential micrometer adjusters (MAX303, Thorlabs,

USA) with the focusing lens mounted on its adjustment platform. The output end

of the PCF is fitted with an FC-PC connector (Bullet Bare Fiber Adapter, Fiber

Plus International, USA) to enable easy integration into the existing SC-CEAS

set-up.

Special care must be taken when coupling light from the pump laser into

the PCF, in order to avoid fibre damage. Optical damage can be detected by a

sudden drop in output power and beam quality. Fibre ends are more fragile and

are not covered by the protective coating. Consequently, they are more prone

to damage and susceptible to dust and dirt [Smith and Do, 2008]. The main

risk comes from coupling itself and the challenge of coupling a high energy input

beam into tiny cores. High pulse energies can cause melting or fracturing of

the fibre [Smith et al., 2009]. The manufacturer specified damage threshold of

a standard commercial PCF (SC-5.0-1040, NKT Photonics, Denmark) is 15 µJ,

although this should be viewed as an upper limit and thus users are instructed

always to operate below such a value. If necessary, the damage threshold can be

increased by increasing the mode field diameter of the PCF input. This can be
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Figure 6.13: Pump laser characteristics for the fibre laser used as the pump
source for SC generation (Fianium FemtoPower 1060). (a) Aver-
age power vs. repetition rate. (b) Pulse energy vs. repetition rate
of laser.

achieved by collapsing the microstructured air-holes in the cladding. This creates

a diverging field larger than the actual core size at the PCF input face. The

energy from the coupled laser beam is then spread over a larger area.

Pump Laser Characteristics for UV-SC Generation

The characteristics of a pump laser which was used for SC generation (Femto-

Power 1060, Fianium, UK) are shown in Figure 6.13. The laser is a passively

mode-locked ytterbium fibre laser and the repetition rate is adjustable in the

range 330 kHz to 21 MHz by means of an in-built acousto-optic pulse picker. Fig-

ure 6.13(a) shows the measured variation in average output power with repetition

rate. The power increases rapidly up to about 7 MHz and then more gradually

until a maximum output of around 900 mW. Figure 6.13(b) shows a plot of pulse

energy against repetition rate. As mentioned in Chapter 2, higher pulse energies

powers are desirable for generation of broader SC. Therefore, any repetition rate

below 1.35 MHz would be suitable to generate a pulse energy greater than 0.5 µJ.

Given the above, repetition rates in the range 0.33 MHz to 1.08 MHz were used.

UV-SC-CEAS Set-up Modifications

SC-CEAS was initially designed and optimised for measurements in the visible

spectrum. The successful generation of UV-supercontinuum provided a number
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6. Application of Cavity-enhanced Liquid Sensing

Figure 6.14: Modified SC-CEAS set-up for near-UV and visible absorption.
Modifications include the use of UV-enhanced optics, fibres and
fibre optic spectrometer.

of opportunities, yet at the same time introduced a few challenges with regard

to the equipment and optical components used. The key component alterations

from the set-up used for previous measurements (as shown in Section 4.3) are

highlighted in Figure 6.14. The main challenge was on the detection side. The

quantum efficiency of the EM-CCD previously used dropped half its peak value

at 400 nm and continued to drop significantly below this. This type of spectral

response is common for most current CCD chips currently on the market, which

is why a UV-enhanced spectrometer was used instead (USB2000, Ocean Optics,

USA). This compact spectrometer is less sensitive, but it has a wavelength range

(where the quoted efficiency >30%) from 200 nm to 850 nm. Light from the cavity

was coupled into a UV-vis multimode fibre (180 nm to 1150 nm FC patchcord,

Edmund Optics, USA) and then connected straight to the FC port of the spec-

trometer. The cavity mirrors used were custom-designed with 99.0% nominal

reflectivity in the range 300 nm to 600 nm (1.0 m radius of curvature; Layertec

GmbH, Germany), with appropriate filters used to cut out SC light outside of

this range. UV-enhanced optics were used where available, although the issue of

glass degradation caused by UV light was not observed to be a problem.

