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ABSTRACT

The real-time detection of phenols in groundwater using a fibre optic
fluorescent sensor system is discussed. Two sensor designs are discussed,
modelled and experimentally evaluated. One, consisting of a single source
fibre and nine ‘return’ fibres used with a deuterium lamp source, double
monochromator and photomultiplier detector is compared to a dual fibre
device which 1s excited by a frequency quadrupled Nd-Yag laser source,
narrow pass band optical filter and photomultiplier detector. The latter
system has a reference channel to compensate for temporal variations in
laser output optical power. Phenol resolution of less than 1 ppb was
achieved with the laser based sensor operating over a source-sample

distance of 15 metres.
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waveguiding core whilst also reducing the radiation loss into the surrounding
medium. The core size ranges from a few microns (single mode
telecommunications fibre) up to millimetres in diameter The dielectric used is
generally silica but developments in glass technology now enable enhanced
transmission 1n the U.V. and I.R. regions. The propagation of light through an
optical fibre 1s governed by a number of parameters which cover almost every
aspect of guided wave and classical optics. For the purpose of the work in this
thesis however, fibres are used simply as transmission/collection media to and
from a remote location and thus the parameters of most interest are those of

Spectral Attenuation and Numerical Aperture.

1.2.1 Numerical Aperture.

Fig. 1.1 shows a cross sectional view of a step index optical fibre. The refractive
index of the cladding,n 1s less than that for the core,n_,, . Light striking the
cladding from the core will be totally internally reflected if the angle of
mcidence 1s greater than the critical angle,8, . The critical angle occurs at the
angle of incidence where the transmitted ray 1s refracted along the surface of

the core-cladding interface. The critical angle 1s given by:
Sm(®,) =n,/n, 1.2.1.0)

As the refractive index changes abruptly at the core-cladding interface, a step
refractive index profile results.
Equation 1.2.1 (1) can be used to find the size of the cone of light which will be
accepted by this optical fibre. If a ray 1s incident on the core-cladding interface
at the critical angle then 1t will have a corresponding angle 8, ., associated
with 1t[3], which 1s dependent on the refractive index of the medium from
which the ray was launched, n,. If the cone angle 1s 8,,, then by Snells Law:
n,Sm8,,, =n,,.Sno6,

=n,,,Sm(90°-8,)

=n,,, Cos(8,)

= n,,,[1-S1n%(8,)]*
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NA =n,Sin 0 ..
I/# = 1/2(NA)

Figure I 1- Light Ray approach to Definition of NA
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From Eqn. 1.2.1 () Sin(8,)=n,/n_,., thus

core?
2 Y%
n, Sln@max = (ncore “Djaq 1.2.1 (ll).

This value 1s known as the numerical aperture, NA, and i1s a measure of how

much light can be collected by an optical system.

1.2.2 Spectral Attenuation.

The total attenuation of light passing along a fibre depends on three main
factors namely, absorption due to impurities introduced at manufacture (such
as water vapour), microbending (loss induced by mechanical effects on the
fibre), and Rayleigh scattering.

Microbending, as 1t 1s a mechanical effect 1s not specifically spectrally
dependent. Absorption lines due to the presence of impurities in silica are most
pronounced 1n the case of the water or OH absorption peak present at 1.38
microns. By keeping impurity levels low (1:10°) this absorption peak can be
kept to the same order as Rayleigh scattering[4].

In a well constructed optical fibre Rayleigh scattering will dominate the loss
process and imposes the lower limit on achievable attenuation. Unlke
absorption processes where impurity atoms capture and convert the light
energy to thermal energy, Rayleigh scattering is a spatial redistribution of light
mncident on minute discontinuities 1n the core glass structure. These
discontinuities are a direct consequence of the cooling process during the
drawing of the optical fibre from the glass preform. Rayleigh scattering varies

as 1/A%, and so increases dramatically as the wavelength decreases.

1.3 Optical Fibre Chemical Sensors(and their advantages).

Optical fibre sensors are essentially a means whereby hight guided within an
optical fibre can be modified 1n response to an external physical, chemical,
biological, biomedical or similar influence. In the case of optical fibre chemical
sensors light from an optical source whose relevant optical properties remain
constant is launched mto a fibre via a stable coupling mechanism and guided
to the point at which the measurement 1s to take place. At this point either the

hght can be allowed to exit the fibre and be modulated 1n a separate zone
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before bemng relaunched into the same or a different fibre (extrinsic fibre
sensor), or the ight can continue within the fibre and be modulated in response
to the parameter being sensed (ntrinsic fibre sensor)[5].

