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Abstract

This thesis reports on work carried out in the development of ultraviolet fibre-optic
based absorption sensor systems, including those with the newly available ultraviolet
improved silica fibres having low attenuation in the 200 nm to 250 nm wavelength region. Several approaches to optimize the optical design of such sensor systems, their
sensitivity and stability are discussed. These fibre-optic sensor systems may be used for
remote on-line and real-time analysis of process and water quality, enabling a separation
of monitoring equipment from the sensor cell, which thus may be situated in a potentially hazardous environment.

The effect of temperature variations on wavelength stability and dark output of inexpensive spectrometer modules, potentially useful for field applications, and the subsequent effect on the accuracy of absorption measurements, as well as the sensitivity of
such spectrometer modules at wavelength below 250 nm, is investigated. Further, the
performance of a remote fibre-optic sensor system, based on a reflectance cell with an
optical pathlength of 1 cm, to measure nitrate concentrations in the wavelength region
between 200 nm and 250 nm, is reported.

Finally, to improve the sensitivity of such ultraviolet sensor systems, the performance
of two fibre-coupled sensor cells with increased optical pathlengths has been investigated. The first sensor cell, based on an aluminium coated fused silica capillary cell,
having an optical pathlength of 43 em, is demonstrated in the construction of a residual
chlorine sensor. The second sensor cell, a capillary cell with an inner coating of Teflon AF, uses the low refractive index and the high transparency of Teflon AF in the
ultraviolet to form a liquid-core waveguide (LeW). This sensor cell has an optical
pathlength of 203 mm, extending the use of long pathlength cells to the 200 nm to
250 nm wavelength region. Its performance is illustrated when applied to monitoring
low concentrations of nitrates, chlorine and acetylsalicylic acid.
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1. Introduction and Background
A major concern in the scientific and industrial world has always been to determine the
composition of bulk matter in either its aqueous, solid or gaseous form. This has resulted
in a expanding effort to develop a variety of analysis techniques, enforced by an increasing
concern about environmental quality and cost-effectiveness in recent years. The development of sensors, which are capable of continuously and reversibly recording of either
physical parameters or the concentration of chemical or biochemical species was a logical
consequence. Existing analytical methods rely on the transducing effect generated when a
parameter is subject to a physical, chemical or electrical disturbance and can be grouped
into four major categories. These categories comprise electrochemical methods, chromatography, optical, spectroscopic methods and miscellaneous methods. Typical applications
of such sensors can be found, for example, in the food or pharmaceutical industry, for
monitoring the quality and possible toxicity of their products. In the biomedical field, the
concentration of a number of substances, such as carbon dioxide, oxygen and pH in
blood or urine are monitored during surgical operations to observe a patient's health. Another most important field for sensor application is the Water Industry, which has to
comply with the recent increase in legislation from the EC for tighter control of waterborne pollution [1]. A set of standards concerning acceptable concentration limits of pollutants, such as nitrate (NO;), ammonia (NH3), and total organic carbon (fOC), which
can be used to predetermine the level of pollution in sources waters and effluents from
sewage treatment plants, has been issued and created a need for simple and robust sensor
systems in this area.

The development and application of optical sensor schemes and especially fibre-optic sensor schemes has been described widely in the scientific literature [3, 4, 5, 6]. Some of their
important characteristics and advantages are for example their immunity to electromagnetic interference, having a non-electrical method of operation, small size and weight, low
power consumption and in many cases comparatively low cost. The rapid advancement
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found in this field owes much to the development and usage of optical fibres and associated optoelectronic devices for the telecommunication industry.

Spectroscopic analysis, on which this work is based, relies on the interaction of electromagnetic waves with matter. The interaction is seen through an exchange of energy between the two systems, i.e. molecules or atoms and the surrounding media. Quantitative
information related to the species observed can be obtained through the analysis of returned energy, as in the case of light absorption and emission. This results from rules, established in quantum mechanics, which predict that molecules and atoms interact with the
wave by exchanging fixed amounts of energy. Different types of molecules or structures
can be determined with absorption or emission spectroscopy, depending on the wavelength of the interacting wave. Whereas in the ultraviolet and visible part of the light
spectrum, valence electrons are involved, an interaction in the infrared part of the light
spectrum depends on vibrational and rotational energies [2].

A number of optically-based sensors have been designed in the past to measure the concentration levels of different species. Using ultraviolet (UV) absorption techniques, in the
wavelength region below 300 nm, for example, chlorine in the form of hypochlorite ions,
nitrate and nitrite ions can be determined. Although the absorbance of these species is
significant in water-cells, the usage of such sensor system has largely been restricted, in the
past, to laboratory analysis. The advantages of incorporating optical fibres with small diameters « 1 mm), introducing high levels of flexibility into such sensor systems were often nullified by a number of reasons, such as solarization effects in the fibre, caused by the
exposure to UV-light during light transportation through the fibre core, the unavailability
of suitable light sources and wavelength resolving detectors, as well as sample cells, featuring an acceptable light loss and efficiency in the deep ultraviolet. However, such a sensor arrangement would only require small sample volumes due to the small dimensions of
the fibre and additionally result in the separation of the sample cell, placed in a potentially
hazardous environment, and the monitoring equipment.
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1.1 Aims and Objectives
The research described in this work discusses the development of a fibre-optic-based
polychromatic chemical sensor system for use in the ultraviolet part of the light spectrum
at wavelengths below 250 om and investigates a range of design aspects of such a sensor
system which ultimately may have field use.

The principle aims and objectives of the thesis are to describe and discuss:
• the development of a fibre-optic based polychromatic chemical sensor system.
• an investigation of the underpinning physics of the sensor systems considered.
• the characterization of novel UV transmitting fibres in a sensor system.
• the characterization of a series of spectrometer systems in tenns of their perfonnance
at varying temperatures representing the extremes of field use.
• the development and characterization of a reflectance cell, an aluminium coated capillary cell and a novel flow cell optical waveguide using a Teflon AF coating with a lower
refractive index than water at the inner wall of the sample cell.
• a range of measurements with the sensor systems on a number of chemicals to determine their applicability.
• several conclusions of the research and suggestions for future work.

1.2 Structure of the Thesis
A brief introduction to fibre-optic sensing schemes is given in Chapter 1, mainly citing
relevant literature offering a review of the relevant aspects in the area of fibre-optic sensing. Following that, a simple model, describing the flow of light power and the wavelength-dependent losses in the individual components of a fibre-optic based sensor
scheme, is presented. Then, the measurement principle of the Bouger-Lambert-Beer Law,
its range and possible deviations are described and related to the subsequent work.
In Chapter 2, the effect of UV-radiation on hydrogen treated optical fibres with a fused
silica core and a fluorine doped cladding is investigated and its improved stability in the
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wavelength region of interest shown. A simple UV-Iens coupling system consisting of a
deuterium lamp and two fused silica lenses is introduced. The advantage of this arrangement is to use the chromatic aberration of the lenses to compensate for increasing losses
in the wavelength region of interest in the remaining optical components of the sensor
system.

Novel research on the effect of temperature variation on the optical and electronic stability of inexpensive spectrophotometer modules, potentially useful in field sensor systems,
is discussed in Chapter 3. This is followed by a comparative discussion on the relative optical sensitivity of two inexpensive spectrophotometer modules used in a sensor arrangement optimized for the most interesting wavelength region below 250 nm.

Based on the forgoing, a simple nitrate sensor, relying on a fibre-optic based reflectance
cell is described in Chapter 4, proving the applicability of the proposed deep UV sensor
system in a laboratory based environment.

However, only short optical pathlengths and therefore only low sensitivities are possible
with such a sensor cell. To increase the optical pathlength and therefore the sensitivity of
the sensor arrangement, the usage of a aluminium coated capillary cells, working as a light
guide, is presented in Chapter 5, to determine low concentrations of chlorine in aqueous
solutions. Finally, the design and application of a liquid core waveguide, confining the optical energy in its core to form a ultra sensitive sample cell containing the sample solution,
is described.

Conclusions and suggestions for future work are included, as is a detailed reference list.

1.3 Review of fibre-optic sensor schemes in chemical monitoring
The progress achieved in fibre-optic sensing technology has been extensively reviewed by
many authors [3, 4, 5, 6]. Thus, the scope of this sub-section is only to guide the interested
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reader to the different sensing techniques possible with fibre-optics by giving a brief overview. There are several ways in which fibre-optic sensors can be classified. A first possibility may be to distinguish between extrinsic and intrinsic sensors. In the case of extrinsic
sensors, optical fibres are only used as a guide to transport light to and from the sensor
cell, while in case of intrinsic sensors the measurand directly modulates some physical
property of the optical fibre. These systems could then be subdivided by their transduction mechanisms in intensity or interferometric based sensors. Typical measurands that
can be addressed with fibre-optics by intensity are particle size, turbidity and pH, by intensity or phase are pressure, displacement, position, magnetic field, temperature, gas, chemical concentration, vibration and level and most frequently by phase are laser velocimetry,
vibrometry and holography.

However, in the field of optical fibre-based chemical sensors and biosensors, which this
work is focused on, commonly used transducing effects are absorbance, fluorescence,
fluorescence decay, infrared spectroscopy, Raman spectroscopy, as well as reflectrometry,
refractometry, evanescent wave spectroscopy and several miscellaneous methods. Absorbance spectroscopy can be configured in various forms, probably the most popular
method in conventional analytical chemistry is based on the absorbance of light by the
analyte or an indicator. The linear relationship between absorbance and concentration, described by the Beer-Lambert Law and extensively discussed in Section 1.6, can be used to
determine the concentration of an analyte. Fluorescence, on the other hand, is light emitted by a molecule in its first excited singlet state and was, for example, used to measure
pH with the dye fluoresceinamine [7] or fluorescence quenching of oxygen [8]. Infrared
spectroscopy is an absorption technique covering the near infrared (NIR) and infrared
(IR) of the light spectrum and is mainly used in the NIR to detect C-H, O-H and N-H
bonds that absorb in that region. Another emission technique involving inelastic scatter of
absorbed Oaser) light is Raman spectroscopy, with Raman bands arising from changes in
polarizability in a molecule during vibration, while infrared bands reflect a change in polarization during such a vibration. Raman techniques are the method of choice when
highly polarizable bonds of a sample, such as C=C, C=C, C=N, or S-S are observed,
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which are often invisible in the infrared, but produce strong Raman bands. Reflectance
spectroscopy is based on the reflection of a light beam at the surface between two media.
Useful information may be extracted from diffuse light reflected from the second
(observed) medium, as for example is realized in the development of a heart beat monitor
based on the variation of light reflected from a jugular vein caused by blood flow [9].
Since the feasibility of transporting light in an optical fibre is based on total internal reflection between the fibre core and cladding, a change of the cladding refractive index by
chemical means is a direct way to transduce a chemical parameter. This technique is called
refractometry and has, for example, been exploited to measure the refractive index of liquids [10]. Another experimental approach is to attach a chemically sensitive cladding to the
core of a waveguide and use the evanescent field at the corel cladding interface to detect
the presence of an analyte. However, the evanescent wave decays exponentially with distance from the interface with a characteristic 1 e- t decay distance of 50 - 100 nm and
therefore this restricts the spatial volume probed. This is the principle of evanescence
wave spectroscopy and has, for example, been used to develop a reversible optical
waveguide sensor for ammonia vapours [11]. Additionally to the techniques described, a
number of miscellaneous methods have been developed, such as opto-acoustic techniques, where the sample absorbs and re-emits the energy as heat; interferometric techniques, relying, for example, on physical change of the fibre length, and ellipsometry
where the polarisation state of the reflected light from a thin layer surface is monitored.

Although fibre-optic sensors developed to date are not easily summarized in one representative system, they commonly consist of a light source, optical fibres, wavelengthselection system, light detection system and readout device. Low-cost tungsten halogen
lamps and most recendy, ultra-bright light emitting diodes are often used in the visible
part of the light spectrum, with xenon and deuterium lamps in the ultraviolet (UV), to perform reflectance and absorbance measurements. To obtain high intensity light for fluorescence sensors, xenon or low pressure mercury lamps, as well as helium-neon, heliumcadmium or argon lasers have been used. A variety of optical fibres have been developed
for the communications industry and have been widely utilized for sensor applications.
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Measurements in the UV are currently perfonned with fused silica fibres, whereas quartz,
glass or polymethylmethacrylate optical fibres are used in the visible region. To extend
remote measurements to the infrared part of the light spectrum, fibres containing special
fused silica, zirconium fluoride, or chalcogenide glasses have been developed. Two types
of wavelength selective detector systems are used to observe the desired wavelengths.
These are cut-off or interference filters for inexpensive and broad band detectors and
prism or grating monochromators.

A variety of fibre-optic based sensor cells has been developed for chemical analysis and
these may be classified into three main categories, being single strand, double strand and
bifurcated probes, as shown schematically in Fig. 1-1. In probes based on an industrial
single strand fibre, a single fibre is used to transport light to a chemically sensitized part of
the fibre system, which may either be an uncladded part of the fibre or the fibre tip.
Changes in colour or refractive index of this coating caused by varying analyte concentrations can then be detected by monitoring transmission losses of radiation passing through
the sensitive zone. In this case, excitation light and sensor response light are guided in the
same optical fibre, and they should either be of different wavelengths, or the light should
be modulated or phase shifted to ensure optical separation and avoid interference between
both. Optical sensors based on a double strand arrangement avoid this problem. Incident
radiation is guided to the sensor tip and the emerging radiation is collected by an adjacent
optical fibre. To perform absorbance measurements, either a mirror can be placed at a
certain distance from the fibre tips, or the two single optical fibres can be positioned faceto-face in an optical cell.

A bifurcated optical sensor is based on using a fibre bundle divided into two equal parts to
guide light to a probe and collect the returning radiation respectively. Such
sensors either using a sensitive layer, a mirror or without any sensitive device in the tip
have been described for fluorescence, absorbance and reflectance measurements.
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Fig. 1-1: Different types of fibre-optic based sensor cells.

1.4 Advantages and disadvantages of fibre-optic sensors
The essential advantage of fibre-optic sensors is the optical nature of the transduction
process. The fibre is usually made from silica based glass. and less frequently from an organic polymer (e.g. polymethylmethacrylate). Depending on the field of application, a fibre-optic sensor can offer a number of advantages over other sensor types, such as:

•

Possibility of remote in-situ observations, enabling a separation between the sample cell
and the measurement equipment, which has for example been demonstrated in the
measurement of radioactive species [12].
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•

Non-destructive analytical method (except for some reservoir optrodes).

•

No effect such as electrical interference caused by static electricity, strong magnetic
fields or surface potentials on the sensor head.

•

Complete electrical isolation between the electrical and the liquid part of the sensor
e.g. detector, power supply, signal processing unit and pumps.

•

Miniaturization of fibre-optic systems can exceed that of electro-chemical based techniques, making them potentially attractive for medical use.

•

Multi-parameter sensor systems can be developed due to wavelength multiplexing and
large information capabilities of fibres.

•

Most fibre sensors can be employed over a wider temperature range than electrodes
and some have even a smaller temperature dependence.

•

In many cases the sensor head does not consume the analyte in a measurable rate,
which is particularly useful when dealing with small sample volumes.

However, fibre-optic sensors do exhibit some severe limitations which have to be taken
into account when designing a fibre-optic based sensor system, such as:

•

Ambient light may interfere with the optical signal of interest.

•

Limited dynamic range of most reagent based sensors. This can be observed for example in fibre-optic based colorimetric techniques used to determine pH of water.

•

Large diameter fibres cannot be bent easily to a narrow radius without creating microcracks reducing light transmission but barley visible to the naked human eye.

•

Long sensor response time caused by mass transport to and in the reagent phase.

•

Limited lifetime of immobilised reagents in optrodes and membrane technology.
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1.5 Light power flow in a fibre-optic-based sensor system
In fibre-optic sensor schemes based on multimode fibres, intensity is the most convenient
property available for sample modulation. The approach of this Section is to establish
some performance criteria and formalize a general system description of a fibre-optic sensor scheme. The optical elements of a fibre-optic-based sensor system are shown in Fig. 12, comprising a light source, a fibre coupler, input and output fibres, a sensor cell and a
detector. The performance of such a measurement arrangement is dependent on a number of factors, such as sensitivity, noise, signal-to-noise ratio, resolution, range, accuracy,
temperature, stability, range and response time. Additionally, the effect of transient responses, either caused by the measurand or the sensor system, have to be considered.

Light
Source

Coupling
Optics

H

Sensor
Cell

Input
Fibre

Output
Fibre

Detector

(0»1
(0),
1
I

Fig. 1-2: Optical set-up of typical optical fibre-based sensor.