Hen Egg White Lysozyme (HEWL) as a Model for Protein Aggregation

Hen egg white lysozyme (HEWL) is used as a model for amyloid aggregation.

HEWL aggregation has been studied by Guptasarma [2008] with fluorescence

emission shown to increase with aggregation time. HEWL is commonly used
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as it is available in large quantities at low cost, but also due to the fact that

aggregation time is slow enough to observe changes. Chan et al. [2013] measured

spectral changes in fluorescence measurements after 0, 2, 4, 6 and 11 days of

aggregation which was achieved through incubation at 60 ◦C and pH 2.2. Their

results were in agreement with fluorescence measurements made by Guptasarma

[2008]. Complete aggregation of HEWL under these conditions was found to

require 10 days of incubation and the first insoluble amyloid fibrils were found to

form after ∼36 hours of aggregation.

6.3.4 Results and discussion

The focus of the results presented here was on studying very early stage aggrega-

tion, to take advantage of the high sensitivity of SC-CEAS. The oligomers being

formed which are responsible for the absorption, may contain only 10 to 100 mo-

lecules [Chiti and Dobson, 2006]. Therefore, high sensitivity is required to detect

these very small changes in absorption on a scale of hours rather than days. Hen

egg white lysozyme (L-6876, Sigma-Aldrich, UK) was dissolved in glycine-HCl

buffer, pH 2.2, and then filtered using 0.2 µm microfilters (Millipore, USA). The

samples of initial monomer concentration of 1 mM were incubated at 60 ◦C for a

maximum of 24 hours. The samples were diluted before measurement to a con-

centration of 250 µM. All of the measured samples were prepared and supplied

by Fiona Chan (further information can be found in [Chan et al., 2013]). Figure

6.15 shows the resultant spectra of samples that had been aggregated for 0, 4, 15

and 24 hours. Samples were first flash frozen in liquid nitrogen after incubation

to prevent further aggregation after the designated incubation time. Measure-

ments were carried out at room temperature and sample volumes were 1.0 mL.

The results show a distinct peak form at 387 nm after 4 hours of aggregation

in addition to the appearance of a shoulder from 440 nm to 550 nm. Absorption

clearly increases with total aggregation time. The main peak could not have been

detected by commercial supercontinuum sources which are currently limited to a

minimum wavelength of 390 nm. Nor, to the best of the author’s knowledge, have

any broadband cavity-enhanced techniques demonstrated spectral measurements

spanning over 200 nm with a minimum wavelength of 330 nm. The spectral data
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Figure 6.15: Near-UV spectra of 250 µM hen egg white lysozyme after 0, 4, 15
and 24 hours of aggregation.

are in agreement with the fluorescence measurements made by Chan et al. [2013]

with the same trend and position of the spectral maximum. These SC-CEAS

measurements have the additional advantage in that they are quantitative. For

example, the peak absorption of the sample aggregated for 24 hours at 387 nm has

an absorption coefficient of 4.8× 10−3 cm−1. This equates to a molar absorption

coefficient of 19.2 M−1 cm−1 for a monomeric concentration of 250 µM.

Summary and Future Work

The development of UV-SC-CEAS has opened up many possibilities for the study

of liquid species. Amyloid aggregation is one such example of how the technique

can be used to answer important scientific questions. The sensitivity also opens

up the possibilities of further label-free studies of proteins and other biological

species to provide more detailed information on the molecular level. Future ex-

perimental improvements should focus on the sensitivity of the UV detection

system and also the development of UV optics of higher efficiencies. The full ex-

tent of UV-SC expansion into the blue has yet to be determined, but this initial

demonstration of and increase of 60 nm into the near-UV represents a significant

spectral advancement in high-sensitivity liquid-phase spectroscopy. The meas-

urements made here are the first absorption measurements taken in this spectral

region for the analysis for these types of protein.