Optical fibre chemical sensors offer a number of notable features and
advantages over other sensing techniques. Optical spectroscopy and optical
techniques are widely used 1n conventional chemical analysis employing bulk-
optical systems. The adaptation of these conventional instruments to optical
fibre systems enables analysis to be carried out at a remote location 1n real
time.

Optically excited transitions of an atom or molecule between various allowed
quantum states are highly specific and have potential to yield considerable
mformation regarding the molecule and its coupling to the surrounding
medium. This information regarding the chemical structures can be obtained
by absorption measurements, fluorescence, or Raman spectroscopy. The work
1n this thesis deals mainly with the fluorescence of a volatile chemical namely
phenol 1n water.

Optical fibres allow remote sensing in that the source and analysing system
(spectrometer,detector,datalogger etc.) can be located in a clean dry
environment away from the sample; no grab sampling 1s required.

Fibre probes are small and mert and waveguided signals are free from
electromagnetic interference making them suitable for use 1n maccessible
locations and 1n the environs of large motors and high current switch gear.
Optical fibre sensors do not always require a separate reference probe as 1s the
case for many electrical probes (eg differential potentiometric probes) and if
they do 1t 1s usually present at the analytical end of the sensor.

Finally, the components used 1n optical fibre sensors have been developed by
the well established optoelectronics/telecommunications industries, and offer
low cost , high performance fibres, sources and integrated detectors. These
components offer possibilities for the use of disposable sensors, as well as more
sophisticated, permanently deployed, cost effective sensors for use 1n chemical

mstrumentation and environmental monitoring industries.
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Fibre Tips

Light Source Collected Light (a)
(Wavelength #1) (Wavelength #2)

| 1 ’

Analyte

Optical
Fibres

(b)

Reservorr contaiming
chemical reagent which
1s physically attached
to fibre tips.

Membrane

Figure 1.2 (a): Remote Fibre Spectroscopy.
(b): Fibre Optic Optrode.
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1.4 Classification of Optical Fibre Chemical Sensors.

There are two main approaches to detection when using optical fibres as
chemical sensors, namely remote fibre spectroscopy and fibre optic
optrodes[6].(See Fig.1.2.(a) and (b)).

In the case of remote fibre spectroscopy the fibre acts as a simple light guide
which enables direct spectral analysis (absorption/fluorescence) over a long
distance[3).This type of sensor by virtue of its simplicity suffers few if any
disadvantages.

With fibre optic optrodes the optical fibre 1s combined with a specific chemical
reagent at the distal (sensing) end of the fibre. Reagents are chosen to react to
specific analytes and the resultant spectral absorbance/fluorescence yield 1s a
measure of analyte concentration. The reagents are contained 1n a reservoir
attached to the fibre tip which can be accessed through a semi-permeable
membrane, or the reagents may be immobilised directly on to the fibre tip.

Such an optrode 1s shown 1n Fig 1.2.(a).

1.5 Thesis Outline.

This thesis describes an 1nvestigation of the design, construction, and testing
of both a lab-based and a transportable system for the determination of the
concentration of the volatile organic chemical phenol 1n groundwater.

Chapter 2 outlines the impetus for the project, a description of
groundwater, phenol (characteristics,sources and environmental effects), and
a description of recognised conventional methods used for determining the
concentration of phenol in drinking water. Also discussed 1s the method
employed 1n this work and a discussion of its relative merits over conventional
detection techniques.

Chapter 3 describes the characteristics of the optical fibre probe used,
mathematical modelling of 1ts design and finally its characterisation.

Chapter 4 1s concerned with the lab-based multiple-fibre experimental
system used. The system design- the source, optics, detector, photon counting,
and data collection are discussed. Sample preparation procedures and a

discussion of the results achieved with this system are also included.
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Chapter 5 outlines the construction and testing of the prototype
transportable system using a miniature Nd:YAG pulsed laser source, and
examines the results obtained with this system

Chapter 6, m conclusion, 1s an overall discussion and analysis of the

work and a proposal for possible future developments.
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CHAPTER 2,

PHENOLS AND GROUNDWATER POLLUTION.

2.1 Introduction. (Groundwater Pollution).

99.5% of the world’s water cannot be used because 1t 1s either saline or locked
up 1n glaciers and ice sheets. Less than 0.01% 1s present 1n rivers and lakes
and the remainder 1s contained 1n rocks as groundwater [1]. Groundwater 1s
part of the hydrological or water cycle. On top of the rainwater which 1s
evaporated, used by plants and which 1s drained into rivers and streams, some
percolates through the soil and into the underlying rocks: Groundwater. A body
of rock containing an appreciable amount of water 1s known as an aquifier, and
the water-table 1n an aquifier 1s the level below which the pores or cracks mn
the rock are completely saturated and can be accessed by a well or borehole.
In Ireland 25% of the water we use comes from groundwater and this figure
will undoubtedly rise as the country becomes more developed[2].