The key factor in designing a polychromatic sensor system, as envisaged in this work, is
the wavelength - dependent power budget, BPOJIItr(A), which may be defined as

(1-1)

where PSOIIm(A) is the light power emitted from the source and PD",dor(A) the light power
reaching the detector at a particular wavelength, A. Thus, the goal in designing a polychromatic sensor system is to match the spectral dependence or sensitivity of the individual optical components, to obtain an acceptab~e signal to noise ratio over the desired
wavelength range. However, the transfer and conservation of light power depends on a
number of factors, including the efficiency of light coupling from one optical component
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to the next. TIlls most important factor, the coupling of light between the optical components, is characterized by what is termed the geometric extent (G), which describes the
ability of each optical component to accept light 1bis is defined by

(1-2)

where Si is the area of the emitting source and NAi is a generalized value of the numerical
aperture of the optical components i.e.

where SDltldor is the input area of the polychromatic detector, NAD,kdor is the numerical aperture, more generally termed the NA, of the detector,
output fibre (assumed the same here),

NAPibrr

SPib"

is the area of the input and

their numerical aperture, SS'IISorC,U is the op-

tically active area of the sensor cell and NAsIIIsorau is its value of NA.

The other aspects of the loss function depend on a range of intrinsic aspects of the optical
components. These can be described by the equation given below for the resultant inten-

sity at the polychromatic detector as a function of wavelength, A, source size, S, numerical
aperture, NA, ambient temperature of the sensor system, T, and time, I, taking the lifetime
of the light source and the degradation of the optical components by the UV radiation
present, into account.

The light power collected by the polychromatic detector,

PD,lIdor.dB",().,),

is given by a func-

tion comprising several factors and their dependencies can be seen in the following equation
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PV,ltdor,dB", (A,SVlltdor,NAvlltdor,t,

T) = PS~,dB'" (A,S s~,NAs~,t, T)

- USSColljJlin& (A,Sin,OId ,NAin,OId)

T)
- USS S,ttSM"UU (A, S S,nsorCAU' NA S,nsorC,u , t, T)

- USS InplllFib,., (A, S InplilFib,., , NA InplllFib,., , t,

- USS OlltplllFibrt (A, S OllplllFibrt , NAOlltplllFibrt' t,

T)
(1-4)

where PSOllft"t, JB", is the spectral power of the light source, USSCOIIjJIiIt& is the coupling loss
from the light source to the fibre input, USSlnpli1 Fib,., and USSOlltpli1 Fib,., are the absorption
losses inside the input and output fibres respectively and Losss,nsor un is the optical loss inside the sensor cell, caused by sample modulation and guiding losses. With knowledge of
the above, the power budget, can be optimized in the choice of the components used.

The optical configuration mainly used and investigated in this work comprises a deuterium lamp as a light source, two fused silica lenses used to couple light from the spark of
the deuterium lamp to the input fibre (Chapter 2), solarization resistant input and output
fibres (Chapter 2), an inexpensive spectrophotometer (Chapter 3) and one of three sensor
cells (Chapters 4 and 5). Their performance will be described in the subsequent chapters.

1.6 Measurement principles: The Bouguer-Lambert-Beer Law
A mathematical-physical basis of light-absorption measurements to determine the molar
concentration of certain substances in gases and liquids if defined by the BouguerLambert-Beer (BLB) law in the ultraviolet, visible and infrared part of the light spectrum.
The reduction of intensity, dI)., at a wavelength A, that occurs when light of a monochromatic incident intensity 1;., passes through a sample of thickness dl, containing an absorbing species with a molar concentration t, can be expressed by

(1-5)
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which when integrated over the pathlength, I, gives

(1-6)

where h&! is the initial, or so-called reference intensity,

h,SfIIII

is the intensity transmitted

through the sample, the so-called sample intensity, and k,t as a proportionality coefficient.
Assuming that the concentration, c, is uniform and independent of J, this will result in

(1-7)
and
-III.A&/

(1-8)

I ;,,sfJIII = I ;',Re f e

indicating that the intensity decreases exponentially with the sample thickness and concentration. However, the BLB law is often expressed as

I ;,,s- = I ;';k! 10

-6A&/

(1-9)

where

( 1-10)

with

S;,

as the molar absorption coefficient of the absorbing species observed. Then, the

absorbance, A;" and the transmittance, T;" can be defined as

(1-11)
and

Introduction and Background ...

13

T,l

= 100

I

A.,Sam

(1-12)

I,l,Ref

respectively, with the dimensions for AJ. in absorbance units, AU, for TJ. in %, for h
and

h

Sam

in arbitrary units, a.u., for

&A.

&f

in 1mol- t em-I, for c in mol 1-1 and for I in cm.

Thus, the concentration, c, of the species observed can be calculated as

(1-13)

The BLB law is usually valid for dilute analyte solutions, for strongly monochromatic, parallel and coherent radiation and in optically homogeneous (isotropic) media. There should
be no luminescence or scattering in the solution observed and the optical pathlength
should be stricdy defined. Its validity is demonstrated by stricdy linear plots of AA. versus
cell pathlength, I, or concentration, c, of the absorbing analyte in solution. The sensitivity
of the measurement can be elevated by increasing the pathlength in case of species with
low molar absorption coefficients, such as, for example, the hypochlorite ion. A more detailed description may be found in several texts, e.g. [13, 14, 15].

1.7 Range and detection limit in absorbance spectroscopy
The problem of defining the range and the detection limit of a measurement procedure in
optical spectroscopy has been investigated by many authors [14, 21, 16, 17, 18]. The approach of this Section is to define the terms "range" and "detection limit", by a signal to
noise (SNR) approach, based on statistical observations, taking the effects of stray light
and dark output (Chapter 3), both found in the detector array-based spectrometers used,
into account.
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1.7.1 Mean and standard deviation of an intensity measurement
To investigate the accuracy of an intensity measurement, a number of n individual samples
are taken from each detector element. The mean intensity value,

Il

,

and its standard de-

viation, IIIl , may be calculated from these samples by using the following equations

(1-14)

;=1

(1-15)

n-l

The magnitude and accuracy of such a measurement could then by defined as

(1-16)

Throughout the experiments perfonned in this work a number of n= 10 samples were
used to increase the accuracy of the measurements.

1.7.2 Signal to noise ratio (SNR) of an intensity measurement
In the absence of an optical signal nearly any detectors exhibit a small residual output.
This output is known as the dark output, h
ured intensity,

I). = h

Sam -

h

h

Drk.

Sam,

Drk,

and has to be subtracted from the meas-

to obtain the true intensity signal collected from a sample,

Thus, in the absence of stray light, the signal to noise ratio, SNR, of an

dark output corrected intensity measurement may be estimated by

SNR = 101g[ I;. ] = 10lg[I;.,s- -1;',DrAI]
M;.
M;.,s_

(1-17)
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where
lA,Drlc

IA

and

MA

are the mean of the true intensity and its standard deviation,

mean of the sample and dark intensity respectively and

MA,Sam

Il,Sam

and

the standard devia-

tion of the sample intensity [17, 18].

1.7.3 Error analysis of the BLB-Law
The BLB-Law relies on a logarithmic relationship between the concentration of an analyte
observed and the light transmittance of the sample at a particular wavelength. TIlls is the
reason why the concentration error, caused the individual parameters to calculate the concentration, is not linear, but varies with its transmittance (or absorbance) value. However,
as described in Section 1.6, the absorbance,A,t, of an analyte can be calculated using

A,t = 19

IA.)tej -IA.,Dr" )

( I ,t,s- -

where ll.~f'

(1-18)

I,t,Drk

lA.Sam

and

ll.Drlc

are the mean reference, sample and dark intensity values

obtained from the detector element in three separate and independent measurements respectively. To estimate the error of the absorbance, M,t, equation (1.5-5) is differentiated
with respect to the reference, sample and dark intensity to determine individually their effect on the accuracy of the measurement. The combined absorbance error, M,t, may then
be derived by their variances to be

(1-19)

resulting in
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t

aA - .t -intO

(1-20)

where additionally

M).,Ref' M).,Sam

and

M).,Drlc

are the standard deviations of the variables

shown above. Thus, the performance of the instrument can be evaluated by calculating
the relative concentration error using equation (1.3-9)

~e 100% = M~ 100%
c

(1-21)

A..t

with c and Lie as the concentration and the concentration error, and

A~,

and M,.t as the

absorbance and the absorbance errors respectively.

A plot of the relative absorbance error as a function of absorbance, which could be expected using an inexpensive fibre-optic-based spectrometer, having a 12 bit analogue to
digital converter and a detector dominated noise level of 1 a.u. for the mean, sample and
dark intensity, estimated by their standard deviations, is shown in Fig. 1-3. It can be observed that, with a decreasing reference signal and therefore a decreasing signal to noise
ratio, that the relative error of absorption increases. Furthermore, accepting a relative error of absorbance of 25 % with a measurement, a range with a lower limit of detection of
0.0007 AU, 0.0013 AU, 0.0024 AU, 0.0049 AU, 0.0098 AU, 0.020 AU, 0.0416 AU and a
higher limit of 3.79 AU, 3.45 AU, 3.10 AU, 2.75 AU, 2.39 AU, 2.01

AU and 1.62 AU

could be expected for the intensity values described above, varying between 4000 a.u. and
62 a.u.
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Fig. 1-3: Relative absorbance error as a function of absorbance, simulated for reference
intensity values ranging from 62 a.u. and 4000 a.u. with a background dominated noise
level of 1 a.u., typically expected with inexpensive fibre-optic based spectrometers.

1.8 Deviations from the Bouguer-Lambert-Beer Law
The BLB law cannot be applied in a number of situations to describe a linear relationship
between the transmitted light and the concentration of the analyte observed, due to several interfering effects discussed below.

1.8.1 Stray light
A monochromator or polychromator is designed to observe a wavelength-resolved optical
spectrum. This means that in the case of a polychromator equipped with an array detector
only light of a particular, selected wavelength should reach a particular detector element.
However, in practice a polychromator is not a perfect device, resulting in the fact that a
small flux of light different from the selected wavelength reaches the detector element.
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TIlls "unwanted" component of light flux outside the selected spectral bandwidth of the
detector element is known as stray light and can cause serious measurement errors in
emission and especially absorption spectroscopy. Stray light can, for example, be caused
by surface imperfections of the optical components, over£illing of the spectrometer's numerical aperture and less often by light leaks into the instrument [19,20].

Because the light transmitted by most samples varies with wavelength, the proportion of
stray light transmitted by a sample may not be equal to the sample transmittance, TA" at
the analytical wavelength observed. Thus, assuming the incident light intensity as h Pol! and
the stray light intensity as
be

h

Pol!

+h

h strqy, then the total light flux

observed by the detector would

SIfr!] without the sample present If the sample would reduce the light flux

within the spectral bandwidth observed from
duce the amount of stray light h

Stmy

h

Pol! to the sample intensity

h s_ and re-

from outside this spectral bandwidth by a proportion

aJ, which may be called the stray light transmittance, then the total light flux measured by

the detector with the sample present would be h s_+aA,I;.sIfr!]. The effect of the interfering
stray light can be seen through the BLB-Iaw which relies on the ratio of the initial to the
transmitted lights to determine the concentration of the observed species, by calculating
the measured absorbance, AJ*, as

(1-22)

where h

PoIj,

h Stmy and h s_ are the reference, stray light and sample intensity respectively.

Defining the fractional stray light, SA" as

(1-23)
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and using equation (1.3-8), the measured absorbance, Al*, can be expressed as

(1-24)

It is thus clear that the existence of stray light will influence the absorbance measurement
and therefore may cause errors during the determination of an analyte's concentration.
Some particular cases will be examined to illustrate the practical effects of stray light.

Most commonly is that al>Tl, resulting in the case that most of the stray light is transmitted through the sample, but the measured absorbance will be decreased at higher absorbencies, depending on the fractional stray light.
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Fig. 1-4: Measured absorbance, Al*, and absorbance error, LiAl, as a function of true absorbance, Al, shown for several stray light levels, SA'

Introdllction and Backgrollnd ...

20

Fig. 1-4 shows the measured absorbance, AA,*, and the absorbance error, LlAA" as a function of the true absorbance, A-t, assuming the ideal case when aA, = 0, and all the stray
light is transmitted through the sample. The concentration of a sample would be proportional to the measured absorbance in the absence of stray light (BLB-Iaw), however with
an instrument having an accuracy in absorbance measurements of 0.01 AU, deviation
caused by stray light could be expected at absorbance values starting from 2.37 AU,
1.38 AU, 0.52 AU and as low as 0.17 AU and 0.09 AU for fractional stray light levels of
0.01 %,0.1%, 1 %, 5 % and 10 % respectively, decreasing the instruments sensitivity and
limiting its range. A polynomial regression fit could be used to increase the range at high
stray light levels. However, the stray light would still limit the maximum absorbance to a
lower value, independent of its capabilities given by the signal to noise ratio of the instrument.

A positive deviation from the true absorbance is created, if aA,<TA,' This happens when
most of the stray light is absorbed by the sample while the analytical wavelength remains
almost unaffected. A practical but rare example is the spectrum of benzene (C6H6) vapour
at about 250 nm wavelength, sometimes used for spectral calibration or wavelength resolution tests [19, 21]. In this case, stray light can cause absorbance minima of the benzene
absorption peaks to be partially "filled" by the positive absorbance error, apparendy degrading the spectral resolution.

Finally, the effect of stray light is eliminated, when the same amount of stray light and
light at the analytical wavelength are absorbed by the sample, with aA, =TA" resulting in the
fact that no absorbance errors occur. nus however means that the sample has a flat response over the observed spectral range, only seen with, for example, calibrated neutral
glass filters used to check the accuracy of the instrument without being affected by stray
light.
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Thus, it may be concluded that the effect of stray light in absorbance measurements can in
some cases limit the linear response of an instrument, decreasing its range below the capabilities defined by its signal to noise ratio.

1.S.2 Lack of monochromasy
The relationship between absorbance and analyte concentration is defined by the BLB-Iaw
for monochromatic light. Therefore, the spectral resolution of a spectrometer should be
less than the halfwidth of the absorption peak observed, otherwise the linear relationship
between absorbance and concentration may be deformed [14].

1.S.3 Radiation scattering
Especially in the ultraviolet part of the spectrum, the effect of light scattering may be
found, when large colloidal suspended particles are present in a sample. The observed
molar absorption coefficient may be found to decrease with increasing concentration of
the colloid analyte, caused by an increase of the transmitted radiation due to scattering
into the direction of the radiation transfer. Thus, the total incident light collected by the
spectrometer will consist of an absorption term and a scattering term, expanding equation

(1-5) to
(1-25)
where dIJ. is the reduction of intensity at the wavelength A, that occurs when light of a
monochromatic incident intensity l;" passes through a sample of thickness dl, containing
an absorbing species with a molar concentration (, with a proportionality coefficient k,t in
a sample of the volume, v, with a number of scattering particles, n, [14].
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1.8.4 Effect of fluorescence
The transmittance of a sample may be increased if an absorbing analyte solution simultaneously exhibits a fluorescence signal close to or at the wavelength used for the absorbance measurement. As a result, a lower concentration value may be obtained. However,
this problem can be solved by selecting the spectrometer wavelength resolution and the
analytical wavelength observed, ensuring in such a way that the signal obtained does not
contain the fluorescent light emitted [14].

1.8.5 Changes in the refractive index
The molar absorption coefficient,

GA.,

is found to increase with increasing values of a solu-

tion refractive index [14]. However, this applies only to very high concentrations exceeding 10-3 molar, such as, for example, found for a 0.07 mol 1-1 solution of eosin causing an
error in

GA.

of 1.8 %. The relation between the refractive index and the molar absorption

coefficient can be described by

(1-26)

where n is the refractive index of the aqueous solution. Calibration curves can be employed to measure high concentration values in a sample. However care should be taken
when dealing with a larger range of concentrations.

1.8.6 Changes is the chemical equilibrium
The wavelength position and magnitude of a molar absorption coefficient may vary if the
chemical equilibrium of a sample is changed due to, for example, dissociation, association
or polymerisation [14]. This can, for example, be observed with the pH-dependent chemical reaction of chlorine with water to form dissolved chlorine (Ch) at a pH lower than 3,
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hypochlorous acid (HOCI) at pH values ranging between 3 and 9, and hypochlorite ions
(OCI-) at pH values greater than 9, with corresponding absorption peaks centered around
229 run, 233 run and 290 run respectively, as described in Chapter 5.

1.8.7 Instrumental Deviations
These deviations may be found with the use of unstable light sources, causing power and
temperature dependent intensity drifts and noise levels, wavelength drifts in the spectrometer itself, as discussed in Chapter 3, repeated reflection of radiation in the sample
cell, effectively increasing its optical pathlength and various kinds of instrumental reflections. In general it may be found that the lower part of the absorbance versus concentration relationship of the BLB-Iaw, and therefore the concentration limit, is circumscribed
by noise and fluctuations in the electro-optical system, but at larger absorbance by stray
light effects.

1.9 Summary
The interaction of light with matter can be used to determine the concentration of certain
chemical species, for example nitrate, nitrite or ammonia in aqueous solution, as described
by the Bouger-Lambert-Beer Law. Although a number of instrumental and other factors,
such as monochromaticity, stray light, and changes of the refractive index can cause deviations, the Bouger-Lambert-Beer law can be used as an appropriate and simple method
to provide adequate accuracy and stability for measuring certain chemical species within a
limited conentration range.