126



BLOOD SENSING - INITIAL DEMONSTRATION

6.4 Blood sensing - initial demonstration

Introduction: Aims and Objectives

The development of BB-CRDS liquid-phase spectrometer was outlined in Chapter

5. The inherently self-calibrating nature and substantial increase in sensitivity

over single-pass absorption techniques makes BB-CRDS attractive for a number

of liquid-phase applications. In contrast to the EM-CCD detectors used for SC-

CEAS, it is far more compact and even at this prototype stage it represents a

more financially attractive proposition. Although results presented here have

shown SC-CEAS to be more sensitive, the difference between the techniques were

less than an order of magnitude. For some applications, BB-CRDS may have

sufficient sensitivity, as a result of which its other attributes become significant

advantages. One such example, is the analysis of blood at low concentration.

A BB-CRDS spectrometer could potentially be developed into a spectrometer

capable of recording spectral differences in trace levels of blood before and after

haemolysis. The aim of the work here is to demonstrate this and further highlight

the applicability of the novel single photon avalanche photodiode (SPAD) array,

as introduced in Chapter 5.

Analysis of Red Blood Cells

Blood is a physiologically important medium responsible for the transportation

of nutrients and molecules around the body to the vital organs. Blood also has a

secondary, yet equally important role in the removal of waste products. Analysis

of blood is important not only for medical diagnosis but also for biological research

into pathological disease mechanisms. However, it is a complex medium that

can both absorb and scatter EM radiation such as light. At times it may be

necessary to investigate samples of blood with a low red blood cell content, i.e.

low concentration. Furthermore, it may be necessary to detect both lysed and

whole blood whereas a number of current traditional analytical techniques require

haemolysis.
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6.4.1 Spectroscopic analysis of blood

Blood contains many important physiological components, but its spectroscopic

properties are dominated by haemoglobin (Hb). Absorption spectra of blood

vary according to the oxygenation state of the heme group in Hb [Horecker, 1943;

Rother et al., 2005]. Co-oximetry [Vreman et al., 1988; Zijlstra et al., 1991] and

photometry [Neville, 1987; Rippmann et al., 1997] are the routine methods for Hb

analysis in blood and are popular due to their portability, small sample volume,

relatively low cost, and simplicity. However, their limited sensitivity only allows

Hb tetramer concentrations from 50 g/L to 150 g/L to be detected. Furthermore,

their application requires haemolysis of blood cells prior to measurement and their

spectral resolution is limited. The development of a more sensitive method for

quantifying blood concentration with the ability to monitor variations in compos-

ition by measuring changes in absorption spectra at trace levels would constitute

a significant advance in biomedical diagnostic capabilities.

Haemolysis of Red Blood Cells

The haemolysis of red blood cells can be a result of a number of different physiolo-

gical abnormalities within the human body, as shown in Figure 6.16, taken from

Rother et al. [2005]. The first step is usually dimerisation followed by oxidation

into methaemoglobin and then ferric haemoglobin. An alternative involves the

formation of haptoglobin-haemoglobin complexes in an irreversible process. This

complex is then removed from the plasma through endocytosis by macrophages

or monocytes (cells that protect the body by ingestion of unwanted particles or

cells) [Kristiansen et al., 2001; Nagel and Gibson, 1971]. The common result of

chronic or acute haemolysis is an increase of cell-free haemoglobin and heme in

the blood plasma. One further consequence of this is an increase in nitric oxide

scavenging by plasma haemoglobin [Olson et al., 2004]. This can have serious

effects for smooth muscle regulation, potentially leading to vasoconstriction, in-

travascular thrombosis and neurological movement disorders. More details can

be found in Rother et al. [2005] and references therein.
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Figure 6.16: Pathobiological effects of cell-free plasma haemoglobin during in-
travascular haemolysis. Figure reproduced from Rother et al.
[2005].