In general the quality of Irish groundwater 1s considered to be good possibly
due to the slow percolation of rainwater, but as there 1s no national survey it
1s dafficult to accurately assess groundwater quality. This, coupled with the fact
that pesticides and commercial agricultural fertilizers can lead to contaminated
groundwater (and affect human health) has led to the need for groundwater

pollutant measurements not previously required.

2.2 Phenols: Characteristics, Sources and Environmental Effects.

Phenols are characterised by benzene rings substituted with a hydroxyl group.
The family or series of phenolic compounds results from the variety of
substitutions available for the hydrogen atoms on the basic benzene ring. These
phenolic compounds include a wide variety of organic chemicals classified into
monohydric, dihydric and polyhydric phenols depending on the number of
hydroxyl groups attached. Phenol 1tself, which has but one hydroxyl group, is
the most typical of these organic compounds and 1s often used as a model

compound as the properties of phenol, with certain modifications (depending
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on the nature of the substituents on the benzene ring), are shared by other
phenolic compounds [3].

Phenolic compounds arise from the distillation of coal and wood; from o1l
refineries, chemical plants, livestock dips, human and other organic wastes,
hydrolysis, chemical oxidation, and from naturally occurring sources and
substances. Phenols and cresols (phenol with a single methyl group -CH,
attached) have always been available 1n crude form from distillates of wood,
coal and petroleum tars under the names cresote, cresylic acids and tar acids,
and have been used for functions varying from treatment of telephone poles,
to antiseptics, to food flavouring ingredients. Phenols are the precursors of
pharmaceuticals, pesticides, fibres (Nylon-6), resins (Bakelite, Formica and
Epoxies), antioxidants, photographic developers and numerous dyes [4]. A
study of phenolic effluents from various industries 1n the U.S. [5] shows that
i most, if not all case, ssmple phenol 1s the major constituent. The lowest-
molecular-weight, or simplest phenols (phenol, cresols and xylenols) are volatile
substances, having characteristically pungent, antiseptic odour and taste in
dilute solutions (e.g. mg/L) and are poisonous 1n gram quantities [5].

Trace amounts (<1lmg/L) of phenolic compounds can have signmificant
detrimental effects on water quality [6]. Simple phenolic compounds, such as
phenol are often biocidal and lower forms of life (especially aquatic) tend to be
more severely affected. Acute or even chronic toxicity 1s seldom a problem for
land anmimals: they avoid drinking water contaminated with phenols because
of its objectionable taste. Also many phenols when ingested are rapidly expelled
from the body. Aquatic species however cannot escape such pollution and so
their poisoning 1s more serious. Phenol can taint the flavour of fish used for
food with concentrations of 0 1 to 25pg/L (0.1-25 parts per billion) depending
on the species of fish adding a particular off-flavour. Besides tainting of fish
flesh phenols are also toxic to fish. Toxic effects are usually described 1n terms
of lethal concentrations which kill 50% of the test species within 96 hours
(LCsy) and depends on the particular biotic species. As an example, freshwater
trout have an LC,, of 5000ng/L (5 parts per million) [7] It must be taken 1n

context though that the LC;; 1s an ndication of acute toxicity, representing
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minimum conditions for survival rather than acceptable conditions for
livelihood.

As phenols impart an objectionable taste to food and water toxic exposure
seldom occurs 1n humans and so criteria for human public water supplies are
based on taste thresholds. Chlorination 1s a standard method for the treatment
of public water supplies. The advantage of chlorination, on top of disinfecting
the water, 1s that 1t generally oxidizes the objectionable tasting or smelling
organic substances mnto more mnocuous compounds. However the reverse 1s
true for simple phenols. Phenol has a taste objectionable to humans at the 10-
100pg/L (10-100ppb) level whereas 1its chlorinated derivative has a taste
threshold ranging from 1pg (1ppb) or less [8]. Thus the U.S. Environmental
Protection Agency, the E.C., the Irish E P.A. and most other international
agencies recommend a maximum of (1pg/L) of total phenols 1n domestic water

supplies and the following criteria for other water supphes [9],[10]:

Irrigation 50 mg/L
Livestock Water 1000 mg/L
Aquatic Life 0.2 mg/L

2.3 Current Methods for Phenol Determination.

In a recent examination of the effect of organics on groundwater pollution by
the International Association on Water Pollution Research and Control
(IAWPRC) an impact assessment found that releases from point sources (waste
tips, spills or leakages), although absorbed by soill will sooner or later
contaminate groundwater. Additionally diffuse sources (pesticide applications
etc)- although less severe m the short term- will lead to a continuous
degradation of groundwater in the long term [11]. This refers in particular to
the more water soluble organics (simple phenols) and so monitoring phenol
levels 1n drinking water sources has become necessary and now requires
sensitive (pg/L) analytical methods. There are numerous techniques used to
determine concentration of phenols 1n water, many of which have recently been
outdated during a re-examimation of analytical techniques by the U.S. E.P.A.
[12]. However, the following 1s a number of methods approved by the U.S.

E.P.A. and their corresponding automated systems. Each 1s considered briefly
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2.4 Conclusions.

Groundwater 1s increasingly becoming a major source of drinking water
worldwide. However 1t may suffer pollution from many sources mncluding
phenols. If so, because of the nature of groundwater (present in rocks) 1t 1s
dafficult, if not impossible to treat and restore to normal - unhke surface
waters. Thus, the monitoring of groundwater 1s particularly important. Phenols
are particularly soluble i1n water and are toxic to fish and taint fish flesh as
well as having an objectionable taste to humans at low levels. Phenol
concentration m water 1s, at present, monitored using a number of automated
systems all of which have advantages and disadvantages as discussed above.
They are all lab-based systems however and because they involve the use of
grab sampling they have a number of obvious flaws when they are examined
as groundwater monmitoring techniques:

Firstly the very nature of grab-sampling 1s a totally random technique unless
1t 18 carried out on a continuous basis which would be impractical.

Phenols are volatile chemicals and the removal and transportation of samples
from groundwater sources (wells,boreholes etc) may change the composition of
the samples and thus give maccurate pollution level readings.

Tedious and time-consuming sample preparation (and 1n some cases chemical
reagent preparation) 1s required.

Becguse most of the equipment 1s bulky and 1n most cases very expensive it
would be impractical to have 1t dedicated, on-site and 1n any case, access to the
groundwater would be difficult, if not impossible

The system proposed in Chapter 4, using optical fibre spectrometry and photon-
counting techniques 1s an experimental lab-based system which, unhke many
of the systems outlined above requires very little sample preparation and has
few components, 1s relatively inexpensive and can produce comparable
detection limits. In Chapter 5, a transportable, on-line system is proposed
which 1nvolves no sample preparation, and can continuously monitor phenol
content 1n groundwater, to a maximum depth of 15m and so, has implications

for concentration momitoring of groundwater on-site 1 boreholes and wells.
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CHAPTER 3.

OPTICAL FIBRE SENSOR:
DESIGN, MODELLING AND PROOF TESTING.

3.1 Introduction.

In any low-light optical system the problem perhaps most often encountered 1s
that of coupling the maximum amount of light into the optical detector. This
is especially true m the case of optical fibres and optical fibre sensor systems.
Both the lab-based and portable sensor systems' designed and examined in
this thesis mvolve the use of remote fibre spectroscopy and extrinsic sensors?.
For this reason both systems are rehant on the intensity of fluorescent hight
from the analyte. Excitation hight of specific wavelength 1s guided down one
fibre and into the analyte and the fluorescent hight (at a longer wavelength) 1s
collected by one or more fibres and 1s guided towards the detector for analysis;
See Fig. 3.1. The first part of this chapter 1s concerned with the nature of
molecular fluorescence and i1ts use 1n fibre optic fluorescent sensing particularly
with respect to phenol fluorescence. The latter part describes the factors which
govern the coupling of this fluorescent hght into the collection fibre/s and
describes the approach taken in designing and mathematically modelling a
fibre optic probe which can capitalise on these factors and couple the maximum

amount of light into the detection system.

3.2 Fluorescence Spectrometry and Fibre Optic Fluorescence Sensing
as a Chemical Analytical Tool.

Fluorescence Spectrometry 1s becoming increasingly popular in many branches

of chemical and biological science. It 1s used 1n studies of molecular structures
and interactions and in the localisation of molecules (biological systems) as well
as 1n many types of trace analysis[1]. As mentioned briefly above the essence
of fluorescence spectrometry 1s that a molecular sample illuminated by an

external source absorbs light energy of a certain wavelength and 1s excited 1nto

! Se¢ Chapters 4 and 5 for more detail,
? See Chapter 1, Section 12
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a higher state. The sample then emits light of a different wavelength (generally
longer than that of the excitation hght). The principal advantages of the
technique are as follows:

(a) Sensitivity; where picogram quantities of material can frequently be
studied.