However, to design a polychromatic sensor system based on fibre-optics, particular care
has to be taken to match the wavelength-dependent sensitivity of the detector to the sensor arrangement. This will be a crucial factor, as the signal to noise ratio (SNR) defines the
detection limit, and the amount of stray light the measurement range of such an optical
sensor system.
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In the following Chapter, the application of hydrogen treated silica fibres which transmit
light at wavelengths below 250 run will be investigated.
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2. Characterization of UV -Improved optical fibres
for sensor applications

2.1 Abstract
A major problem when developing a fibre-optic-based sensor system for ultraviolet spectroscopic applications has been solarization effects in silica fibres with a fused silica core
and a fluorine-doped cladding. These solarization effects have made the transmission of
ultraviolet light of wavelengths below 230 run practically impossible. However, ultraviolet
improved fibres (UVI-fibres), showing a significantly reduced UV-absorption, have been
developed. This improvement has been realized due to a passivation of the UV-defects by
hydrogen gas doping. This Chapter compares the performance of standard silica fibres
with these new, improved, UVI-fibres, investigates the long term and short term behaviour of UVI -fibres, introduces the concept of a wavelength selective fibre coupler and discusses the applicability ofUVI-fibres for UV-sensor applications.

2.2 Introduction
Two major events in the 1960s provided significant impetus for the introduction of new
technology for sensing systems, these being the invention of the laser and the optical fibre
by Kao et al [1]. Although originally designed for teleconununications, optical fibres were
increasingly used for sensor applications. An optical fibre is a particular type of dielectric
waveguide which allows the propagation of electromagnetic waves in the frequency range,
from 1012 to 1015 Hz. The energy coupled into an optical fibre is confmed in its core and
guided by a mechanism of multiple reflection at the corel cladding boundary along the fibre. A typical optical fibre consists of a cylindrical core made, for example, of fused silica,
having a higher refractive index than its surrounding cladding layer composed of a similar
material. The two concentric cylinders are protected by a plastic jacket, giving the fibre its
mechanical strength and protecting it from environmental effects. A more detailed de-
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scription of optical fibres and their application can be found elsewhere [2, 3]. The attenuation of light travelling inside optical fibres can be attributed to three major sources,
these being absorption, scattering and mechanical losses. These have been conveniently
summarized in the literature [3]. Absorption results from the interaction of light as an
electromagnetic wave with the constituents of the fibre material and its associated impurities. Such losses can be classified by their source of origin as intrinsic, extrinsic and defects
originated losses. Scattering is the second cause of attenuation with Rayleigh scattering
being the most common source of attenuation, followed by bulk and wavelength imperfections generated during the fabrication process and Raman and Brillouin scattering. Finally, light attenuation can be induced into optical fibres mechanically by bending and
coupling losses.

However, one of the most serious limitations in many spectroscopic applications arises
from the restricted spectral transmission of commercially available low-cost fibres. In the
spectral region between approximately 250 nm and 1.6 J.U11, silica is the most widely used
material for the fabrication of light-guiding fibres because of its low attenuation [4]. Unfortunately, the light transmission is not stable under certain conditions which are often
encountered in existing sensor systems, where, for example, the light source is a pulsed
high-power laser [5,6], a UV-Iaser [6,7] or a deuterium lamp [8]. In the latter case, the wide
potential spectroscopic applications are restricted to the wavelength region at above about
230 om, because standard fibres may be damaged by UV-light below 230 nm so quickly
that a stable and acceptable transmission in any practical device is impossible. The reasons
for this effect is the generation of UV-induced colour centres with absorption bands in
the spectral regions where transmission is thus reduced [4, 8 , 9]. In addition, ionizing radiation can generate the same transient or stable fibre defects described above which significantly disturb the transmission.

In this Chapter, the applicability of new optical fibres having a nearly constant UVtransmission in the 200 nm to 250 nm wavelength region for sensor applications is investigated. Due to the improved UV-propercies when compared to those commercially avail-
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able, these new fibres are tested as a potential transmission medium for the broadbandspectrum of a deuterium lamp. In addition, a fibre coupling system with a wavelengthselective coupling efficiency, comprising a deuterium light source, two fused silica lenses
and an input fibre is described.

2.3 Basic and UV-induced attenuation in silica fibres in the ultraviolet
Intrinsic losses and Rayleigh-scattering mainly determine the basic attenuation at wavelengths below 300 nm in fused silica fibres with an undoped core and a fluorine doped
cladding. It is known that Rayleigh scattering varies as 1 A~4, where Ao is the wavelength
of interest [10]. Fabian et al. have measured a basic attenuation of 1.1 dB m- t at a wavelength of 200 nm, which appeared to define the minimum loss in that wavelength region

[11]. Another common source of attenuation is related to the hydroxyl ion (OH-), but can
be neglected for applications described in this work because of its absorption peaks in the
near infrared. However, ultraviolet light below 230 om, coupled into silica fibres, can
damage the transmission properties of such a fibre by the generation of UV induced colour centres (E'-centres) [12, 13, 14], using, for example, deuterium lamps [15] or exclmerlasers [16]. Thus, when describing the total light loss, aL,loI, of a fibre of a total length, 1..,
the wavelength-dependent basic attenuation, aB(It), and UV-induced attenuation, Lia{It),
have to be taken into account. Further, due to the fact that the fibre behaves as a longpass filter, the extent of defect generation decreases along the fibre length, Z. Therefore,
the induced loss, Aa(A.), does not increase linearly with fibre length and may be described
as
L

~aL(It) =J~a(A.,z}dz

(2.3-1)

o

In addition, the damage is time-dependent, leading to the following equation for the total
light loss, aL,loI(lt, tuv), where tuv is the UV-exposure time
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(2.3-2)

In the following section, a mechanism is described to reduce the generation of E'-centres
and therefore the UV-induced attenuation.

2.3.1 Improvement of UV-transmission in silica fibres by gas doping
The mechanism of improvement, presented here in a swnmarized fonn, has been published by Klein et al. [17]. TIlls work emphasised that the treatment of synthetic silica bulk
or fibres in a hydrogen atmosphere [18, 19, 20] results in an improved resistance to UVinduced defects which are similar to UV-defects generated by ionizing radiation like X-ray
or gamma ray [9,21,22]. The proposed mechanism is transferable to UV-damage. As discussed above, E'-centres are generated in fibres or bulk material during UV-light irradiation arising from a number of reasons, such as breaking weak bonds between silicon, Si,
and oxygen, 0, [21,23], or impurities like metals [8, 9,22], or chlorine, Cl, [24], as for example shown in the following chemical reactions caused by UV-light, hv exposure

=Si-O-Si= + hv

=>

=Si- + -O-Si=

+ hv

=>

ESie

ESi-Cl

+

_Cl o

(2.3-3)

(2.3-4)

However, in the presence of molecular hydrogen, a hydrogen atom, H, is able to passivate
the E'-centre

=Si-

=Si-H + HO

(2.3-5)

Thus, the E'-centre is removed and the absorbing UV-defect is no longer is present. Such
hydrogen treatment has, for example, been perfonned with the amorphous silicon found
in high-efficient solar cells [25]. A key factor in optimizing the technique was to find a
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method of ensuring a homogeneous distribution of hydrogen in the fibre. TIlls was
achieved by optimizing the parameters of the diffusion process. Fused silica fibres with a
high OH-content in the core were "loaded" with hydrogen in a pressure chamber until a
hydrogen concentration of approximately 5 1019 molecules cm-3 was reached. These ultraviolet improved fibres (UVI-fibres) showed a significant improvement in the transmission
of light at wavelength below 230 nm. However, after the hydrogen treatment, the molecular hydrogen diffuses out of the fibre again, decreasing the capability of the fibre to
passivate the generation of E'-centres. TIlls process, which is dependent on the hydrogen
diffusion coefficient in silica, ambient temperature, fibre diameter and time starts at the
outer surface of the fibre and leads to time-dependent hydrogen profiles in the fibre [17].
It was found that the lifetime of the hydrogen treated fibres,

tJ dB,

which was defmed as the

time a fibre of 1 m length would transmit UV-light at a wavelength of 214 nm with a light
loss of less than 3 dB caused by UV-radiation, could be estimated at a fixed temperature
with scaling function

fJ

dB=O.5 month * SFT *SFD

(2.3-6)

with SFT being a scaling factor describing the temperature dependence of the diffusion
process and SFD being a scaling factor describing the influence of the fibre diameter on
the diffusion process. The scaling factors SFT and SFD are shown in Fig. 2-1. As a result,
both the reduction of fibre temperature and the increase of fibre diameter increase the
lifetime of the fibre. Using a fibre with a core diameter of 500 J.U11 or 600 J,lm, as commonly used in sensor applications, in a laboratory having a temperature of 21°C, a lifetime of approximately 15 month and 21 month could be expected respectively, rendering
them well suited to the UV-sensor applications envisaged in this work.
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Fig. 2-1: Scaling factors SFT and SFD for life time prediction ofUVI-fibres

As shown in Fig. 2-1, reducing the ambient fibre temperature would greatly reduce its
lifetime. However, when using such fibres, temperature-dependent transient defect generation can be observed, limiting their usage, as discussed in the following sections. Nevertheless, the UVI-fibres should be stored in a cool place to minimize the out-diffusion of
the hydrogen gas, if the fibres are not used.

2.3.2 Experimental determination ofUV-induced losses in standard and UVIfibres
The experimental arrangement shown in Fig. 2-2 was used to measure the UV-induced
losses, Lia(A, tuv), as a function of the wavelength, A, and time, tuv. The broadband spectrum emitted from a D2-1amp, type DO 904/05

[26], was coupled into the test-fibre which

had the following geometrical data: core diameter 200 J..Lm, cladding diameter 220 J.lm,
coating diameter approximately 350 J.l111, with fibre lengths from I m up to 10 m being
used. At the output, the fibre end-face was imaged with the lens-system shown onto the
slit of a monochromator. However, due to the wavelength-dependence of the refractive
index of fused silica and therefore the focal length of the lens, the lens coupling system
used is only valid for one particular wavelength. Thus, the distance between the fibre and
the monochromator must be varied during the spectral testing procedure, to accommodate a variety of wavelengths. The light power was detected with a photomultiplier, and
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the other components in the system shown are essentially used for signal processing and
noise-reduction.

OPTICAL SYSTEM
ELECTRICAL SYSTEM

PC

Fig. 2-2: Experimental arrangement of the measurement system, comprising a deuteriwn
lamp (DL), lens coupling systems (LS(O), LS(1)), a test fibre (fF), a monochromator (MC),
a chopper wheel (CW), a photo-multiplier (D), a lock-in amplifier (L1), and a power supply (PS).

In the detennination of the UV-induced losses, JaL(A.,tvv), the spectral photocurrent
which is related to the spectral output, P(A,tuv) was measured at the fibre end-face, after
different exposure-times, tuv, as

O)}

P(A.,tuv =
lla L (A.,tuv ) = 10log { P{A,t )
uv

(2.3-1)

In order to obtain results on the characteristics of this fibre, which may be more meaningfully compared with those other fibres, essentially the same spectral output power was
used at the beginning (tuv = 0) with therefore the same spectral input power coupled into
the fibres. It was asswned that the basic attenuation, aB(A), remains the same. Using the
D2-lamp described as a source, the characteristics obtained from a fibre of I m length are
given in Tab. 2-1. As will be shown later, the output power is essentially stable in the new
fibre, where the exposure data reported were taken during one day of experimentation to
avoid errors due to any possible longer term system changes.
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wavelength [run]

193

214

240

spectral power [nW run-t]

125

50

37

spectral intensity [J.1W (run mm-2)-l]

4

1.6

1.2

Tab. 2-1: Output power at the fibre end-face WIth a fibre length of 1 m.

As a reference, a commercially available step-index multimode fibre with undoped highOH core and fluorine-doped cladding drawn from a Fluosil-preform (type SSU) was used.
Fig. 2-3 shows the wavelength-dependent photo current at the beginning (dashed line) and
after a typical period of UV-irradiation (solid line): an 11 hour exposure to UV-light
through the light-guiding core was used. After exposure, the output power detected in the
region below -250 run was found to be significantly decreased.
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Fig. 2-3: Spectral output power of a refer-

Fig. 2-4: Spectral induced losses of a

ence fibre before (dashed line) and after

standard fibre after 11 h of UV-light ir-

(solid line) 11 h of UV-light irradiation.

radiation.

Measuring the induced losses described above, the nature of the defects causing the UVlosses during UV-irradiation of wavelengths below 230 run becomes obvious: this is due
to the presence of E'-centres and exemplified by the evidence of a UV-absorption band
around 210 run [9]. The maximum values of the induced losses were determined by coupling UV-light into short fibre samples of I m length. Thus, losses of 15 - 20 dB could be
determined at 210 run after an exposure time of 11 hours with a fibre having a core diameter of 200 J,lm, as shown in Fig. 2-4. These losses are significantly higher when com-
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pared to the basic (non-exposed) loss of 1 dB (basic attenuation aB(210 om) ~ 1 dB mot).
The variations are mainly due to modifications in the fibre material itself due to the irradiation. Looking at the time-dependence of the process, the induced losses shows a trend
of being nearly linear with exposure time at the beginning. However, a saturation level is
reached after approximately 10 hours, when the generation and recombination of the defects are in equilibrium. In addition, it was found that following this, the induced losses
are seen to decrease slighdy, after the UV-irradiation ends.

A significant difference has been found when using UVI-fibres for the transmission UV-C
light. Fig. 2-5 illustrates the improvement of the new fibre samples to the problem of UVdamage, these fibre samples having the same geometrical data as the previously tested reference fibres.
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Fig. 2-5: Spectral output power of a UV-

Fig. 2-6: Normalised transmission at 210
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rion.

reference fibre Qower curve).

Using the same exposure conditions, the difference between the spectral output power at
the beginning (tuv = 0 h) and after the total exposure in this test (tuv

= 11 h) is not obvi-

ous. The absorption maximum around 214 om (due to the E'-centres) is less than 0.3 dB.
The same value can be determined from Fig. 2-6 showing the time-dependent normalised
transmission, with the variations seen to be less than 8% in total.
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2.3.3 Transient light losses in UV-improved fibres
UVI-fibres have been tested with several different and important UV sources, such as
deuterium lamps [15,27], excimer-Iasers [28, 16], a tunable UV-Iaser [29], and a frequencydoubled Ax+ -laser. Both their short-term and the long-term behaviour is of importance
for sensor applications. With the monoclu:omator set-up described in section 2.3.2, the

time resolution of the experimental arrangement was limited by the scanning speed of the
monochromator. Using a fibre-optic based spectrometer (Chapter 3), the presence of a
low concentration ofE'-centres could be observed during illumination of the UVI-fibres.
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Fig. 2-7: Temporal fibre transmission behaviour of 2 m long UV- improved silica fibres
for three different fibre core diameters; the illumination of the fibre starts at t = 0 min, is
switched off at t = 30 min and starts again at t = 120 min
The transmission of UV light as a function of time, normalized to the start of the measurement cycle, is shown in Fig. 2-7 for fibres with core diameters of 100 J.Ull, 200 J.Lm and
300 J.Lm. It is obvious that the normalized transmission decreases with time during the pe-

riod of UV-illumination, because of UV damage due to the generation of E'-centres.
However, a plateau value is reached after approx. 10 minutes which is different for the
different core diameters of the fibres used. On the other hand, the transmission is seen to
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increase during the period of darkness (zero illumination starting at t= 30 min), due to defect annealing, rising nearly to the starting value. In order to produce a consistent series of
results for the system during this period, the fibres were illuminated only during the time
of measurement for approx. 5 seconds. Three points are important in relation to this. The
first is that, in a similar way to radiation induced losses, the UV damage increases with decreasing fibre diameter [see Fig. 2-7 and the work of Greenwell et al [30]]; secondly, the
fibre recovery to the starting value takes place during a period of zero illumination within
less than one hour; and thirdly, a time period of approx. 10 min is needed until the fibre
transmission, or output power, is stable over the full range of wavelengths starting from
A= 185 nm and including the region of E'-centre absorption. This time is comparable to
the "warm-up" period of the deuterium lamp itself.

While a constant recovery behaviour could be observed within the measurement errors of
the experiment, the creation of E'-centres is influenced by several parameters. First of all,
the power density below 225 nm was found to influence the plateau magnitude, because a
stable output will be reached, when defect generation and recombination reach equilibrium, thus increasing the power density results in a lower plateau value, i.e., an increased
loss. Secondly, the recombination process will increase with higher temperatures [21]. This
was investigated for fibre having a core diameter of 100.,un and resulted in a relative
transmission shift of 1 % K-t. Further information on these aspects of these fibres can be
found in the work of Klein et al [17]. However, for the sensor applications envisaged in
this work, UVI-fibres with core diameters of 500 .,un and 600 .,un may be used, where the
generation of E'-centres was found to be far lower, Additionally, the transient effects described above have been obtained with comparatively high UV light powers (such as for
example a UV-irradiation of approximately 270 nW nm- t at 214 nm, the absorption
maximum of the E'-centre) coupled into a fibre with a core diameter of 300 .,un. However, the transient effects shown above are decreased significantly due to the increased
core diameter of the fibres envisaged for sensor use, rendering them suitable for use in
UV sensor applications.
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2.4 Coupling of ultraviolet light into optical fibres
A critical part of any fibre-optic spectrometer system is the light source. To take full advantage of the capabilities of the fibre-coupled miniature UV /VIS spectrometers used in
this work, the source used should have, as far as possible, a continuous and even spectral
distribution across the required wavelength range, a high and stable radiant flux output
combined with an emitting source area well suited to the optical coupling conditions.