6.4.2 Methodology: Sample details

The blood samples were obtained from healthy volunteers by venipuncture into

a syringe with heparin after informed, written consent. Whole blood was diluted

with 50% RPMI-1640 buffer solution. Haemolysis was achieved osmotically with

samples diluted in ultrapure water (18 MΩ cm−1, Milli-Q, Millipore, USA) from

50% haematocrit. In complex media such as blood, scattering from suspended

particulates can present a problem and filtering to remove large particulate matter

prior to conducting an absorption experiment may be beneficial. For the high

dilution ratios used in the present experiments, such effects are negligible, as was

previously shown in Horecker [1943]. The predicted amount of Rayleigh scattering

from a sample of this concentration is modelled in Chapter 4 (c.f. Figure 4.3)

and shown to be lower than the expected solvent absorption contribution, which

becomes the limiting variable in terms of the sample itself.
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6.4.3 Results and discussion

Figure 6.17(a) shows spectra of both whole blood (at 2.7× 10−2 g/L tetramer

concentration, corresponding to 5.0 × 104 RBC/mL concentration) and lysed

blood (at 1.35× 10−2 g/L tetramer or 1.0× 105 RBC/mL concentration) acquired

using the BB-CRDS technique (N.B. 100% packing = 1.0× 1010 RBC/mL). The

technique presented here can be used to detect spectral differences in absorption

features. Spectra shown in Figure 6.17 were integrated over 2 s (∼2× 106 pulses).

Detection limits of 1.5× 104 RBC/mL for whole blood and 5.8× 104 RBC/mL

for lysed blood, respectively, were obtained. The sample volume was 1.0 mL

for both cases. Note that even higher sensitivity could be achieved by shifting

the excitation wavelength to 415 nm, which lies in the Soret excitation band of

haemoglobin and features an approximately 10-fold increase in the absorption

cross section. In the present set-up this potential improvement could not be

realised because of power limitation in the available light source. A spectrum of

lower resolution but featuring broader wavelength coverage of 130 nm across the

pixel array is also shown (see Figure 6.17(b)). It corresponds to lysed blood at

1.0× 105 RBC/mL concentration and was obtained during 2 s of integration.

Summary and Future Work

Chapter 5 introduced BB-CRDS in the liquid phase as a calibration method. In

this chapter, the technique has been used in the measurement of liquid analytes

at low concentration. As shown in this work, its use in the sensitive detection of

blood has highlighted its potential in medical analysis. The method offers good

sensitivity with high spectral resolution and is self-referencing, obviating the need

for extensive calibration protocols. The technique could be developed into a flex-

ible and cost-effective sensor technology due to the scalability of CMOS produc-

tion techniques. There are many potential applications ranging from blood-based

medical assays to applications in the basic sciences and process industries.
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Figure 6.17: (a) BB-CRDS spectra of whole blood at 5.0× 104 RBC/mL con-
centration and lysed blood at 1.0× 105 RBC/mL concentration.
Data are an average of 20 spectra acquired at 0.1 s per spectrum
giving a total 2 s acquisition time. The error bar included rep-
resents the uncertainty (1σ) associated with the linear fit to the
four data points of each spectral channel and is representative
for all other data points shown. (b) Spectrum of lysed blood at
1.0× 105 RBC/mL concentration spanning 130 nm. Data are fitted
with a 5-point Savitzky-Golay convolution for visualisation (solid
and dashed lines). Spectral data were acquired at a resolution of
2.0 nm nm per pixel for whole blood and 3.3 nm per pixel for lysed
blood.
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6.5 Conclusions

The cavity-enhanced techniques developed in this work were designed to address

the current scientific need for a quantitive method for the measurement of liquid

samples at low concentration. Previous chapters focus on the technical aspects

and scientific background of the technique, with measurements demonstrating

the features and capabilities thereof. The results presented in this chapter show

the implementations of both SC-CEAS (introduced in Chapter 4) and BB-CRDS

(introduced in Chapter 5). There are some significant findings that either open

up potential new areas of research or provide new information in the study of

existing problems. The highlights from this chapter are summarised below:

(i) Demonstration of a sensitive method for reaction monitoring across 220 nm

of the visible spectrum with millisecond single-shot acquisition times using

SC-CEAS. The oscillating Belousov-Zhabotinsky reaction was monitored

here.