(b) Selectivity; deriving 1n part from the two characteristic wavelengths
(M exerrems) Of €ach compound, and

(c) The variety of sampling methods available; dilute and concentrated
solutions, suspensions and sohid surfaces, can all readily be studied and
combinations of fluorescence spectroscopy and chromatography can also be
used.
The usefulness of fluorescence spectrometry is widely documented. However,
lab-based fluorometry systems are generally cumbersome with large light
sources, monochromators and detection systems, which do not lend themselves
to chemical analysis 1n the field. The advent of mimiature high-performance
detectors and compact high power sources coupled with advances in optical
fibre technology has made viable portable chemical analysis, through optical
fibres and fluorescence methods, a reality.
Most phenols and 1n particular, phenol itself both absorb and fluoresce 1n the
Ultra-Violet region®. Fundamental attenuation due to Rayleigh Scattering
which increases as 1/A* drastically reduces U.V. light power delivered over
traditional optical fibres. Developments 1n the manufacturing process however
have increased the transmission capabilities of fused silica fibres*. Both Plastic
Clad Silica (PCS) and All Silica versions of this high quality step-mdex fibre
were used 1n the assembly of the sensors assessed m the course of this work.
Due to the Iimited transmission, even with this specialist fibre maximising the
coupling of the optical components became critical. Thus the design of the

distal end of the sensor was 1nvestigated so as to maximize the light gathering

efficiency.

* See Chapter 2, Section 23 3/234
4 See Chapter 4
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3.3 Fibre Orientation (Angular Considerations).

Previous work by others in the area of UV laser-induced fluorescence using
optical fibres [2] concentrated on using parallel fibres at the distal end of the
probe and parameters governing this type of measurement have been well
characterised. However, in more recent work [3] various angular orientations
have been used in examining fluorescence from soluble chemical species. A
theory governing the performance of probes with angular dependence has been
suggested [4] and the model used for collection of fluorescence 1n this work 1s

related to this theory.

3.4 Mathematical Model (Software Prediction).

In order to construct the most efficient probe 1t was decided to both model and

verify experimentally the effect of using various fibres at various angles to one
another. A full description of the mathematical model 1s given 1n Appendix (A)
however the following 1s an outline of the idea involved and the software
written to examine the model.
3.4.1 Mathematical Model. (Outline)

In any system as complex as one which involves propagation of ight 1n three
different media where two are varying spatially with respect to the third 1t 1s
essential to define a Basis or number of Bases and to find the relationship
between them, before attempting to stmulate the phenomenon taking place.
Diagram 3.2 shows the Basis R, describing the 1deal cone of emission of hight
from the excitation fibre which 1s i1dentical, in form, to that of the cone of
collection R,. Thus any point 1n either Basis in the common medmum outside

the fibre face can be described in Carthesian Co-ordinates as follows:

x{+yi<zitana, x,=1r,cos0,
y.=r,51n6,
Cone,;: Emtter z, S$Z, 0<0,<2=w 3.4.1
wlth;
z,lim=r tana, z,11m<z, <z, max
X;+yiszitan®a, x,=r,Cos0,
Y,=I,S1inf,
Cone,:Collector z,limsz,<z,max 0<0,<27n 3.4.2

with;
Z,22Z,lim=r,/tana, 0sr,<z,tana,



In the case of multimode fibre and especially with large core diameters the
mhomogeneity of the beam emitted from the fibre face must be taken into
account [4]. Thus 1t 1s assumed that all of the points of the end face of the fibre
are as point sources illuminating a core of max half-angle ;. The wrradiance
due to each of these sources , of co-ordinates (rCos6,rSin6,z;,,) in the

coordinate system R, with surface r,dr,d6 1s;

dr, = P, rdrdd

nr{ 2m [1-Cosa,lp; -

_—

with p*=(x,-rCos0?+(y-rSin0)*+(z,-z,11m)?
5

Thus, at the point M(x,,y,,z,)R, (Exit face of 1lluminating fibre core) the total

irradiance is given by;

I,= f di, 3.4.4

FibreFace,

Obwiously the integration must only be made over that part of the fibre endface
which may illuminate the point M(x,,y,,z,)R, 1.e.(Core,). Thus for ease of
programming .