2.4.1 Commonly used light sources for ultraviolet spectroscopy
Broad-band light sources like the deuterium lamp or pulsed xenon-discharge lamps are
commonly used to provide ultraviolet and visible (VIS) light of a continuous and more or
less even spectral distribution for optical spectrometers. Deuterium discharge lamps have
been used in this work to provide a continuous spectrum between 190 nm and 350 nm
wavelengths. Their construction is described in several texts [31, 32]. A tungsten coil is
fitted as the anode on the axis of a cylindrical, thin-walled, quartz discharge tube filled
with deuterium. An activated tungsten double coil, mounted laterally, is generally used as a
cathode. Depending on the lamp type, a heating voltage of 2 V, 2.5 V or 10 V is applied.
The lamp is started with an ignition voltage between 200 V and 400 V and then runs with
a voltage of about 85 V and an anode current of 400 rnA. In order to produce the highest
possible radiation intensities, it is necessary to restrict the discharge between the cathode
and the anode by means of an aperture of small cross-section, commonly of a diameter of

0.3 mm, 0.5 mm or 1 mm, formed from a high melting point metal, for example molybdenum [31, 26]. A gradual decrease in power, with the age of the light source [15], has
been reported but this is usually not a problem, as replacement is easy. Usually, a lifetime
of approximately 1000 hours can be expected.

2.4.2 Design of a fibre coupler with wavelength-selective coupling efficiency
The envelope of the deuterium light source has a diameter of Rj 30 mm [26]. A simple
coupling arrangement would suggest the input fibre of the sensor system be placed
~

15 mm away from the emitting area of the source, but even then only a fraction of the
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light flux emitted by the deuterium lamp would be coupled into the fibre. To increase the
light flux entering and thus propagating within the fibre, a suitable imaging system has to
be designed and employed to image the emission area of the source on the fibre tip. As it
was simpler and cheaper to use lenses rather than mirrors or UV-achromats, two planoconvex fused silica lenses with a focal length of 40 mm at 1..=589 nm and a lens diameter
of 25.4 mm were employed to construct a simple 1:1 imaging system, as shown in Fig. 2-8.
UV light is coupled from a 208/05R deuterium lamp discharge lamp (DL) [33] with a light
aperture of ~ 0.5 mm, and a NA ~ 0.34 into a fibre with a core diameter, d

~

400 Jlffi, and

a NA ~ 0.2 via a lens coupling system, made from two fused silica lenses.

LS

FI

Fig. 2-8: Simple 1:1 imaging system comprising a deuterium lamp (DL), a lens system (LS)
and an input fibre (Fl).

However due to the strong increase of refractive index of fused silica in the deep UV, the
focal length of the lens system decreases in this arrangement significantly from 41 mm at
A. =730 nm to 34 mm at 1..=200 nm wavelength [34]. The variation of the refractive index

of fused silica and the resulting variation of the focal length of the fused silica lenses used

in the lens system are shown in Fig. 2-9. Therefore, the fibre front face can only be accurately located in relation to the lens system for one optimized wavelength at the focal
point of such an imaging system. Because of the small diameter of the fibre core and the
large shift of the focal point, only a part of the incoming light is coupled into the fibre at
higher or lower wavelength with respect to the optimized value. This chromatic aberration
of the lenses can be used to tailor the spectral distribution of the source, through the optical system, to match the spectral sensitivity of the fibre-optic spectrometers used. The effect of using this wavelength-dependent coupling efficiency of the lens system, optimized
for 225 nm, 272 nm and 443 nm and compared to positioning the fibre in front of the
deuterium lamp, is shown in Fig. 2-10 and Fig. 2-11.
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Fig. 2-9: Variation of the refractive index, n, of fused silica and the resulting focal length
variation of the fused silica lens used in the imaging system (LS) as a function of wavelength.
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Fig. 2-10: Relative intensity output at the fibre end-face with a lens system, optimized for
225,272, and 443 nm. The sample "plain" is the reference, showing the intensity coupled
into the fibre without a lens system.

This illustrates the tailored intensity output at the fibre output in Fig. 2-10 and the relative

gain and wavelength dependence of the imaging system compared to direct coupling, by
placing the fibre in front of the light source, as shown in Fig. 2-11.
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Fig. 2-11: Relative gain which can be achieved with a simple lens system compared to direct coupling, by placing the fibre in front of the deuterium lamp.

The intensity spectrum optimized for 225 run offers two advantages, compared to the
spectrum optimized for 443 run, in its use for deep UV-applications. First, the intensity is
increased at lower wavelengths, resulting in an improved signal to noise ratio and secondly, the effect of stray light is significantly reduced due to the increased intensity at the
wavelength of interest and the decrease in intensity at the non-optimized wavelengths,
mainly causing the stray light (Chapter 1). However, for light intensities coupled in the fibre under non-optimized wavelength conditions, the spectral power and the corresponding far field-distribution at the fibre output changes, as for example shown in Fig. 2-12. In
this experiment, the lens system was optimized for the 200 run wavelength region. It can
be observed that the higher modes of the fibre in the non-optimized, higher wavelength
region are not excited, leading to a suppression of higher farfield angles.
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Fig. 2-12: Nonnalized far field distribution of a lamp-fibre system, optimized for 200 nm
wavelength at the output of fibre with a core diameter 600 J.ltn fibre, typically used in the
subsequent sensor systems.

With such an arrangement, frequendy used in the following experiments, light power levels in the range of 177 nW nm-l, 69 nW nm- l and 28 nW nm- l were coupled into a UVIfibre with a core diameter of 600 J.lm at 214 nm, 260 nm and 300 nm respectively.

2.5 Summary
Fibre samples with an improved UV perfonnance at wavelengths below 250 nm have
been introduced and their applicability for sensor use investigated. The more stable UVtransmission was mainly achieved by a reduction of defect generation during UV-light exposure. The induced attenuation of the main UV-absorption band around 214 nm is less
than 0.4 dB m- l and therefore is nearly two orders of magnitude smaller, under the same
test-conditions, when compared to the use of standard fibres. Lifetimes of approximately
15 month and 21 month for UVI-fibres with a core diameter of 500 J.ltn or 600 J.ltn respectively could be expected at room temperature, rendering these fibres suitable for UVsensor applications envisaged in this work. UVI fibres will be used in the following chapters as a basis to design fibre-optic remote UV sensors for the wavelength region between
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200 run and 300 run.
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3. Experimental Characterization of Fibre-optic-based
Spectrometers for UV applications

3.1 Abstract
It is particularly important in fibre-optic spectrometer-based systems that the characteristics of the major components be investigated in terms of their stability and performance. A cross comparison of two inexpensive fibre-optic-based spectrometer
modules, such as would be used in the systems, has been performed. The optical arrangement and the detectors are described and the temperature dependence of the dark
output and the detector noise levels are determined. Following this, the wavelength stability of the spectrometer as a function of temperature is investigated and a correction
algorithm for wavelength drifts in such spectrometers is proposed. Finally, the sensitivity of the two spectrometers in the important 200 nm to 300 nm wavelength region is
investigated with the spectrometers incorporated in an optimized UV sensor arrangement

3.2 Introduction
There is a long history of absorption-based sensing methods which were among the
first types of chemical sensors to have been developed that included fibre optics. Several reviews of the subject are available for the interested reader [1, 2, 3], showing the
diversity of designs which have been reported. The advantages of incorporating optical
fibres with small diameters «1 mm), introducing high levels of flexibility into such
sensors systems, were often nullified by the problems of the use of conventional spectrometers, which were originally developed as laboratory instruments. These types of
grating- or prism-based systems did not fulfil well the needs of industry for the use of
absorption-based sensors in the field, even where the coupling via the fibres often removed some of the problems of window fouling seen with conventional systems.
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Direct spectroscopic measurements, especially of absorption (but to a lesser extent
fluorescence), require in most cases a detailed knowledge of the spectral properties of
the analyte observed. In such a way the concentration of the absorbing species can be
measured, with the spectral data correlated closely to the absorbing (and thus polluting)
species present. Early work to overcome some of these problems involved an a priori
assumption of the spectral nature of a particular feature (usually through a simplification of the chemical system to minimize the variety of significant species present), and
with that an obviation of the need for an exact measurement of the wavelength of absorption. An other approach was found in the use of the chemical manipulation of the
sample to ensure that particular species change their absorption features, for ease of
identification. This principle was, for example, used Mouaziz et al [4] who developed a
residual chlorine monitor, where the absorption feature at 290 nm due to the presence
of OC1- ions was destroyed in a comparative measurement made by the addition of a
suitable reagent. For ease of measurement, the usage of a fixed wavelength spectral fllter, centred around the wavelength associated with this feature, was found to be sufficient.

Recent advances in the technology of optical fibre sensors have included the development of novel sensor cells [5,6], ultraviolet transmission improved fibres [7, 8, 9], light
sources and detectors. Additionally, the advances of spatially distributed detectors, such
as charge coupled devices (CCDs) or photodiode arrays (PDAs) and their improving
sensitivity in the ultraviolet has opened up the possibilities of further miniaturization in
the field of wavelength selective fibre-optic sensor systems for the ultraviolet [10, 11,
12]. This is through imaging the dispersed absorption spectrum onto these devices, to

achieve a simple wavelength calibration of the transmitted signal, while keeping the
overall system small and compact for field use. Thus, a range of multichannel spectrometers [13, 14, 15] and other wavelength-selective techniques, such as for example
integrated acousto-optic tuneable filters as tuneable monochromatic wavelength selective elements [16], has been developed for process and pollution monitoring.
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Recendy, several fibre-optic based-miniature spectrometers have been manufactured
and marketed both in the EU and USA, with optimistic reports from the manufacturers
on the performance of these systems. However, a number of criteria have to be fulfilled, when selecting such miniature spectrometers for fibre-optic sensor systems, designed for laboratory or field applications. For example, a robust and efficient coupling
to the other optical components of the fibre-optic sensor systems has to be possible.
Further, their performance should not degrade by the sort of problems that regularly
arise in the field, such as elevated temperatures, optical and mechanical instabilities, solarization effects etc.

In this Chapter, a cross-comparison is made of two miniature fibre-optic-based spectrometer systems (FOS), especially taking temperature effects into consideration. The
optical arrangement inside the spectrometer modules is described and their influence of
temperature on the dark output and the wavelength stability discussed. Additionally,
their sensitivity in the deep ultraviolet in the 200 nm to 300 nm wavelength region has
been investigated by comparing their performance when configured into a fibre-optical
nitrate monitor (described in Chapters 5 and 6), reflecting one of the most relevant
pollution monitoring issues in the water industry [17, 18]. In this way, the essential difference in the systems in this comparison study will arise due to the influence of the
miniature spectrometer used.

3.3 Optical Configuration

3.3.1 Spectrometer requirements for fibre-optic sensors
Spectrometers employed in optical sensors developed for laboratory and more important for field application are required ideally to be small, robust, thermally stable and
feature a high sensitivity in the wavelength region of interest, as well as show a good
and repeatable optical coupling to the sensor. For use in the ultraviolet spectral region,
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the spectrometer should in particular be resistant to solarization effects. Its optical
characteristics should be optimized for fibre use, to be able to accept the light flux
transmitted through an input fibre without significant coupling loss. The ability of an
optical system to accept the light flux from a conical beam may be described by the socalled geometric extent, G, ~th its light entrance area, S, and its acceptance angle,

n,

[19] given by

(5.1)

Adapting this fonnula for fibre use and assuming the input area, S, to be circular it may
be expressed in tenns of the beam diameter d;nplll, and for small

n

by its numerical ap-

erture, NAn, as

(5.2)

with

NAo = n..t sin(n) , where

n).

is the wavelength-dependent refractive index of the

coupling medium. The coupling efficiency, 17, between an input fibre, described by its
core diameter, d.-, and its numerical aperture,

NAjibn,

and the input of the spectrome-

ter, can then be approximated by

(5.3)

indicating the strong dependence of the core diameter and the numerical aperture of
the input fibre on the light power entering the spectrometer [6]. Equation 5.3 shows
that the light power entering the spectrometer and (therefore its sensitivity) has a square
law dependence, if dCflff is doubled. However, in some spectrometers, the core diameter
of the input fibre represents their input slit width and therefore defines the optical

Experimental Characterization of Fibre Optic based Spectrometers ...
48

resolution of the instrument. Thus, increasing the diameter of the input fibre to increase the amount of light £lux entering the instrument results in a decrease of the optical resolution if no additional slits are employed at the optical entrance to the spectrometer, which then again, would decrease the light flux entering the optical system.
However, equation 5.3 shows as well that the capability of the spectrometer to accept
light power at its entrance is squared if its numerical aperture is doubled, indicating that
the input slit width, defined by the core diameter of the input fibre and numerical aperture of the spectrometer has to be suitable for fibre use. Typical bench-based monochromators or spectrographs, as, for example, manufactured by ISA [19], have numerical apertures ranging from 0.03 to a maximum of 0.16. The NA of silica fibres with a
fused silica core and a fluorine doped cladding, typically used in ultraviolet and visible
fibre-optic-based spectroscopy, is around 0.22 in the visible, increasing to 0.25 in the
ultraviolet [18]. Thus the numerical aperture of spectrometers designed for fibre optic
use has to be more closely matched to avoid "overfilling" the spectrometer, both losing
photons and creating stray-light in the system. Additionally, using ancillary optics at the
spectrometer entrance is not recommended, since on the one hand, the optical setup of
the spectrometer would become more complicated and on the other, the advantage of
lowering the numerical aperture would be compensated by the enlarged optical light
spot at the spectrometer entrance, resulting in lower wavelength resolution.

3.3.2 The Miniature Spectrometers used
The miniature spectrometers described in this investigation were commercial devices,
intended for use in a range of experiments for research and teaching purposes, representing the "state of the art" for inexpensive fibre-based spectrometer systems.
Tab. 3-1 summarizes the optical characteristics of these spectrometers used from data
given by the manufacturers. Unfortunately the manufacturers did not publish all the
relevant parameters, resulting in some gaps in Tab. 3-1. The optical configuration of
both spectrometers, labelled FOS-I and FOS-II in this work and used in the experiments is shown in Fig. 3-1.
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-

Tab. 3-1: Manufacturers' data on FOS-I and FOS-II.
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Fig. 3-1: Optical setup of the investigated miniature spectrometers FOS-! and FOS-II.

Both spectrometers tested are polychromators, using a detector array to observe the
resolved optical spectra. As a result, light intensities can be recorded at many different
wavelengths simultaneously, thus avoiding moving parts in the optical set-up and reducing the time required to complete a spectroscopic experiment, which is a great advantage compared to single element detectors. Assuming such a single element detector
and an array detector have the same sensitivity and integration time, the array detector
gives a signal-to-noise (SNR) advantage of ~N pixtls , where N p'nLtiS the number of pixels in the array. Within the ultraviolet and visible regions of the optical spectrum, silicon based photodiode arrays (PDAs) or charge coupled device (CCD) arrays [20] are
commonly used for detection. These detectors offer a broad spectral responsivity, excellent linearity, high quantum efficiency and a high dynamic range, but have to be
cooled to reach the highest sensitivity levels. While PDAs can be used to detect light
levels at wavelengths as low as 200 nm, CCD arrays are most often coated with a fluorescent dye to improve their quantum efficiency at lower wavelengths by converting
UV light to a longer wavelength emission [20,21] to which the device is more sensitive.
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In the first case investigated, light is coupled into FOS-I via a cross-section converter,
consisting of a fibre bundle with 30 individual fused silica fibres having a core diameter
of 70 Jlffi and a numerical aperture, NA = 0.2, as illustrated in Fig. 2. At the light input
of FOS-I, a fibre bundle was assembled on one side and connected into an SMA connector to form a round fibre-optic input with a diameter of 0.5 mm and a NA~0.2 and
on the other side formed into a cross-section converter by arranging the fibre in one
line to form an entrance slit for the spectrometer. This optical arrangement enables
light coupling from fibres with core diameters of up to 500 ~ into the spectrometer
but features, on the other hand, a slit-width of ~70 ~ with a slit height of ~2500 ~ at
the spectrometer entrance. However, the disadvantage of this robust, and optically very
stable approach is that when connecting input fibres with small core diameters, such as
100 J.Ull or lower, efficient and repeatable light coupling cannot be guaranteed, as parts
of the input fibre area may be coupled on the ''blind'' spots of the cross-section converter between the different active areas of the fibre bundle. A single optical element,
being a concave flat field grating is used both to focus and to diffract the incident light
from the entrance slit onto a UV-enhanced PDA. With a single photodiode of the array
used having a pitch of 25 J.Ull and a height of 2500 ~, the entrance slit is imaged on
approximately 3 photodiodes. The PDA and its on-board pre-amplifier convert the diffracted light intensity into a voltage which is sampled by an analogue-to-digital converter (AID card) and processed with an IBM-compatible personal computer (PC).
The rather simple optical arrangement reduces the number of optical components to a
minimum, to increase the optical stability and decrease the cost of the instrument. To
suppress the second order of the grating, the diode array of FOS-I has been directly
coated with a dielectric cut-off filter by the manufacturers.