(ii) Detection of electronic transitions of trace lanthanide complexes in solu-

tion enabling more detailed analysis of the photophysics. These lanthanide

complexes are important to the design of many high-tech devices.

(iii) Label-free in vitro measurement of protein aggregation as a model for early

stage peptide dynamics. This research is involved in dementia research, in

particular the study of Alzheimer’s Disease.

(iv) Implementation of BB-CRDS based on a SPAD array as a self-calibrating,

compact sensor. This demonstration, as a first, involved the analysis of

blood samples with different oxygenation states.

(v) First implementation of near-UV CEAS for broadband analysis of analytic-

ally important species over 200 nm and down to 330 nm in the UV. To the

best of the author’s knowledge, this extends the current lower wavelength

limit of published results by 60 nm from the visible into the UV.

All measurements were made at low concentration and the use of supercon-

tinuum radiation (see Chapter 4) is key to the performance of the technique based

on the implementation of optical cavities (see Chapter 3).
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Chapter 7

Conclusions

7.1 Thesis overview

There are three main contributions that are likely to have an impact on future

scientific research and engineering practice. The first is the exploitation of cavity-

enhanced techniques in liquid-phase analytics for sensitivity enhancements. Both

SC-CEAS and BB-CRDS techniques were designed and successfully implemented

for high sensitivity concentration measurements. The latter technique overcame

the technological challenge of measuring ring-down times as short as tens of nano-

seconds, which is a requirement for BB-CRDS of liquids. The second contribution

is the demonstration of a broad range of applications, from biomedical with blood

and amyloidogenic proteins, to chemical monitoring of an oscillating reaction and

trace detection of an industrially important metal. The third is the introduction

of supercontinuum radiation and discussion of the benefits it may offer liquid-

phase absorption measurements. Furthermore, the application of novel PCF to

extend greatly SC measurements into the near-UV. These accomplishments are

discussed in greater detail below.

Implementation of Liquid SC-CEAS

In this work, a broadband spectrometer using a supercontinuum source and cavity

enhanced absorption spectroscopy has been developed and applied to liquid-phase

measurements. Detection sensitivities at picomolar levels were obtained in the
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visible range for absorbers with signal integration times in the lower millisecond

range. Liquid samples can easily and quickly be exchanged during measurements

for fast, convenient analysis of multiple samples or coupling to complex fluid

handling systems. The set-up is straight-forward and allows for high sensitivity,

rapid acquisition of broad bandwidth spectra, from which components in mixtures

can be identified.

The liquid-phase SC-CEAS developed in this work detects spectral features

of analytes dissolved in liquids at resolutions down to 1.1 nm with millisecond

measurement times. A 50-fold increase in sample pathlength leads to a minimum

detectable absorption coefficient of 9.1× 10−7 cm−1 Hz−1/2 at 550 nm can be ob-

tained for a measurement bandwidth of 250 nm. This result compares to the most

sensitive detection limits obtained using monochromatic sources that are reported

in literature. The applications demonstrated, e.g. oscillating reaction monitoring

(Belousov-Zhabhotinsky reaction) and the detection of trace levels of industrially

important metals (lanthanide complexes), have highlighted the unique combin-

ation of sensitivity, speed and bandwidth offered by this technique. This opens

up potential applications in a range of different industries and areas of scientific

research.