I,= Test, (r,0) dT, 3.4.5
° rlo 0'[0 °
where Test, 1s the condition that the slope between the point on the fibre

face and the point M(x,,y;,z,)R, 1s less than or equal to the tan of the N.A. a,

yll'ylo]

a,=Tan™*[
11" X10

(Test, is either 0 or 1)
Smuilarly for the collection of the fluorescent light the Raman Intensity dI;

(W/sr) given by an element of volume dx,,dy,,dz,) centred on the point

M(x,,y,,2,)R, 18 given by

P = fff di, Q) 3.4.7

Intersection
ofNACones

* See Appendix A

Chapter 3 Page24



DUAL FIBRE MATHEMATICAL
MODEL.

INTER-FIBRE ANGLE = 0
dr

Figure 23 Side view of overlap of emission and collection cones with
(a) Inter fibre angle = 0.
) Inter fibre angle > 0.
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Figure 35 View of Test,c volume in direction of arrow A from point z,=0
Interfibre Angle = 2(0° |pl6| = 3.6mm.

fAppondina B
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where Q(M) 1s the divergent solid angle given by the point M(x,,y,,z,)R, and

arriving on the surface of the collecting fibre;

I 2n
Q(M =f fTestz(r,e) CosY rqrap 3.4.8
r=00=0 pg

with
' pi=(x,-1,C088,? + (y,-r,51m8,)* + (z,1:

Cos¥=(z,-z,1im) /p

There are a number of approaches which one can use in the analysis of the
collection of fluorescent hight but all depend on being able to characterise the
overlap volume of both the emission and collection cones defined outhined above
in the limits of Equation 3.4.7. Much of the work concerning the modelling of
the collection efficiency of the fibre probe in this chapter was mvolved 1n
defining this volume and how 1t alters with change 1n angle between the two
fibres. This concept 1s 1llustrated diagrammatically in Figure 3.3 (a) and (b)
and a mathematical description of the volume 1nvolving the parameters and
variables 1n Figure 3.4 1s available in Appendix B. The software programme
written to characterise this volume 1s known as "Test,.c" and a copy of both
itself and a flowchart describing how 1t works are also included in Appendix B.
This software was written 1n both TurboC and AnsiC languages and were run
on both an "Enigma" 386 pc and on HP workstations . Figures 3.5 shows a
topographical view of the Test, volume at an inter fibre angle of 20° from the
point of contact of two fibres looking directly into the analyte (400pm core,
850pum total diameter). From this figure the change 1n shape of the interaction
volume after only 3.5mm 1nto the liquid can be observed. Figures 3.6 and 3.7
show topographical views of the same volume from the axis of both the
excitation and collection fibres respectively. Figures 3.8 (a)(b)(c) and (d) show
surface area grid drawings of Test, volumes for various inter-fibre angles
between two 400pm core diameter fibres of NA 0 4. These profiles were all
constructed from data generated by the Test, modelling program which

generated the points lying on and nside the Test, volume. The software
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Figure 3.9: Laboratory jig and setup used for probe collection efficiency study.
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fluorescence. The fluorescent hght collected and guided back along the
receiving fibre was coupled to the mput sht of the monochromator.

This was achieved via a specially constructed mounting which housed an xy
positioner. The fibre was optically matched to an f/2 lens. The subsequent
collimated beam was matched to the monochromator via an f/4 lens. A
Bentham DM150 Double monochromator fitted with special holographic
gratings (1800 lines/mm) was used. The double monochromator reduces the
amount of stray light incident on the detector, which 1s essential for low level
fluorescence detection and the 1800 /'mm gratings give the monochromator
greater resolution in the UV region for work on Phenol fluorescence detection,
described in Chapter 4. The DM150, with focal length of 300mm and f/# of 4.2
was well matched by the input optics described above. The detector system
employed a photomultiplier tube 1n photon counting mode which was interfaced
to a personal computer via a Stanford Research SR400 dual channel photon
counter®, described also in Chapter 4.

3.5.2 Results.

Inmitially a 200ppb solution of Rhodamine 6G was scanned over the region from
450nm to 550nm by stepping the double monochromator through these
wavelengths See Fig 3.10. This spectral scan was carried out to determine the
wavelength of max fluorescence of the analyte. The system was then set at the
angle of max fluorescence and the following approach carried out. The angle
between the two fibres, beginning at zero was varied n steps of 2° up to 40° so
as to give an idea of the collection efficiency variation with angle. The setup
described above using the photon counting method was used with integration
times of 100 secs for each angle reading. The readings were firstly taken for
increasing angle and then with decreasing angle and the average value for each
angle was derived. This showed a definite increase 1n collection of fluorescent
light at an angle of 24°. Further studies using phenol confirmed this was still
the case which compared favourably with the theoretically derived values as

can be seen 1n F1g.3.11 (a)and(b).