The optical design of the miniature spectrometer FOS-II is based on a cross CzemyTurner configuration, as shown Fig. 3-1. This polychromator consists of two concave
spherical mirrors and a plane flat-field diffraction grating. Light enters the spectrometer
from a single strand fibre via the fibre-optic input and is focused on the grating by the
spherical mirror 1. The dispersed light is collected from the ruled grating by the spheri-
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cal mirror 2 and imaged on a CCD-array detector. With a single CCD-element having a
pitch of 12.5 J.UIl and a height of 14 J.UIl, the fibre is imaged on approximately 8 CCD
elements. The grating was blazed for approximately 300 nm to enhance the sensitivity
of the spectrometer in the UV. By using the asymmetrical geometry shown in Fig. 3-1,
a flattened spectral field is obtained on the CCD-array detector, which converts the
wavelength-resolved intensity spectrum with its associated electronics into a voltage. To
enhance the sensitivity of the spectrometer a cylindrical lens, made from fused silica,
was used to correct the mismatch between the slit height, defined by the core of the
input fibre, and the pixel dimensions. With an input fibre having a core diameter of
100 J.llll, a wavelength resolution (FWHM) approximately equivalent to that of FOS-I
can be observed.

Position and width of the entrance slit are defined in this spectrometer by the input fibre. As the position of the entrance slit defines the absolute wavelength accuracy of the
instrument and the slit-width its wavelength resolution, it is obvious that the performance of these two parameters is strictly dependent on the quality and repeatability of the
SMA fibre connector at the spectrometer entrance. To ensure repeatable results, the
input fibre of the spectrometer was not removed or re-positioned during the experiments. The voltage obtained from the preamplifier of the CCD-array is sampled by an

AID converter of the same type used with FOS-I and processed in an IBM-compatible

Pc.
Both spectrometers are equipped with array-based detectors to measure the wavelength
dispersed light spectrum. Although FOS-I uses a self-scanning linear photodiode array
(PDA), multiplexing each signal charge to a common video line, and FOS-II a CCDarray, shifting the signal charge sequentially to an output sensing node, both arrays rely
on the principle of charge storage (or photon-flux integration). The charge storage element used in such a detector can be a p-n junction diode such as, for example, a PDA
or a MaS-induced junction, as in a CCD-array. The charge storage operation is based
on the principle that, if such a junction is reverse-biased and then an open circuit is cre-
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ated, the charge stored on the depletion-layer capacitance decays at a rate proportional
to the incident illumination level [29]. Thus the photon generated current is directly
proportional to the illumination level and therefore the amount of charge removed in a
given interval of time is directly proportional to the integral of the illumination taken
over that interval. The time between two subsequent readings may then be termed the
integration time, determining the sensitivity of the array.

3.3.3 Data output and computer interfacing
Both spectrometers used were interfaced to an IBM-compatible PC with a 12 bit AID
converter and supplied by the manufacturer with a simple, unsophisticated, DOS-based
spectral acquisition software. On demand, both manufacturers offered DOS-based
drivers either in PASCAL (FOS-I) or C (FOS-II). As a part of developing an on-line
measurement system, a dynamic link library (Dll) was developed for FOS-I, to simplify the data transfer between the spectrometer hardware and a windows-based analytical software, Microcal OriginTM, used to store and analyze the spectral data obtained.

3.4 Effects of temperature variation on the spectrometer dark output
The miniature spectrometers FOS-I and FOS-II described in this work were designed
and advertised for usage in bench-top and on-line applications. They are, compared to
bench-based spectrometer systems, compact, robust, small and inexpensive and relatively easy to handle. However, not all on-line application are in a laboratory-based environment, with fixed temperature and humidity. A major concern for field applications
is to evaluate the performance of the two spectrometers at varying temperatures by observing the effect of temperature on the dark output and the wavelength stability in
particular.

Experimental Characterization ojFibre Optic based Spectrometers •••
54

3.4.1 Dark output variations as a function of temperature and integration time
In the absence of an optical signal any detector exhibits a small output. In the case of a
conventional photo diode, this output signal is known as the dark current, which is
chiefly a sum of the diffusion, generation, surface and avalanche currents and is mainly
dependent on the temperature and reversed biasing. Having in mind that the spectrometers used are working in the charge-storage mode, the detector dark output may
therefore be expressed as the product of the semiconductor dark current and the integration time. However, the dark output of the spectrometers will be the sum of the detector dark output of the intensity offset of the preamplifier.
To investigate the effect of integration time and temperature on the dark output of the
spectrometers FOS-I and FOS-II, both were situated in an air conditioned cabinet. The
temperature in the cabinet was varied between O°C and 50°C in steps of approximately

5°C with a precision of ±1°C, as it was assumed that such temperatures are easily
reached in a sensor system designed for field use. To observe the absolute temperature
and the temperature drifts, semiconductor-based temperature sensors having a precision of 0.1 °C were fixed to each spectrometer body, in addition to which the temperature of the air flow in the cabinet was observed with a digital thermometer during the
experiments. An appropriate time was chosen to allow the spectrometers to adapt to
the temperature of the air flow in the cabinet between the different experiments. The
dark output spectra of FOS-I and FOS-II were measured at temperatures ranging from

5°C to 43°C with integration times of 13 ms, 50 ms, 99 ms, 204 ms, 409 ms and
585 ms. The mean dark output of FOS-I is shown as a function of temperature and
integration time in Fig. 3-1. It could be observed in Fig. 3-1A that the dark output data
obtained grows exponentially and doubles if the temperature of the spectrometer is increased by approximately 7°C. This result shows on the one hand a good agreement
with data obtained from the manufacturer and the work of Starks ef al. [22] for diode
arrays and indicates that the dark output of the spectrometer may be modelled relatively
simply, if the temperature dependence of the PDA and its electronic configuration are
known. On the other hand, Fig. 3-1 shows clearly that the range of FOS-I begins to be
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severely limited at temperatures higher than 40°C and integration times greater than
SOOms.
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Fig. 3-1: Dark output of FOS-I at 203 nm wavelength as a function of temperature
with integration times ranging from 13 ms to 585 ms (A) and as a function of integration time at a temperatures between 5.4 °C and 42.6 °C (B).

However, Fig. 3-1B shows the effect on the mean dark output of FOS-I as a function
of the integration time over the given temperature range. As expected from the theory,
the increase in integration time would cause a linear increase of the dark output over
the whole measurement range. Using the instruments over a total period of 3 years, it
was found that dark output of the PDA elements exposed to ultraviolet light radiation
below 300 nm wavelength slightly increased. This may be explained by the fact that
PDAs tend to deteriorate after continuous exposure to UV radiation [23], shown by an
increase of the leakage current in the PDA, resulting a an increased dark output

Within the same experiment, the dark output of FOS-II was investigated as a function
of temperature and integration time over a similar temperature range to produce a di-
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rect comparison. However, in contrast to FOS-I, the data output of one measurement
cycle of FOS-II can be divided into a signal output and dark output, whereby the dark
output can be subdivided into an electrical and an optical dark output. TIlls is realized
by shielding the first 24 CCD-elements (pixels) of the detector array from light exposure to measure the dark output of these elements. The following 1024 elements are
used measure the sample output in the specified wavelength range. Finally, a number of
samples is taken with the preamplifier being connected to a short circuit instead of a
CCD detector element to measure the dark output of the electronic read-out circuit. All
these data are acquired sequentially during one measurement cycle and could be used
for automatic dark output correction. However, for comparison, the dark output of
FOS-II, representing the uncorrected dark output at a wavelength of 203 run, is shown
as a function of temperature (A) and integration time (B) in Fig. 3-2. Here, a basically
non-linear behaviour was observed, as the dark output was found to decrease at low
integration times when the temperature increased. Around integration times of 100 ms,
the dark output was found to be approximately stable with changing spectrometer temperatures and was found to increase at higher integration times. TIlls behaviour may be
explained as resulting from two competing effects. The dark output of the electronic
read-out circuit was found to decrease with increasing temperature at integration times
lower than 100 ms and then to increase. Subtracting the so-called electronic dark output from the dark output obtained at the pixel associated with a wavelength of 203 run
resulted in the optical or detector dark output of the CCD detector array at that wavelength, which then followed an exponential law. The optical dark output obtained was
found to double each 9 to 10°C, when fitting the data to an exponential function. The
mean dark output as a function of integration time is shown in Fig. 3-2B over the given
temperature range. It could be observed that the relationship between dark output and
integration time is not linear, and this may be caused by stray capacitance in the readout
circuitry. Although UV light is measured in the spectrometer by down-converting the
UV light with a phosphor to longer wavelengths, it could be observed that at wavelengths below 300 run, the dark output increased after long-term UV exposure (3
years). TIlls may be explained by UV-radiation penetrating through the phosphorous
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coating used for down-converting UV light to visible light for more efficient light detection, resulting, as with the PDAs, in an increased dark output.
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Fig. 3-2: Dark output of FOS-II at 203 run wavelength as a function of temperature
with integration times ranging from 13 ms to 585 ms (A) and as a function of temperature between 6 °C and 43.1 °C (B).

From the exponential nature of the dark output of both spectrometers, it should be
pointed out that the relative change of dark output caused by a small temperature
variation of the spectrometers, again exponentially increases with temperature, thus increasing the potential measurement error. Particularly when working with low light levels slighdy above the dark output, such as is obtained in fluorescence measurements,
these temperature-dependent fluctuations have to be monitored and compensated.
Furthermore, to avoid the problem of photoresponse non-uniformity of the individual
diode array elements, it is suggested that the dark output of each detector element
should be subtracted from the corresponding signal output to maximize measurement
precision.
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3.4.2 Variation of noise levels of the dark output at different temperatures

A crucial parameter in the accuracy of spectrometers is the noise of their intensity output To estimate the basic noise of FOS-I and FOS-II, 10 samples of the dark output
were taken for each experiment. Thus, the dark output and its noise could be calculated
at both varying temperatures and integration times for each individual element. The
noise level, defined by the standard deviation of the dark output, is shown for FOS-!
and FOS-II at three temperatures, as a function of wavelength, in Fig. 3-3 and Fig. 3-4
respectively. To express this noise level more clearly, its mean and standard deviations
over the individual elements were calculated, where the latter were then termed the socalled averaged noise level.
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For FOS-I, which was optimized for highest sensitivity and grounded to the metal case
of the PC to reduce noise, averaged noise levels of 2.6 ± 0.7 a.u., 2.7 ± 0.6 a.u. and
2.4 ± 0.8 a.u. were found at 5.4 °C, 24.0°C, 42.6°C respectively. The temperature
range of 5 °C to 42°C and the use of integration times varying between 13 ms and
585 ms appeared to have no influence on these averaged noise levels. FOS-II was
found to have an averaged noise level of 1.0 ± 0.2 a.u., 1.3 ± 0.3 a.u. and 2.0 ± 0.5 a.u.
at 6.0 °C, 24.6 °C, 43.6 °C respectively, indicating a dependence of temperature and
averaged noise level. The effect of temperature on the standard deviation of the dark
output of FOS-I and FOS-II is shown in Fig. 3-5. However, it should be noted that the
overall noise level found for FOS-II was still lower at 43.6 °C than the noise level of
FOS-I throughout the experiments. In a similar way to FOS-I, the averaged noise level
of FOS-II did not vary as a function of integration time within the range of 13 ms to
585 ms, that accessible by both spectrometers. However, increasing the integration
time, and therefore the sensitivity of FOS-II at room temperature, up to 3600 ms, an
increase in the averaged noise level to 2.0 ± 0.5 a.u. was found.

3.5 Effects of temperature variations on the wavelength stability
Absolute wavelength accuracy as a function of lifetime and ambient temperature is a
crucial requirement of a spectrometer to secure reproducible results of a wavelengthresolved absorbance or emission spectra. The traditional spectrometer rotates a diffraction grating or prism which scans dispersed light across a slit in front of a single element detector. This detector records each intensity value at discrete wavelengths. Such
a system can be calibrated by recording a number of known monochromatic emission
lines, such as are emitted by low pressure mercury lamps, at their peak intensity. This is
possible because the position of the dispersing element can be continuously adjusted.
However, in detector-atray-based systems such as FOS-I and FOS-II, the exit slit is
removed and the entire spectrum is measured simultaneously by the atray. Thus the
spectral range is limited by the length of the detector array and the linear dispersion of
the spectrometer. Its spectral resolution can be described by two major terms. The so-
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called Rayleigh criterion, L1ARqyk~h, defines the ability of the instrument to distinguish
between two adjacent peaks as individual lines [24]. The linewidth, LtAFJn-lM, describes
the expansion of a monochromatic line by the spectrometer, denoting the sharpness of
a monochromatic peak, which is defined as the full width at half maximum (FWHM) of
the peak. For a given spectral range recorded onto the detector array, the spectral width
of a pixel is determined by dividing the spectral range by the number of pixels in the
detector array. With an array-based spectrometer, the spectral width of a detector pixel
is theoretically the limiting factor in the spectral resolution. However, to satisfy the
Nyquist condition, a minimum of two pixels has to be used to detect a line [25]. However, more important is the optical resolution of the instrument, which is dependent on
a range of parameter, such as the entrance slit width, the dispersion of the grating and
its ability to produce a flat optical field on the detector.

The objective of this section is to investigate the wavelength accuracy and temperature
dependence of FOS-! and FOS-II. After reviewing a number of calibration algorithms,
a wavelength-resolution dependent calibration algorithm for array-based spectrometers

will be introduced and the effect of temperature variations on the wavelength accuracy
of FOS-! and FOS-II investigated.

3.5.1 Review of wavelength calibration methods for detector array based spectrometers
The calibration of detector array-based spectrometers has been discussed by several
authors [15, 25, 26, 27, 28, 29, 30, 31, 32, 33]. There are two commonly used approaches for wavelength calibration of multichannel detectors. The first is to calculate
the relationship between the wavelength and the pixel position by using the geometrical
relationships in the spectrometer, as for example described by Lindrum and Nickel
[26]. The second and far more common approach is based on the derivation of a functional relationship between wavelength and pixel index (position) of the detector array.
This can be achieved either by using line emission sources, such as low pressure mer-

cury discharge lamps in the ultra violet or visible [27, 28] or by using neon discharge
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lamps in the visible and near infrared part of the light spectrum [27, 29]. For simple
calibrations or tests, even the weak mercury peaks emitted by fluorescence discharge
lamps, situated at 435.83 run and 546.08 nm, or the characteristic peak at 656.1 run of a
deuterium lamp may be used [27]. Furthermore various solid and liquid filters, giving
fairly sharp absorption peaks caused by electronic transitions of incomplete f orbitals of
rare earth salts and oxides (Ho, Sm, Dy, Eu, Nd, etc.) are often recommended for calibration and verification purposes [28, 30]. However, their potential is limited because
of the asymmetry found with some of their absorption peaks [28].

In order to achieve an accurate wavelength calibration, the pixel position of known
emission lines or absorption bands must first be estimated to fractions of a pixel. Scopatz et tiL [31] employed a sub-pixel assignment technique to determine the centroid
wavelength of a spectral line and calibrated a 1024 element intensified diode array
spectrometer with four to six atomic lines emitted by either mercury or neon discharge
lamps. With the use of a third-order polynomial fit and a spectral pixel width of 0.3 run,
he achieved a repeatability of 0.06 run over a period of 8 months.

Berlot and Locascio [28] have developed a generalized calibration procedure for ultraviolet-visible diode-array spectrometers, including formulae to determine the central
locations of spectral lines imaged on multiple diodes. Two diode array spectrometers
were calibrated. One was equipped with a detector array of 32 elements covering the
wavelength range between 340-700 run and the other a 328-element detector covering
the wavelength range from 190-730 run. Several calibration standards, such as the
spectral lines from a low pressure mercury discharge lamp or the absorption peaks of
holmium and didymium glass filters as well as holmiwn and samariwn perchlorate solutions, were evaluated. Applying a linear regression analysis for wavelength calibrations, a standard error or estimate of 1.7 run and of 0.52 run could be found for the
32- and the 328-element respectively. Using the rare earth glasses or solutions, standard
errors or estimate were found to increase 2-3 times.
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The wavelength-pair calibration method described by Brownrigg [32] was designed for
low-resolution (-10 run spectral bandwidth) instruments and requires two calibration
wavelengths and their positions on the array. A 38-element detector was used to observe the wavelength coverage from 340-690 run or from 380-730 run respectively of
the spectrometers used. Brownrigg found that the greatest source of error derives from
establishing accurately the positions of the two calibrations lines on the array element
and that the error sensitivity increases as the line separation of the wavelength pair decreases. When determining the line position of the wavelength pair with an accuracy
better than 1/30th of an element and a calibration line separation >100 run, a wavelength accuracy of ±1 run could be achieved.