Development of Liquid BB-CRDS

Previous liquid-phase cavity-enhanced techniques had not fully addressed the

issue of calibration for broad spectral bandwidth measurements. The imple-

mentation of SPAD array technology has enabled the experimental challenge of

measuring multiple ring-down events at nanosecond time resolution to be over-

come. Calibration is an important issue, especially in the case of cavity-enhanced

techniques involving the use of potentially lossy interfaces, i.e. a cuvette. BB-

CRDS allows for the quantification of all “losses” and evaluation of the optical

properties and components shows that high precision alignment maintains light

within the cavity and thus these so-called losses are negligible.

To the author’s knowledge, this is the first implementation of this novel CMOS

technology for liquid absorption spectroscopy, introducing an effective alternative

in detector technology which has predominantly been reliant on CCD develop-
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ment. These CMOS-based SPAD arrays are solid-state photodetectors capable

of detecting low light intensity, down to just a single-photon.

Extension of SC-CEAS into the Near-UV

The successful implementation of UV-SC (see Section 6.3.1) for SC-CEAS presents

a breakthrough in terms of the spectral range of truly broadband (>100 nm)

CEAS in liquids. Tapered PCF have been used to generate UV-SC that exten-

ded down to 330 nm in the near-UV, representing an extension of 60 nm over

what has been demonstrated in other published broadband CEAS results. These

tapered fibres designed and fabricated by collaborators at the University of Bath

allow the same benefits of sensitivity, speed and bandwidth offered by SC-CEAS

to be extended into the near-UV. This opens up the potential of the technique

to a number of new applications requiring quantitative analysis. This may range

from the study of small organic compounds to biological samples like the amyloids

presented here.

7.2 Proposed future developments

The field of liquid sensing and the use of supercontinuum radiation has been

discussed in this thesis. Advancements have been made within the scope of this

research, however, a number of potential future opportunities exist, some of which

are discussed below.

Pump Laser Source Development

The two previous advancements centred on PCF design and fabrication. Pump

laser development would further enhance the development of SC sources for sens-

ing. One such example is the further investigation of SC generation using mi-

crochip laser sources [Zayhowski, 1999]. Stone and Knight [2008] generated an

SC spectrum spanning from 400 nm to 2450 nm by using 10 m PCF and a 600 ps

(pulse width) microchip laser pumping pulses at 1064 nm. Kudlinski et al. [2010]

recently demonstrated the use of a microchip laser and a a high-∆ tapered PCF to

135



7. Conclusions

generate blue-optimised light, i.e. where 30% of the total average output energy

was in the band 350 nm to 600 nm. These advancements, having built on earlier

work [Leon-Saval et al., 2004; Xiong et al., 2006], demonstrate why microchip

lasers are seen as the future of compact, efficient SC generation. Use of low cost

microchip laser pump sources will also drive down the cost of SC systems.

High Stability (All-normal GVD) SC Generation

The SC radiation utilised in the techniques presented in this thesis was generated

through nonlinear processes associated with anomalous group velocity dispersion

(GVD) PCF. It is possible to achieve spectral broadening, admittedly not to the

extremes shown here, using PCFs with all-normal GVD [Heidt et al., 2011]. Spec-

tral broadening is achieved primarily through self-phase modulation and Raman

scattering. The resultant radiation has greater temporal coherence, as noise-

seeded solitonic processes are not involved. A smooth, flat spectrum spanning

800 nm has been demonstrated [Hooper et al., 2011]. This greatly addresses the

stability issue of SC by reducing the pulse-to-pulse shot variation. One current

limit of using such PCFs is that the short wavelength range reaches only around

650 nm. For the liquid applications here, it would be useful if the spectrum from

all-normal PCF could be extended further into the visible, as solvent absorption

is too strong in the near-IR.

CEAS for Solids and Thin Films

The work in this thesis focused on liquid analysis due to the lack of previous

work done in the area and the vast number of future possibilities and applica-

tions that presented themselves. A similar statement could be made for thin films

and solids. Thin samples are of interest in solid state physics and semi-conductor

production. The ever growing demand for consumer electronics increases the need

for advancements in component and semiconductor development. Novel methods,

such as applying the film to the cavity mirror itself, have already been demon-

strated [Kleine et al., 2001]. Single-channel CRDS has also been demonstrated

in the near-IR [Aarts et al., 2004; Logunov, 2001; Smets et al., 2002] and visible
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range [Muir and Alexander, 2003], but overall research remains limited.