® Photon counting 18 used to detect very low light levels (Phenol Fluorescence)
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3.6 Design proposals.

The design for the prototype was driven by a number of considerations. Its
planned eventual use would be 1n boreholes and wells as well as 1n waterways.
It would therefore be required to be rugged and small as well as offering
protection to the fibres. The positioning of the fibres with respect to each other
1s critical so mechanical stability without damage to the fibres was also crucial
as well as having the capability of adjusting or replacing fibres if the need
arose.

There are a number of important facts to take into account when designing a
fibre probe to detect fluorescence. The two most important perhaps are:

(a) Fluorescence generated 1s proportional to the intensity of the hght source
used to excite a sample.

(b) In addition, the nature of the fluorescence phenomenon means that the
hght from a fluorescent event has an equal probability of being emitted 1n all
directions [1].

In order to fulfil (a) a high power, stabilized Deuterium lamp and a pulsed,
frequency quadrupled, Nd:Yag laser respectively were used®. Where (b) 1s
concerned we know from the above research, (3.5.2) that a PCS 400um fibre
probe with a collection fibre at 24° to the excitation fibre gives the maximum
fluorescence collection and similarly 16° for 600um fibre. However, if a number
of collection fibres are used then the fluorescence collecting power of the probe
will be increased [5].

Based on the considerations outhined above the two prototype designs used in
this work were developed. The first, for use with the Nd:Yag laser system [Chp
5] 1s shown 1n Fig 3.12. A metal yig was machined to hold two 600um core
fibres at an angle of 16° to each other.

The second design 1s shghtly more involved. A simple calculation based on Fig
3.13 shows that the maximum number of collection fibres which may surround
a single excitation fibre 1s nine. This 1s shown 1n Fig 3.14. This 1s also more
difficult to construct. Both are characterised and described in more detail 1n

Chapters 4 and 5 respectively.

® See Chapters 4 & 5.
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3.7 Conclusions.

The aim of the work carried out in this chapter was to characterise the
behaviour of a fibre optic fluorescence probe so as to maximise the fluorescence
collection efficiency. Previously this type of fibre probe collection efficiency has
been theoretically modelled but no publication of experimental verification or
disproval of these results could be found and, 1n any case, 1t may not have been
relevant to the fibre or setup which the work in this thesis covers. For this
reason the prototype fluorescence probe was firstly mathematically modelled
and then expermmentally tested. If the model did not exactly mimic the real
setup 1t did show a close correlation with the experimental results. Perhaps
such developments which would take into account additional fluorescence
effects as well as skew-ray guiding and cladding modes would improve the
validity of the model ie. light guided which would not be included in the simple
ray approach to Numerical Aperture. For the 400um core diameter PCS the
inter-fibre angle of maximum fluorescence collection was found to be
approximately 24° and for the all-silica Superguide 600um core fibre a more
shallow angle of 16°. The acceptance angle, in air, for each of the above based
on the nominal N.A., 1s 23.6° +/- 1.5° and 12.7° +/-1.5° whach shows a direct
correlation between the efficiency of the fibre probe and the numerical aperture
of the fibre being used. Further to the above theoretical and experimental tests,
two prototype sensor designs were developed and constructed for use with two
different sources of excitation hght which are to be evaluated as complete
systems 1n chapters 4 and 5 respectively. The maths model achieved all that
was required of 1t for this particular application but perhaps further
development of this model supported by the appropriate research could suggest
some new designs for sensors not just mn fluorescence analysis but also m

absorption of liquid media and perhaps also 1n gaseous media.
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Figure 4 1: Lab-based System (FExperimental).
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254-F), peaking at 254nm with 20nm fwhm, was used to reduce mnterference
due to other optical effects outside the spectral region of interest. The diverging
beam of the arc was focused onto the fibre end using an {f/2 fused silica lens
and an xyz fibre positioner as described i Chapter 3 . Each of the components
and the launch assembly as a whole were tested and verified. The entire
launch system was held 1n the aforementioned lamp housing (Fig 4.1) where
the lamp, lens, filter and fibre were clamped after alignment.