Bellon et al developed a fibre-coupled NIR spectrometer to detennine the sugar content
in peaches and sort them into three maturity classes [15]. A CCO camera with 500*582
pixels was used to observe the light spectra with a wavelength coverage between 809
and 1082 run. As the outputs of several pixels were averaged, the spectrum was observed in 2.4 run steps with a spectral resolution (FWHM) of approximately 8 run. A
fibre bundle consisting of 20 input fibres was assembled and formed into a cross section converter at the entrance slit of the spectrometer. As the wavelength-resolved light
of the entrance slit was imaged horizontally on two dimensional CCO camera, the intensity found at its vertical pixels could be related to the individual input fibres, representing 20 different input channels. Four spectral lines from a mercury and three spectrallines from a cadmium calibration source were mapped to the pixel with the highest
intensity and a linear regression was applied to obtain a wavelength calibration function. No long term or temperature wavelength drifts were found when the system was
tested between 11°C and 40 °C in steps of 5°C, thus indicating that the wavelength
stability might have been better or equal to 0.6 run, the spectral width of one pixel.

Cho et al. [33] developed a wavelength calibration method for a seven-channel fiberoptic CCO spectrograph. From the matrix of 1152 horizontal pixels by 298 vertical
pixels available, three horizontal and two vertical pixels were "binned" into a superpixel
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to increase sensitivity. Thus a wavelength coverage between 190 run and 450 run with a
spectral bandwidth of 1 run was created. The sub-pixel position of five mercury peaks
was interpolated from a cubic polynomial fit across the tops of peaks. Then a linear, a
quadratic, a cubic and two trigonometric functions were tested for least square fitting of
pixel numbers with known wavelengths of the mercury emission lines. Cho et al found
that the linear calibration model gave the largest averaged calibration error of 0.268 run
and the quadratic and the first trigonometric model reduced the error slightly to
0.237 run and 0.254 run. However, the cubic model and the second trigonometric
model, based on a Fourier series approximation, gave the lowest calibration errors of
0.144 run and 0.139 run respectively, thus indicating the non-linear pixel vs. wavelength
relationship of the spectrometer.

Sadler et al developed a procedure to reduce the line registry effect associated with the
undersampling of spectral images by a CCD in a spectrograph [25]. By tilting the image
of the entrance slit across a number of rows of a two-dimensional array, he reconstructed the spectral profile with a sub-pixel spatial resolution. For a spectral line with
an FWHM of 2.0 pixels, simulations showed that the peak height, with the use of upright slits, may vary by 15 % depending on the position of the spectral line. However,
by implementing the tilted-slit procedure, this variation in peak height could be reduced

t03%.

From the wavelength calibration techniques described above, it was concluded that the
absolute wavelength position of, for example, an emission peak of a low pressure mer-

cury light source could be estimated to a fraction of a pixel on the array detector of
FOS-I and FOS-II respectively by using a least square fitting function. After determining the exact position of the emission peak, a quadratic or cubic calibration curve relating wavelength and pixel position could be calculated with a sub-pixel precision, thus
enabling the study of wavelength drifts of FOS-I and FOS-II at varying temperatures.
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3.5.2 Development of a wavelength resolution-dependent wavelength calibration algorithm
Wavelength position and irradiance levels of the numerous spectral lines emitted by low
pressure mercury lamps have been investigated and published by many authors [34, 35,
36]. They are commonly used for wavelength calibration of ultraviolet and visible
spectrometer systems [25, 30, 27, 28, 29, 31, 32, 15, 33]. As the wavelength position
and number of mercury emission lines differ slightly between the different authors, the
latest wavelength data obtained by Sansonetti et al [35], partially shown in Tab. 3-2, was
used as a reference. Fig. 3-1 shows the line emission spectra of the low pressure mercury lamp, IHg, recorded by FOS-I and FOS-II with an integration time of 50 ms.
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Fig. 3-1: Line emission spectra of a low pressure mercury lamp, IHg, recorded by FOS-I
and FOS-II with an integration time of 50 ms. The numbered peaks (1..6) were found
useful for wavelength calibration. Peak (1b) is the second order peak of peak (1) attenuated by approximately 23 dB.
\
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The numbered peaks (1..6) were found useful for wavelength calibration. Peak (lb),
only found with FOS-II, is the second-order peak of peak (1) attenuated by approximately 23 dB. This peak was not found with FOS-I, because of its second-order dielectric cut-off filter coated direcdy on its diode array detector.

peak number

wavelength [nm]

intensity [a.u.]

1
2
2
2
3
3
3
3
4
4

253.6521
312.5674
313.1555
313.1844
365.0158
365.4842
366.2887
366.3284
404.6565
407.7837
434.7506
435.8335
546.0750

300000
2800
1900
2800
5300
970
110
650
4400
270
34
10000
10000

5
5

6

Tab. 3-2: Recommended wavelength (air) of mercury emission lines selected for wavelength calibration from Ref. [35]. The intensities are relative values based on irradiance
values from Ref. [36] with the intensity of 436 nm set arbitrarily to 10000.

Assuming the instrumental line profiles of FOS-I and FOS-II are of Gaussian shape, a
line emission peak of a mercury calibration source, IHl,(p), recorded by a spectrometer
can be described as

(3.5-1)

with p, being a pixel number of the detector array,

pc being

the pixel position of the

peak maximum, w being its standard deviation in pixel units, IHgO being its intercept describing the dark output and the background continuwn emitted by the mercury lamp
and the area, A, covered by the Gaussian-shaped peak. Thus, the resolution of a spec-
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trometer could be described by the full width at half maximum (FWHM) criterion as a
function of pixels, as p FW1-IM, and as a function of wavelength, as AFWHM, to be

ApFWHM = w~- 2ln(0.5)

(3.5-2)

AAFWHM = AAp * PFWHM = AApW~- 210(0.5)

(3.5-3)

with JAp as the pixel dispersion, if the linewidth of the emission line is substantially
smaller than the spectral resolution of the spectrometer.

With these conditions, the spectral resolution LiAFWHM was estimated at the 253.65 run
emission line with a Gaussian least square fit to be 5.6 run and 3.4 run for FOS-I and
FOS-II respectively for this experimental arrangement, as shown in Fig. 3-2.
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Fig. 3-2: Linewidth, AAFWHM, of FOS-I and FOS-II with FOS-II having an input fiber

with a core-diameters of 50 j.Un, determined with a low pressure mercury calibration
lamp at 1.,=253.65 run.
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It may be noted again, that an input fibre with a core diameter of 50 J.1m was connected
permanendy to FOS-II throughout this and the following experiments. The leastsquares method was chosen because of its property to minimize the squares of the residuals, with the residuals being the difference between the true intensity value and its
calculated value from the fitting function. However, with the spectral resolution

(FWHM) achieved by POS-I and POS-II, it is only the emission lines at 253.65 run and
546.08 om of a low pressure mercury lamp that may be seen as single lines, and are
potentially useful for wavelength calibration. The emission lines situated around
313 run, 365 run, 405 run and 436 om, described in
Tab. 3-2, were found to be doublets or multiplets which could not be resolved with
FOS-I and FOS-II [35]. Thus a method had to be developed to estimate the centroid of
these multiplets, recorded by the spectrometers as a single emission line. The individual
lines of the multiplets were convolved with the instrumental line profiles of the spectrometers and superimposed to simulate the emission lines they would detect. A Gaussian least squares fit was performed to determine the wavelength position at the peak
maximum of these simulated emission lines for FOS-I and FOS-II respectively. Tab. 33 shows the peak position of these superimposed emission lines, taking the instrumental profiles of POS-I and FOS-II into account
FOS-II (24.6 °C)

FOS-I (24.0 °C)
convolved
calibration
wavelength

[nm]
253.65
312.95
365.22
404.78
435.83
546.08

pixel position,

Pt

relative
wavelength
accuracy

convolved
calibration
wavelength

fnm]
0.06
0.17
0.12
0.16
0.08
0.17

[nmJ
253.65
312.95
365.21
404.72
435.83
546.08

OA. =LUpI1p,
28.267 ± 0.026
55.926 ± 0.077
80.316 ± 0.054
98.790 ± 0.075
113.283 ± 0.037
164.754 ± 0.081

pixel position,

Pt

relative
wavelength
accuracy

OA. =LUpI1p,
145.928 ± 0.090
247.008 ± 0.061
337.952 ± 0.051
407.852 ± 0.102
463.544 ± 0.077
667.144 ± 0.129

fnml
0.05
0.04
0.03
0.06
0.04
0.07

Tab. 3-3: Convolved calibration wavelength, pixel position, pc, and relative wavelength
accuracy, SA, of FOS-I and FOS-II at 24.0 °C and 24.6 °C respectively.
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To calibrate the spectrometers, the pixel position on their detector array had to be related with the wavelengths of the mercury emission lines with a sub-pixel precision. As
an isolated spectral emission line was found to reach five of more detector elements, a
Gaussian least squares fit was found to be a very accurate method to determine the exact position of the peak on the pixel. Its special advantage relied on the fact that the
instrumental profile was assumed to be Gaussian, and far more important, that the
maximum position of the mercury multiplets had also been estimated with a Gaussian
fit, thus partially compensating the errors caused by this assumption. Twenty-five samples of the mercury emission spectra and the dark output were taken. Their means and
standard deviations were calculated. The signal to noise ratio, SNR(P), of the pixels, p,
used for calibration was estimated to be

(3.5-4)

with the mean sample output,

lSam(p) , the dark output, IDrk(p)

and the standard devia-

tion of the sample output, &s_(P). The SNR of FOS-I and FOS-II as a function of
pixel number, p, is shown in Fig. 3-3 for the selected calibration peaks. Only pixels
having an SNR>6 dB were selected for a Gaussian least squares fitting procedure to
determine the sub-pixel position of the emission lines emitted by the low pressure mercury lamp. The results of such a fit, performed for the outputs of FOS-I and FOS-II at
24.0 C and 24.6 C respectively, are shown in Tab. 3-3. With this fitting procedure, the
centroid position of the mercury singlets or multiplets could be estimated with a precision 0.08 pixels for FOS-I and 0.13 pixels for FOS-II in the worst case. This resulted in
a worst case wavelength accuracy of 0.16 nm for FOS-I and 0.07 nm for FOS-II to
determine the maximum position of a single peak, as shown in Tab. 3-3.
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Fig. 3-3: Signal to noise ratio (SNR) line spectra, ilh.uninated by the emission lines of
the low pressure mercury lamp at the recorded peaks 1-6, shown in Fig. 3-1.

As discussed previously, a common approach to calibrate a detector-array-based spectrometer is to determine an equation which relates the sub-pixel positions obtained
with the calibration wavelength emitted by the mercury lamp. The simplest form of
such an equation is a polynomial, such as

(5.4)
where p are the detector element indices, and the coefficients A, BI, B2, ....BII, are to be
determined by a least squares fit. To evaluate the quality of the fit, the standard error of
estimate, SEE, can be calculated, which may essentially be seen as the standard deviation of the residuals about the regression curve. The SEE can be written as [32]
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SEE =

(5.5)

where l(PJ and Ac: are the calculated and the true wavelength and n( and np are the
number of calibration wavelength and the number of coefficients in the polynomial respectively. Quadratic, cubic and quartic models were tested for least squares fitting. The
cubic model was found to be sufficient, because it produced with the minimwn nwnber of polynomial coefficients a reasonable SEE and more importantly the SEE could
not be improved significandy by increasing the number of polynomial coefficients.

3.5.3 Wavelength stability of FOS-I and FOS-II at varying temperatures
The objective of this section is to investigate the wavelength stability of FOS-I and
FOS-II as a function of temperature. To accomplish this, both spectrometers were
situated in an air conditioned cabinet, as described in Section 3.1. A low pressure mercury vapour lamp (HG2, Cathodeon Ltd.) was fixed on an optical bench outside the
cabinet. The lamp was allowed to warm up for at least 1 hour before measurements
were made. FOS-I was connected to a fibre with a core/cladding diameter of
600/660 J.Ull and a length of 3.7 m. FOS-II was connected to a fibre with a core diameter of 50 J.llll and a length of 2 m, defining its entrance slit and therefore its wavelength resolution. Light from the low pressure mercury lamp was coupled into both fibres with a low NA in such a way that about a 75 % full range peak intensity of the
253.65 nm emission peak was obtained in both spectrometers running with an integration time of 50 ms. The temperature in the cabinet was varied between 0 °C and 50°C
in steps of approximately 5 °C with a precision of ±1

0c.

The line emission spectrum of the low pressure mercury lamp was recorded by FOS-I
and FOS-II for each of these temperatures, as for example shown in Fig. 3-1. A Gaussian least squares fit was performed at each temperature for the peaks 1..6 to determine
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their sub-pixel position on the detector arrays of FOS-I and FOS-II. Then a calibration
function, based on a cubic polynomial, was calculated by using a least squares regression to relate the sub-pixel positions obtained with their corresponding calibration
wavelengths. Finally, the standard error of estimate, SEE, was calculated for each regression line.

FOS-I

temperature

rq

5.4
8.9
13.7
19.1
24.0
27.8
34.1
38.1
42.6

A(p)=A+BJP+B2P2 +B3p 3
A
fnml
192.80 ± 0.08
192.89 ± 0.04
192.93 ± 0.10
192.85 ± 0.10
192.98 ± 0.03
192.97 ± 0.09
192.96 ± 0.12
193.01 ± 0.03
193.03 ± 0.09

Bl
[nml
2.1535 ± 0.0083
2,1499 ± 0.0018
2.1487 ± 0.0044
2.1523 ± 0.0042
2.1474 ± 0.0014
2.1489 ± 0.0040
2.1504 ± 0.0053
2.1479 ± 0.0014
2.1478 ± 0.0038

Bz
r(E-5) nml
-12.4 ± 4.2
-8.0 ± 2.1
-7.1 ± 5.2
-10.8 ± 5.0
-4.9 ± 1.6
-7.2 ± 4.8
-9.2 ± 6.3
-5.6 ± 1.7
-5.4 ± 4.5

Bl
f(E-8) nml
39.0 ± 14.4
24.9± 7.2
23.0 ± 17.8
34.5 ± 17.1
14.0 ± 5.6
22.9 ± 16.4
29.9 ± 21.7
16.3 ± 5.8
15.4 ± 15.3

SEE
fnml
0.020
0.010
0.025
0.024
0.008
0.023
0.030
0.008
0.021

Tab. 3-4: Coefficients and SEE of third order polynomial least squares fit for FOS-I at
temperatures ranging from 5.4 °C to 42.6°C.

FOS-II

A(p) = A + BJp + B2P2 + B3p 3

temperature

A

6.0
9.4
14.3
19.6
24.6
28.2
34.3
38.7
43.1

rnml
168.42 ± 0.01
168.10 ± 0.06
167.64 ± 0.16
166.88 ± 0.16
166.00 ± 0.19
165.31 ± 0.12
164.24 ± 0.25
163.14 ± 0.23
162.04 ± 0.22

-rq

Bl
rnml
0.60990 ± 0.00013
0.60882 ± 0.00062
0.60792 ± 0.00154
0.60848 ± 0.00154
0.60898 ± 0.00181
0.60996 ± 0.00112
0.60930 ± 0.00238
0.61052 ± 0.00215
0.61110 ± 0.00205

B2
r(E-5) nml
-6.08 ± 0.04
-5.77 ± 0.17
-5.51 ± 0.43
-5.58 ± 0.43
-5.64 ± 0.50
-5.82 ± 0.31
-5.58 ± 0.65
-5.89 ± 0.58
-6.00 ± 0.56

Bl
f(E-B) nml
-0.06± 0.03
-0.29 ± 0.14
-0.48 ± 0.35
-0.42 ± 0.35
-0.37 ± 0.41
-0.25 ± 0.25
-0.41 ± 0.53
-0.16 ± 0.47
-0.05 ± 0.45

SEE
rnml
0.002
0.011
0.027
0.027
0.031
0.019
0.040
0.036
0.034

Tab. 3-5: Coefficients and SEE of third order polynomial least squares fit for FOS-II at
temperatures ranging from 6 °C to 43.1

0c.
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Thus a calibration function was obtained for each spectrometer at a number of different temperatures. Tab. 3-4 and Tab. 3-5 show the results of the wavelength calibration
procedure for FOS-I and FOS-II respectively. Observing the SEE of the calibration
model for both spectrometers over the entire temperature range, a wavelength accuracy
of 0.03 run and 0.04 run can be obtained for FOS-I and FOS-II respectively. It should
be pointed out that the results of the fit improved approximately fivefold by using the
calibration wavelength obtained by convoluting the mercury multiplets with the instrumental profile of each instrument, compared to using the mercury calibration wavelength found in literature. Fig. 3-4 and Fig. 3-5 show the coefficients of the cubic fitting
functions including their error bars as a function of temperature. Only the intercept, A,
of the calibration functions of FOS-I and FOS-II was found to vary with temperature.
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Over the entire temperature range, a drift of approximately 0.2 run and 6.4 run could be
observed with FOS-I and FOS-II respectively. This is equivalent to a drift of approximately 0.006 run °C-t for FOS-I and approximately 0.17 run °C-l for FOS-II. A simple
relationship between temperature and the changes of the coefficients Bt, B2 and BJ of
the cubic least squares fit could not be found. Although these coefficients change
slightly, their absolute values stay approximately within the error of prediction over the
entire temperature range. However, the effect of the wavelength accuracy and drift on a
spectrometer should be discussed in context, with its wavelength resolution and the
linewidth of the emission or absorption peak observed. Assuming a single wavelength
detection procedure to determine the magnitude of an emission or absorption peak of
Gaussian shape, the lowest error caused by wavelength drift may be found when observing the magnitude at the peak maximum, as its rate of change, described by its
slope, is close to zero but increases gradually. However, at the inflection point, where
the slope of the Gaussian shaped peak reaches its maximum, the highest change in
magnitude and therefore the highest measurement error can be expected. Furthermore
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the magnitude of the slope of the peak, its first derivative, is dependent on its linewidth
and grows approximately exponentially with the decrease in linewidth. Thus, the measurement error induced by wavelength shift is increasing approximately exponentially in
respect to the decrease in linewidth of the peak observed. This indicates that a measurement error caused by wavelength drifts increases approximately exponentially in respect to the increase an wavelength resolution, as discussed below.