The sensitivity of cavity-enhanced techniques is required due to the low ab-

sorbance of thin films. In fact, initial demonstrations to monitor film thickness

spectrally were made by Engeln et al. [1999]; Pipino et al. [1997]. Analysis of

solid samples was also carried out in this thesis on 5 mm thick optical samples

in the visible spectral range, helping to characterise window losses during cal-

ibration (see Section 4.4.2). Use of BB-CRDS for thin films and solid samples

should thus be feasible and offer up a new tool for analysis. Fast measurement

timescales mean that such a system could be incorporated into manufacturing

lines for on-line monitoring during fabrication. The cost of such a system would

be relatively low when compared to techniques such as terahertz (THz) imaging.

However, THz systems are currently unrivalled in terms of sensitivity and real-

time analysis of semiconductor materials [Mittleman et al., 1996]. Furthermore,

if pre-emptive detection is required earlier on in the manufacturing chain, then

plasma sensing analysis may is more suitable [Yue et al., 2000].

Integration with Alternative Techniques

There are a number of innovative techniques outside the realm of line-of-sight

sensing, that can still take advantage of cavity-enhancement. Two such examples

are microfluidic devices (MFDs) and in-fibre sensing.

Microfluidic devices: The growth of lab-on-a-chip technologies has seen a

rapid expansion in the application of microfluidic devices (MFDs) for surface plas-

mon resonance [Hassani and Skorobogatiy, 2006], electrochemistry [Trojanowicz,

2009], Raman spectroscopy [Cristobal et al., 2006; Leung et al., 2005], as well

as classic fluorescence [Dittrich and Manz, 2005] and absorbance applications

[Kuswandi et al., 2007; Nguyen and Wereley, 2002]. MFDs have enabled large

complex processes to be scaled down dramatically from the bench scale to frac-

tional volume amounts 10−9 L to 10−18 L [Whitesides, 2006]. MFDs permit high

throughput of samples or reagents, whilst also enabling high selectivity and con-

trol through specifically designed channels [DeMello, 2006]. Consequently, there

has been wide ranging interest from specialist scientific users interested in mi-

croanalysis [Mogensen et al., 2004], to those developing commercial point-of-care
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devices for low-cost healthcare solutions [Myers and Lee, 2008].

There are a few issues with MFD in terms of sensitivity when related to

liquid-phase sensing, predominantly due to the dramatically reduced pathlength.

Neil et al. [2011] placed an MFD inside an optical cavity with the beam passing

through a point in a microfluidic channel in a CEAS set-up. The quality of the

MFD surface was not optimised in this first demonstration, and although the

pathlength was improved over a single-pass measurement, the overall limit of

detection was relatively modest (αmin = 10−2). A recent review by Rushworth

et al. [2012] shows alternative steps taken to couple light into the MFD channels

and detect the transmitted light at the exit, in order to increase the pathlength,

with some studies using intra-channel mirrors and even prisms to increase the

sample pathlength. The lowest reported detection limit to date for all these multi-

reflection schemes was 3.8× 10−4 for an MFD with mirror-coated capillaries using

an LED light source [Mishra and Dasgupta, 2007]. Opportunities thus exist to

build on an MFD-CEAS scheme or the development of multi-reflection capillaries.

In-fibre sensing: The maximum achievable pathlengths in microfluidic devices

are limited to the millimetre range [Rushworth et al., 2012]. Therefore, the sens-

itivity enhancement is bound to be limited, even with exotic multi-reflection

capillary schemes. Consequently, alternative methods using larger-core capillary

fibres (∼200 µm to 400 µm) have been used to confine liquid sample [Waechter

et al., 2011]. Small sample volumes (100 nL) were still obtainable by Waechter

et al. [2011] using a capillary fibre of 9.25 m to perform a novel implementation

of CRDS over multiple wavelengths through a multiplexing technique.