As mentioned in Chapter 3 the optical fibre used was a specialist Fibreguide
Industries Superguide SPC 400B with a 400pm silica core and a black Tefzel
outer protective coating. Attenuation was quoted by the manufacturers as being
1dB/m or 80% transmission at A=250nm, See Fig 4.4. The fibre was quoted as
having a numerical aperture of 0.4 1n air. For coupling hght into fibres the

following calculation 1s considered:

or

n
—< = (1-S1n%0,)%
g

Using Snell’'s Law and rearranging gives:

Slnemx=ni (nZ-n2)*
[e]

The quantity n_S1nb
fo] max

1s the Numerical Aperture, or N A. as defined in Chapter 1 and 1s dependent
to a great deal on the refractive index of the medium, n,. (NA)? 1s a measure
of the light gathering power of the system. The term originates in microscopy,
where the equivalent expression characterises the corresponding capabilities
of the objective lens. The N.A. and {/# of a system are related as follows[3];

o 1
f/no X0
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In this case the f/#,, = 1.25. Fibre end preparation was carried out as described
i Chapter 3.

Following the assessment of fibre probe design a "9 around 1" probe head was
constructed using an aluminium block with a central axis hole surrounded by
9 grooves at 40° intervals and at an angle of 24° with respect to the axis
(See Figure 4.6). Each of the ten 1m length fibres, having been polished and
individually checked for transmission was assembled into the probe head and
glued in place later to be given increased stability by a fitted Alumimnium hood.
The fluorescent light collected and guided back along the fibres was then
coupled to the input sht of the double monochromator BENTHAM DM150. The
mput stage of the double monochromator, initially designed to accommodate
hight from a single fibre , as described in Chapter 3 was adapted to receive 9
fibres. As was outhined also in Chapter 3 the double monochromator offered
high resolution with its 1800 lines/mm holographic gratings even with
relatively large sht widths See Appendix D. It also considerably reduced the
amount of stray light reaching the detector. Coupling of 9 fibre-end 1mages onto
the gratings of the monochromator without underfill or overfill required the
testing of a number of fibre bundle configurations. A schematic of the most
efficient is outhined 1n Figure 4.7. Again, in this case the fibres were bonded 1n
place into a hollow aluminium cylinder chuck for easy manipulation in the x,y,z

planes at the monochromator entrance stage.

4,3 The Optical Detection System.

A variety of optical detectors exist for detection of UV radiation. By far the
most sensitive when considering signal to noise ratio and performance at low
hght levels are photomultiplier tubes. The principal of operation of these
detectors can be demonstrated by referring to Fig 4.8. When 1ncident light
enters the photocathode of a PMT photoelectrons are emitted from the
photocathode. These photoelectrons then travel through the dynode chain
where they are multiphied by a factor of typically 10° or 10”. The avalanche
electrons are 1n turn collected by the anode and fed to an external circuit as a
current or voltage pulse. If the intensity of incident hight 1s altered then this

change 1s reflected by the change 1n the output pulses from the PMT. The
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3. Dewviation of electrons from normal multiplication process.
These effects manifest themselves 1n a pulse height distribution(PHD) as in Fig
4.10 and Fig 4.11 and it 1s by examining this P.H.D. and by varymg the
parameters governing PMT operation, that the photon counting system 1s

maximised for a particular application.

4.4.2 Maximising PMT use for Light Detection.

As 15 evident from Figs. 4.10 and 4.11 there 1s always a distribution of signal
pulse heights from a PMT due to the statistical nature of the secondary
emission process. There 1s another distribution of noise pulse heights from
dynode thermionic emission which have a lower mean pulse height than signal
pulses. In order to eliminate these pulses from the count and improve the
signal to noise ratio, a lower level of discrimination (LLD) 1s set above most of
the noise pulses but below most of the signal pulses. In cases where higher
fluxes of light may occasionally appear 1t may be necessary to set a high level
discrimination (HLD) level also to ehminate readings caused by double photon
counting. Double photon counting occurs when two photons appear so close
together 1n time at the photocathode that the PMT cannot resolve them and
mmstead of two single photon pulses, one pulse of a much higher level 1s
detected. The HLD may also ehminate counts due to high energy cosmic rays
which may impinge on the PMT.

At this point a special photon counting tube and potential divider base were
employed; Hamamatsu R1527P and base C956-06. This tube had a UV glass
window (higher transmission 1in the UV) and had a special low noise bi-alkali
photocathode. The current amplification was 5 x 10°%, dark current 0.1 nA and
a typical risetime of 2.2 ns. The necessity for using the C956-06 photon
counting base was that 1t totally encapsulated the negative high voltage power
supply and voltage divider circuit thus reducing EMI/RFI noise signals but also
for the following reason. Fig 4.12 shows the collection efficiency observed when
changing the voltage of the photocathode to first dynode of a typical R268 PMT
in photon counting mode. Thus 1t 1s obvious that in order to stabilize collection

efficiency 1t 1s necessary to apply kilovolts to the photocathode and first
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