3.5.4 Effect of wavelength drift on spectrometer measurements
In a laboratory based environment, the temperature could be assumed to vary by about
1

0c. Thus, with an emission peak, such as emitted by a low pressure mercury lamp,

and recorded by FOS-I and FOS-II with an arbitrary magnitude of 100 % and a
linewidth of approximately their instrumental profiles, 5.6 nm and 3.4 nm, an error induced by measuring the magnitude of 0.00032 % and 0.71 % may be observed at the
top of the peak, but of 0.15 % and 7.22 % at their inflection points respectively.

In field-based applications, the temperature of the instruments could vary by up to
40°C. Then, an error in measuring the magnitude of the peaks caused by wavelength
drift of up to 0.52 % and 6.2 % may be observed in FOS-I at the top of the peak and
its inflection point respectively. With FOS-II it would not be possible to detect the
peak, as its FWHM is smaller than the actual wavelength drift. However, a simple correction algorithm may by applied to correct the wavelength drift, found with FOS-II,
when working with a deuterium light source commonly used in ultra violet spectroscopy. As the 656.1 run peak of the deuterium lamp is a monochromatic peak [27],
similar to the mercury emission lines used for the wavelength calibration, it can be used
to recalculate the intercept, A, of the calibration curve and thus compensating its temperature dependent drift. By selecting the calibration coefficients B" B2 and BJ, obtained for FOS-II at 24.6 °C as a reference, the intercept, A, could be recalculated, because wavelength and pixel position were known. U sing this technique, an
SEE ~ 0.6 nm could be achieved for FOS-II over the entire temperature region without the necessity of knowing the instrument's temperature. Estimating the wavelength
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drift with the obtained SEE of 0.6 run of the wavelength corrected calibration curve, an
error of magnitude of 8.4 % and 25 % may be observed at the top of the peak and the
inflection point respectively over the entire temperature range with an emission line recorded by FOS-I1 close to its spectral resolution.

However, the absorption peaks usually observed in water analysis based on ultraviolet
spectroscopy are far broader than the wavelength resolution of FOS-I and FOS-I1. For
example, the absorption spectrum of nitrate, N03-, has its peak maximum situated at
around 203 run with an FWHM of approximately 30 run. Consequently the slope of
such an absorption peak function and therefore the induced error caused by wavelength drifts is far lower. Assuming such a broad peak with a magnitude of 1 AU in a
laboratory with a temperature variation smaller than 1 °C, negligible absorption variations of 0.01 mAU and 0.3 mAU at the peak and the inflection point respectively may
be found with FOS-I. With FOS-II, absorption variations of 0.08 mAU and 8 mAU
may be observed in such an environment at the top of the absorption peak and its inflection point respectively. Assuming absorption errors of 2 mAU to 10 mAU, caused
be the signal to noise ratio of the detector electronics, commonly found with such
spectrometer modules, it may be concluded that the temperature variations found in a
laboratory «1 °C) have a minor effect on the performance of the instrument.

However, using FOS-I in a field trial with temperature variations as high as 40°C its
absorption could vary by 0.2 mAU and 10 mAU at the peak and the inflection point
respectively. With FOS-I1, such temperature changes could create absorption variations
as high as 120 mAU and 310 mAU for peak and inflection point respectively, if the
spectrometer is not temperature corrected, and 1 mAU and 30 mAU respectively, if the
wavelength calibration curve is temperature compensated as described above. Comparing these potential measurement errors with the minimum absorption errors of
2 mAU and 10 mAU caused be the detector electronics, it may be necessary in such
rather harsh environments to stabilize the temperature of the spectrometer modules.
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3.6 Spectral sensitivity in the ultraviolet - system test
The cross-comparison work discussed herein has been carried out with the same primary optical system, configured into a fibre optical nitrate monitor, reflecting one of
the most relevant pollution monitoring issues in the water industry [17, 181. In this way,
the essential difference in the systems cross-compared will be due to the influence of
the miniature spectrometer FOS-I and FOS-II. In particular, the sensitivity in the ultraviolet part of the light spectrum at wavelength between 200 nm and 300 nm will be investigated. A simple experimental arrangement, as shown in Fig. 3-6, essentially comprising a deuteriwn lamp light source, DL, with its power supply, PS, a light coupling
system, LS, a mode scrambler, MS, input and output optical fibres, FI of a length of

4 m and FO of a length of 1 m, both having core/cladding diameter of 600/660 J,lm, a
highly sensitive absorption cell in the form of a liquid core waveguide, LCW, having an
optical pathlength of 196 mm and a fibre-optic shutter, SH, was used. The input fibres
FC-I, being the cross-section converter of FOS-I, and FC-II being an ultraviolet improved silica/silica fibre, having a core/cladding diameter of 100/110 J.lm with a length
of 1 m, were connected to whichever of the miniature spectrometers FOS-I or FOS-II
was being used to the sensor system. A personal computer, PC, with appropriate interface cards collected and stored spectral data obtained from the two miniature spectrometers. A detailed description of the sensor arrangement can be found in Chapter 5.
To avoid the problems with wavelength calibrations investigated in Section 3.4, the
system was specially calibrated for FOS-II before the nitrate analysis by replacing the
deuteriwn light source with the low pressure mercury light source used previously. A
key factor in optimizing such a sensor system is the light power budget, to obtain a satisfactory signal to noise ratio of the optical signal finally detected. As a result, the silicalens-based light coupling system, as described in Chapter 2 and published in [6], which
shows some wavelength-dependence in the coupling efficiency, was used to compensate the increasing light losses at wavelengths below 250 nm which occur in the optical
fibres FI, FO, FC-I and FC-2, in the liquid core waveguide, LCW, and also arise from
the decreasing sensitivity of the spectrometers FOS-I and FOS-II. A key feature of the
work was that UV-improved optical fibres (UVI-fibres), described in Chapter 2 and
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elsewhere [7, 8, 9] were employed to ensure a stable UV light flux at wavelengths below
250 run, to and from the sensor cell through those fibres.

LS

Fig. 3-6:

Sample
in
out

FI

t

~

FC-I
FO

,...--......

Experimental arrangement used to compare the sensitivity of FOS-I and

FOS-II. The sensor system comprises a deuterium lamp, DL, with its power supply, PS,
a lens system, LS, input and output fibres, FI and FO, a mode scrambler, MS, a liquid
core waveguide, LCW, as the absorption cell, a fibre-optic shutter, SH, the input fibres
FC-I and FC-II for the two miniature spectrometer systems, FOS-I and FOS-II and an
IBM-compatible personal computer, Pc.

The liquid core waveguide, which will be described in Chapter 5, was used as the optical sensor cell in this demonstration, shows the major advantage of a relatively low light
loss at long pathlengths, since the optical energy coupled into the LCW is confIned to
and guided by its core and contains the analyte on which the measurements are to be
carried out. The applicability of the LCW has been tested in the visible [18 ,37] and the
UV regions of the spectrum [17, 18]. A detailed description of its construction and performance can be found in Chapter 5 and elsewhere [5, 18, 37].

3.6.1 Signal to noise ratio at wavelength below 300 nm
The deep ultraviolet region of the light spectrum is of particular interest in water quality
analysis and process monitoring. Thus, the applicability of FOS-I and FOS-II in a fibreoptic-based sensor arrangement, as described above, to perform measurements below

300 nm and especially 230 nm with a reasonable signal to noise ratio was investigated.
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A nitrate ion, N03-, standard solution, prepared by dissolving sodium nitrate (NaN03)
in de-ionized water, was used for preparing aqueous nitrate solutions, at concentrations
ranging from 0.067 mg 1-1 to 0.51 mg 1-1. Nitrate, an important water pollutant, was
chosen because of its characteristically absorption peak situated around 203 nm wavelength with a linewidth of approximately 30 nm. The LeW was filled with de-ionized
water and a varying attenuation, realized by doping the solution with nitrate concentrations ranging from 0.067 mg 1-1 to 0.51 mg l-1, introduced to investigate its effect on the
intensity spectrum and the SNR of both spectrometers. The dark output-corrected intensity spectra and the resulting SNR, obtained by dividing the dark output-corrected
intensity spectra by its standard deviation is shown in Fig. 3-7 and Fig. 3-8 for FOS-I
and FOS-I1 respectively. Both figures clearly indicate that a stable transmission of ultraviolet light is possible at wavelength below 240 nm, which is the envisaged wavelength region of this work. However, it was found that the intensity values measured at
wavelengths below 240 nm of FOS-I were significandy higher than those of FOS-I1,
thus showing a higher sensitivity in this wavelength region. Thus it may be concluded
that FOS-I1 will be far more sensitive to stray light effects, distorting the results of
analytical experiments, than FOS-I. Additionally, although the noise level of FOS-I was
determined to be significandy higher than that of FOS-I1, the signal to noise ratio of
FOS-I was still higher than that of FOS-I1. Reducing the intensity signal in the sensor
system at a wavelength of 203 nm to, for example, 10% of its original signal at an
equivalence of 1 AU, a SNR of more than 10 dB could still be observed with FOS-I
and FOS-I1.
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Fig. 3-7: Intensity output and SNR of FOS-I as a function of wavelength ranging from
190 nm to 300 nm with NO)- induced absorption.
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However, investigating the spectrum of FOS-II further, it was found that stray light effects in the spectrometer already reduced the absorption to 0.8 AU. In further experiments, spectrometer FOS-I was chosen as the wavelength resolving detector element,
in view of the above discussion.

3.7 Summary and Discussion
Two inexpensive fibre-optic-based spectrometer modules have been investigated for
potential use in field applications as an integral part of a UV sensor system. The influence of temperature variations on the dark output and their wavelength stability has
been studied. It was found that the dark output of FOS-I followed an exponential law,
doubling each time the temperature of the spectrometer is increased by approximately

7°C. With FOS-II, a non-linear and therefore less predictable relationship was found,
mainly caused by the pre-amplifier electronics. However, the optical dark output data
obtained was found to double each 9 to 10°C, when fitting the data to an exponential
function. With this kind of system, the main source of noise was found to arise in the
spectrometer itself. An averaged noise level of 2.7 ± 0.6 a.u. was found at 24°C. Within
the temperature range of 5 °C to 42 °C, the use of integration times varying between
13 ms and 585 ms appeared to have no influence on these averaged noise levels. However, FOS-II was found to have a lower averaged noise level varying from 1.0 ± 0.2 a.u.
to 2.0 ± 0.5 a.u. at temperatures ranging from 6.0 °C to 43.6 °C, indicating a clear temperature dependence in the averaged noise level. A wavelength drift induced by temperature variations, typically found in field applications, was investigated with a specially developed calibration algorithm. A drift of approximately 0.006 nm K-t for FOS-I
and approximately 0.17 nm K-t for FOS-II could be observed. However, using the
656.1 deuteriwn peak for on-line correction, FOS-II could be stabilized to a wavelength accuracy of 0.7 nm within the above temperature range. Finally, the sensitivity of
the detector arrays of FOS-I and FOS-II was investigated in the ultraviolet at wavelengths between 200 nm and 300 nm, when connected to a typical sensor arrangement
In particular below 240 nm, FOS-I showed a clear advantage compared to FOS-II.
However, it should be mentioned that the effect of stray light on the performance of
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both spectrometers has not been investigated, but that such data would be valuable to
compare more fully the range of both instruments. Good system design should help to
minimize its effect. However, the work described in this Chapter shows that the spectrometers investigated can be used successfully as polychromatic detectors in fibreoptic based UV sensors. Two sensor applications, specifically designed for deep ultraviolet applications are discussed in Chapters 4 and 5.
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4. Design of a fibre-optic nitrate sensor
based on a reflectance cell

4.1 Abstract
Most spectroscopic applications in the visible and ultraviolet part of the optical spectrum using fibre optics have been restricted to the wavelength range above 230 run up
to now. Ultraviolet (UV) light, especially that below 230 run, damages standard silica
fibres with an undoped core and fluorine-doped cladding so quickly that a stable UV
light transmission is essentially impossible. As a result, the fiberization of many conventional spectroscopic devices which has been seen in the visible and near infra-red
parts of the spectrum has not been expanded to these short wavelengths.
After discussing the advantages of ultraviolet-improved fused silica fibres in Chapter 2,
the coupling of UV light into such fibres in Chapter 2 and the applicability of miniature
optical spectrophotometer modules in that wavelength region in Chapter 3, the applicability of an UV-optimized fibre-optic remote sensor for the determination of nitrate

(N03") is studied. The system has an input and an output fibre of length 4 m respectively and a detection limit of 2.0 mg 1-1 N03- at a wavelength of 203 run, based on a
reflectance cell, and is described and its performance discussed in this Chapter.

4.2 Introduction
There has been an increase in demand for chemical sensors in recent years, especially
since stricter national and international regulations have been introduced for pollutants
present in process and waste waters. As a result, a range of different techniques for optically-based sensors has been developed by a wide range of laboratories and research
institutions, as reviewed by Briggs and Grattan [1]. However, a survey carried out by
Crossley [2] has shown that the market is still, to a large extent, dominated by conventional optical and spectrophotometric methods, such as fluorescence, absorption and
kindred techniques. As a typical example, selective and simple methods for the deter-
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mination of ammonia, nitrate and nitrite and organic matter in water are increasingly
required to serve the rising interest that has been shown in monitoring the quality of
drinking and sewage water, since high concentrations of these pollutants are indicative
of poor water quality. However, ammonia, nitrate and nitrite and organic matter can be
monitored optically due to their strong and broad absorption peaks centered around
180 run, 203 run 210 run and 254 run respectively [3, 4]. Methods to determine the
concentration of nitrate in water range from nitrate-selective electrodes and colorimetric methods to direct UV absorption spectroscopy [5, 6, 7, 8, 9, 10, 11]. Detection limits of conventional spectrometer-based sensor systems equipped with standard absorption or reflectance cells with an optical pathlength of 10 mm, as cited above, were
found to be around 0.5 mg 1-1 of N03-, when using the broad and strong absorption
peak centered around the 203 nm wavelength. However, for continuous monitoring,
the optical elements of the sensor which are immersed in the sample solution must be
regularly cleaned due to biofilm formation and as well, analysis techniques like multivariate data analysis have to be used to determine nitrate concentrations in municipal
waste water [11].

Several remote sensing systems with fibre optics have been developed for chemical
sensing. They rely on the advantage of fibre optics to separate the sample cell, which
could be situated in a hazardous environment, and the measurement equipment by
guiding light to the sensor from a light source and from the sensor to the detector
(remote sensing). These sensors have traditionally been constructed for the visible and
near infrared part of the light spectrum, where losses in fibres are low. However, attempts to extend the usage of such sensor systems to measure water pollutants, such as
ammonia, nitrate and nitrite, directly, have suffered from the problem that the reliable
transmission of UV light below the 230 nm wavelength was not possible with commercially available fused silica fibres with a high OH content. The reason for this adverse
behaviour in standard fibres is the generation of UV-induced colour centres, with resulting absorption bands in the transmission range concerned, as discussed in Chapter 2
and in the literature [12, 13, 14].
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Fibre-optic nitrate sensing in the visible part of the light spectrum, based on colourimetric techniques, has been reported by Zaho et al. [15] and Waterbury et al. [16J.
Nevertheless, early nitrate measurements using fibre optics in the ultra violet with a
short fibre length and a conventional absorption cell having an optical pathlength of
1 em were performed by Mouaziz et aL [17]. He utilized a mercury-iodine light source
with its intensity peak situated around 206 om wavelength to measure the absorbance
generated by nitrate and referenced the measurement by removing nitrate in the sample
with an lMAC HP441 ion exchange resin in a second measurement cycle. Further work
was carried out by Stanley et aL [18] who determined the concentration of nitrate in the
range 0.4 to 30 mg 1-1, using several metre long fibres. His complex optical system included a mechanically rotating filter wheel, a fragile deuterium lamp arrangement and it
required a photomultiplier tube (PM!) detector. Although coupling light from a deuterium light source into standard fused silica fibres with a high OH content, he did not
report any light losses induced by the generation of E'centres, perhaps caused by the
fact that only very low light intensities were coupled into the optical system. He compared the absorption at 220 om and 275 om with a UV-sensitive PMT and two interference filters centred around the wavelengths mentioned.