Photonic crystal fibres have been mentioned thus far in this thesis only as light

waveguides. However, they have several advantages over capillary fibres in terms

of in-fibre sensing, specifically hollow-core PCF (HC-PCF). First, they have very

low waveguide losses and thus much longer fibre lengths can be used compared

to straight glass capillaries of the same internal diameter [Chen et al., 2010].

Alternatively, a smaller internal diameter, and thus volume, can be used for the

same equivalent length of glass capillary fibre. The second point is that they are

almost completely insensitive to bend losses, which allows for more flexible and

robust experimental set-up. Thirdly, light can propagate in a single mode with a

constant transverse intensity profile. This latter point is very important when it
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comes to the use of HC-PCF as nanoreactors for photochemical reactions [Chen

et al., 2010; Cubillas et al., 2012; Williams et al., 2012]. The first application of

PCF sensing envisage the used of evanescent wave field created in the cladding

of soild-core sample PCF pumped with radiation from an SC source for sensing

[Euser et al., 2008]. These recent advancements show the potential of PCFs for

sensitive in-fibre detection of miniscule sample volumes.
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Appendix A

Origins of the Soliton

The generalised nonlinear Schrödinger equation (GNLSE), as shown in Equation

A-1, is routinely used to model the propagation of laser pulses in optical fibres

[Agrawal, 2001].

− iδu
δz

=
1

2

δ2u

δt2
+ |u|2u− i(α/2)u, (A-1)

where the pulse is represented here by u = sech(t). Changes to the pulse during

propagation are simulated in steps. The rate of change of the pulse envelope

is dependent on both dispersion and nonlinearity. Dispersion is represented by

the first term on the right-hand side of the Equation A-1, with the second term

representing nonlinearity and the final term representing fibre attenuation, where

α is the linear loss constant. Fibre losses are taken to be negligible (i.e. α = 0).

The following relationship enables the temporal phase change to be obtained

from Equation A-1 [Mollenauer and Gordon, 2006], assuming f(z, t) is real:

If

δu

δz
= if(z, t)u,

then

δφ(t) = f(0, t)dz. (A-2)
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Effect of Dispersion

In the absence on nonlinearity, Equation A-1 becomes:

δu

δz
=
i

2

δ2u

δt2
,

δu

δz
= (

i

2u

δ2u

δt2
)u. (A-3)

Using Equation A-2, this becomes:

δφdisp = (
1

2u

δ2u

δt2
)dz. (A-4)

Taking the second derivative of u = sech(t):

u = sech(t),

δu

δt
= −sech(t) tanh(t),

δ2u

δt2
= sech(t) tanh2(t)− sech3(t),

= sech(t)[1− sech2(t)]− sech3(t),

= sech(t)− 2sech3(t). (A-5)

Substituting Equation A-5 into Equation A-4 yields:

dφdisp(t) =

[
1

2
− sech2(t)

]
dz. (A-6)

Effect of Nonlinearity

In the absence on dispersion, Equation A-1 becomes:

δu

δz
= i|u|2u. (A-7)

Using the substitution in Equation A-2, Equation A-7 becomes:
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Figure A.1: Theoretical origin of the soliton. The nonlinear (dφNL/dt) and
dispersive (dφdisp/dt) phase shift of a pulse in the anomalous dis-
persion regime and the resultant sum (red line).

dφNL(t) = |u(t)|2dt,

dφNL(t) = |sech2(t)|dt (A-8)

Soliton Generation

Figure A.1 shows Equations A-6 and A-8 plotted showing the combined effects of

nonlinearity and dispersion in terms of phase shift. The two effects balance each

other out, resulting in a pulse that maintains its shape in both the temporal and

frequency domain during propagation. This is called a soliton.
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