A more generic approach to develop a polychromatic sensor for water analysis in the
wavelength region from 196 om to the visible light region is described in this Chapter.
A primary aim is to have available both more and specific data, resulting in a reduction
in the interference effects from other species, with a greater independence of the type
of source water. This is designed to identify species, based on information from spectral features and hence obviate the need for a more service-intensive reagent-based
system. The sensor system envisaged comprises a miniature diode array spectrometer
(Chapters 3), an effective optical fibre coupling system (Chapter 2) to maximize optical
efficiency and hence compensate for lower signal levels at a diode array detector compared to the use of a phase-locked UV-enhanced silicon diode detector and employing
ultraviolet-improved fused silica/silica fibres as a stable waveguide at wavelengths be-
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low 230 run (Chapter 2). A reflectance cell with an optical pathlength of 1 em is used in
this sensor arrangement to detect the concentration of nitrate (NO)) at the 203 run
wavelength, showing its applicability in practical optical instrumentation. In particular,
the non-linear behaviour of the UV-improved fibres during the "warming up" period of
the sensor and the signal to noise ratio after stabilization are discussed. Finally, results
on the measurement of NO)- in de-ionized water are shown.

4.3 Optical properties of water in the ultraviolet
Due to the increased absorption of water in the deep UV region (200-250 run) the
losses of any optical cell filled with H20 will increase with reducing wavelength. nus
section outlines the change of refractive index and attenuation of water at different
wavelengths, which can be described by its complex refractive index. The complex refractive index of water, n(A}

+jk(A}, is an important parameter for design and model-

ling of fibre-optic sensor cells intended for use with aqueous solutions. Although several hundreds of publications could readily be cited, only the work of Querry et al and
Huibers, who compiled most of the published data will be referenced [19,20]. The interested reader may consult the extensive literature research cited in these articles. The
absorption or better the attenuation of water, a(A), can be calculated from the complex
part of the refractive index,jk(A}

a(..t) = 4n- k(A)

(4.3-1)

A

which can be used to describe the decrease of light power, P(Z,A), caused by water in a
sensor arrangement as a function of distance, Z, and wavelength, A
4

k(A)

p(z, A) = p(o, A}-a(A)~ =P(O,A,- 1rT~

(4.3-2)
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Thus, the loss of light, Lw(Z,A), in dB as a function of wavelength, A, and distance, Z,
induced into an optical sensor by the absorption of water can be calculated by use of
the following equation

_

L.,(Z,..i)-lOlog to

(P(O,..i))_ 40k(..i)r
p(Z,..i) - Aln(10) Z

(4.3-3)

Refractive index, n, and the loss of light, Lw(!V A), induced by absorption water are
shown in Fig. 4-1. It can be clearly seen that although nand Lw(!V A) increase in the ultraviolet, a transportation of light through water is possible. Losses as low as 0.3 dB emland 0.007 dB cm- l at 200 nm and 300 nm wavelength respectively have to be expected in this wavelength region.
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Fig. 4-1: Refractive index, n, and loss [dB cm- l] ofwate! as a function of wavelength, A.
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4.4 Experimental set-up
A simple fibre-optic based sensor arrangement to measure nitrate concentration in water by UV absorbance was developed. A range of different factors have to be taken into
account when a fibre-optic sensor system for UV-C light (A. ~ 250 run), comprising a
deuterium lamp (DL), a lens system (LS), input and output fibres (FI, FO), having a
core/cladding diameter of 410/440 Jlm and 2 m length respectively, a reflectance cell
(RC), an optical shutter (SH) and a fibre-optic spectrometer (POS), as shown in Fig. 42, is assembled.
FI

Fig. 4-2: Experimental set-up for a UV-C sensor, comprising a deuterium lamp (DL), a
lens system (LS), input and output fibres (PI, FO), a reflectance cell (RC), an optical
shutter (SH) and a fibre-optic spectrometer (FOS).

The key factor when designing such a sensor system is the power budget PB, which
could be defined as PB = 10 log (pin Pouf l) where Pin is the spectral input power of the
sensor, emitted by the light source and

Pout

in the spectral power received by the spec-

trometer. Therefore a range of effects comprising the spectral distribution of the light
source, the ease of coupling light from one optical component to the other, the spectral
dependence of the lens-optics - coupling light from the light source into the input fibre,
FI - , basic and induced light losses in FI and FO below the 250 run wavelength, the
spectral efficiency of RC, the sensitivity of the spectrometer, and the overall degradation of the equipment when exposed to UV light have to be taken into account when
optimizing the power budget of such a sensor system.

A deuterium discharge lamp, type 208/05R manufactured by Heraeus [21], with a
source diameter ~

O.S mm, a NA

~

0.34 and a typical lifetime of 1000 hours was imDesign ojajibre optic nitrate sensor ...
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plemented in the sensor system. This light source has a high radiant flux output combined with a relatively uniform spectral distribution in the ultra violet between 200 nm
and 400 nm wavelength. As discussed in Chapter 2, its combination of a small emitting
area and numerical aperture enabled wavelength-selective light coupling to the input
fibre, FI, by a lens system comprising two plano-convex fused silica lenses. The chromatic aberration of the fused silica in the UV was used to tailor the spectral distribution
of the source, through the optical system, to match the spectral sensitivity of the fibreoptic spectrometer and therefore to optimize its signal to noise ratio in the deep UV.

A reflectance cell with a variable pathlength (0 .. 12 nun), as outlined in Fig. 4-2, was
designed and manufactured. Input (PI) and output (FO) fibres were placed 5 nun from
a mirror, prepared from stainless steel with a polished surface finish. This arrangement
resulted in an optical path length of 10 mm and the measurement results obtained
could be compared to those obtained by using a commercially available UV-VIS spectrometer.

4.5 ''Warming-up'' time of the sensor system
The ''warming up" period and thus the stability of the proposed sensor system was investigated. Intensity drifts were found in the first minutes of operation, which are believed to result from the warming-up period of the deuterium lamp and transient effects inside the UV-improved fibre material (see Chapter 2). The attenuation in the fibres can be explained by two independent effects, these being a basic level of attenuation, mainly determined by UV-intrinsic losses and Rayleigh-scattering and an UVinduced attenuation, caused by the generation of so called E'-centres, as discussed in
Chapter 2 and in several references [12, 13, 14]. Although the generation of these E'centres is greatly reduced in UVI fibres and therefore transportation of UV light is possible, it is not completely suppressed. However, in contrast to the up to 20 dB m- t loss
in standard fibres after 10 hours of UV exposure, only a decrease in light transmission
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of about 10% at the absorption peak of the induced loss at 214 run was found for this
sensor arrangement, as shown in Fig. 4-3.
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Fig. 4-3: Transmission loss in UV-improved fibre as function of wavelength and time,
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Fig. 4-4: Recovery of transmission in UV-improved fibre as function of wavelength and
time, when the light source is switched off.

This loss was found to be time dependent and is induced in the optical fibres of the
sensor system in the first 30 minutes of exposure. After this initial ''warming up" period, the fibres appear to have a stable transmission of UV-light down to a wavelength
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of 195 run, the lowe! wavelength limit of the spectrometer. However Fig. 4-4 shows
that the induced loss is reversible because the fibre returns to its original level of loss
within a period of 60 minutes, when the UV-light into the fibre is switched off. These
UV-improved fibres, described in Chapter 2, have been developed and tested over a
period of 180 hours. Thus, after a ''warming up" time of 30 minutes, the sensor system
was found to have a stable UV-transmission and could be used in spectroscopic applications such as the determination of nitrate concentration discussed in the following
section.

4.6 Experimental results
After stability investigations, the sensor system, as shown in Fig. 4-2, was optimized for
nitrate measurements by altering the wavelength-dependent coupling efficiency of the
lens system [12] to the 200 nm wavelength region. A standard nitrate ion (N03') solution, prepared by dissolving sodium nitrate (NaND}) in de-ionized water, was used for
preparing aqueous nitrate solutions, having concentrations of 31.4, 15.7, 7.84, 3.92,
1.96 and 0.98 mg 1-1 of N03" ions. Taking 10 individual measurements for each sample
with a spectrometer integration time of 150 ms, approximately 1.5 s were needed to
measure the absorption spectra of one N03" sample between 195 run and 730 nm
wavelengths. All experiments were performed in the laboratory at room temperature

(21 °C), to avoid measurement error which may be caused by temperature drifts, as described in detail in Chapter 3. The intensity spectrum and its associated signal to noise
ratio, defmed as the mean of the dark output corrected intensity signal divided by its
standard deviation (Chapter 1), are shown in Fig. 4-5 and Fig. 4-6 respectively. From
both figures, it can be clearly seen that reliable measurements are possible in the most
interesting wavelength region between 196 nm and 250 run with the sensor system
from the SNR point of view, defining the detection limit of the sensor system. According to the Bouger-Lambert-Beer Law, the concentration of a chemical species can
be related to a the absorbance of light at a specific wavelength.
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The absorbance spectra of nitrate, with concentrations ranging from 0.98 mg 1-1 to
31.4 mg 1-1 are shown in Fig. 4-7. A shift of the absorbance maximum to higher wavelengths, caused by stray light effects (Chapter 1) can be observed at higher concentrations.
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Fig. 4-7: Nitrate (N03') absorption measured with reflectance cell having an optical
pathlength of 10 mm, containing 31.4, 15.7, 7.8, 3.9, 2.0 and 1.0 mg 1-1 N03" in deionized water.

The performance of the sensor system at a specific wavelength can be expressed
mathematically in tenus of a linear regression, where the slope of the regression line
represents the sensitivity and the standard deviation its limit of detection. Such regression lines, relating absorbance and concentration of N03" have been calculated for
199 nm, 203 nm, 210 nm and 220 run wavelengths. Up to a concentration of 3.9 mg 1-1,
the measured absorbance values of all wavelength follow a straight line as indicated in
Fig. 4-8.
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wavelength

A

B

[om]

[AU]

[AU (mg/I) "1]

R

SD
[AU]

SD
AC=B

[mg

CLirnit

[mg 1-1]

1-1]

199

0.038

0.092

0.9978

0.023

0.25

0.50

203

0.027

0.099

0.9987

0.019

0.20

0.40

210

0.020

0.086

0.9990

0.014

0.16

0.32

220

0.017

0.037

0.9994

0.009

0.53

1.06

Tab. 4-1: Parameters of linear regression (A

+ B*concentration), correlation

(R), and

standard deviation (SD), of N03" absorption at 200 om, 203 om, 210 om and 220 om
as a function of concentration.

Then, the linear range of the 199 om calibration curve is exceeded. Linear calibration
curves for 203 nm and 210 om wavelength were found until a value of 7.8 mg lot. Only
the calibration curve calculated at the 220 om wavelength includes all concentration
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measurements. Although from the signal to noise point of view, the range of the calibration curves should be within the envisaged concentration region, stray light is severely limiting the range of the sensor at lower wavelengths. In certain circumstances, a
polynomial curve fit may be used to compensate the effects of stray light, enlarging the
range of the measurement. Tab. 4-1 shows the intercept, A, the slope, B, as well as the
correlation factor, R, and the standard deviation, SD, of the calibration fit for the defined wavelengths. The intercept of the calibration curves, A, differs by about the same
magnitude as the standard deviation, indicating a stable transportation of UV light in
the sensor system throughout the experiments. The highest sensitivity, represented by
the slope, B, of the calibration curves was found at the absorption peak at the 203 nm
wavelength to be 0.099 AU (mg/l)

-1.

However, all four linear regressions present a

good fit to the experimental data, as shown by their correlation factor, R. The concentration error, Ac, caused by the noise of the detection system, can be calculated from
the standard deviation, SD, of the fit to be L\c=SD B-1, clearly indicating that

CLimit

is

dependent on both SD and B. The result of this calculation can then be used to estimate the detection limit,

CLimit,

which can be defined as twice the concentration error.

Both concentration error and detection limit for the calibration fits performed are
shown in Tab. 4-1. The lowest detection limit,

CLimit,

of 0.32 mg I-t could be achieved at

the 210 nm wavelength, indicating that the lower slope, B, was compensated by the improved standard deviation of the fit.

4.7 Summary and discussion

A fibre-optic nitrate sensor, optimized for the deep ultraviolet part of the light spectrum, has been developed. Ultraviolet improved fibres (UVI fibres) have been used to

enable a transfer of UV light to and from the sensor cell. The sensor system was found
to be stable after a ''warming up" period of 30 minutes. Four calibration curves, situated at 199 nm, 203 nm 210 nm and 220 nm wavelengths, featuring a detection limit of
0.50 mg I-I, 0.40 mg I-I, 0.32 mg I-t and 1.06 mg 1-1 N03- have been calculated. However, only small optical pathlengths can be realized with the sensor cell used because of
the high optical losses found in this optical cell arrangement To expand the optical
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pathlength and therefore the sensitivity of the sensor cell, waveguide principles can be
employed; these are described in Chapter 5.
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5. Development of long pathlength cells for
fibre-optic UV -sensor systems

5.1 Abstract
Two fibre-optic-based sensor systems with high sensitivity in the deep ultraviolet, based
on differential absorption spectroscopy, are discussed in this Chapter. Both comprise
the UV-optimized sensor arrangement, discussed in Chapter 5, but include novel flowthrough sensor cells with extended optical pathlengths to increase the sensitivity of the
system. Their optical properties and efficiency in the ultraviolet are discussed. The first
sensor cell, based on an aluminium coated fused silica capillary cell and having an optical pathlength of 43 em, is demonstrated in the construction of a residual chlorine sensor. The second sensor cell, a Teflon AF-coated liquid-core waveguide (LCW), is illustrated when applied to monitoring of nitrates, chlorine and acetylsalicylic acid. The sensor systems exhibit low spectral loss between wavelengths of 200 om and 400 om and
can be used for a wide range of analytical investigations to determine small concentrations of such impurities in water, showing the potentially wider applicability of the systems.

5.2 Introduction
A range of optical sensor cells have been developed for pollutant sensing in the visible,
the infrared and the ultraviolet regions of the light spectrum. A major disadvantage
most of these sensor cells have in common is that they feature high light losses over
relatively short optical pathlengths, thus limiting the sensitivity of the sensor system.
However, there are two ways to increase the sensitivity. Firstly, the noise present in the
spectrophotometer system used could be decreased. Although most spectrophotometers have a noise level of some mAU, those for spectrophotometers used in liquid
c1u:omatography have been reduced to 100 J.1AU or less. 1b.is has been realized by im-
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proving the quality of the components used, such as the optics, and optimizing the
system, i.e. improving the mechanical structure, the thermal stability, the electronics,
the light sources and the detector elements. However, it is difficult to achieve such low
noise levels in field instrumentation, because mechanical vibrations, temperature variations or ambient light easily introduce noise levels greater than several mAU. A practical range for absorbance measurements was found to be 0.05 to 1 AU, corresponding
to a 10% to 90% light attenuation by the sample. A second approach to increase the
sensitivity of an absorbance-based optical sensor system is to increase the optical pathlength of its sensor cell. As defined by the Bouger-Lambert-Beer Law, the absorbance
of light introduced by a sample is proportional to the chromophore concentration and
the optical pathlength. Thus, increasing the optical pathlength of a sensor cell will increase the absorbance signal observed and therefore, potentially, its sensitivity. Compared to a conventional cell with an optical pathlength of 1 em, a sensor cell with an
optical pathlength of 20 cm would increase the measured absorbance 20 fold, thus, for
example, a 0.001 AU signal obtained with a 1 em cell would be measured to be
0.02 AU with such a measurement arrangement. However, with conventional technology, it is difficult to transmit a collimated probing light beam over such a distance
without substantial light loss or the use of advanced and expensive collimating optics.
To overcome this problem, waveguide principles can be employed, when developing
sample cells with increased optical pathlength. Such a light guiding sensor cell can be
fonned when the analyte solution functions as a core of a waveguide, surrounded by a
tubular material, the cladding, possessing a lower refractive index. In such an arrangement, light is guided and confined in the liquid core by total internal reflection at the

corel cladding interface and optical fibres can be employed to transport light to and
from the sample cell. Additionally, such sensor arrangements are particularly suitable to
be combined with optical fibres for light transfer, forming a flexible sensor system.

A number of sensor cells with long optical pathlengths have been developed, and their
experimental perfonnance either in the area of communications or sensor technology
has been published, as reviewed in the subsequent section. The principle of the guiding
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effect may be used to divide them into a four different groups, being bare glass or fused
silica tubes, glass or fused silica tubes with a reflective coating, tubes coated internally
or externally with low refractive index polymers or finally plastic tubes with low refractive indices. The development of such sample cells is described briefly in the following
sections.

5.2.1 Bare glass or fused silica tubes without reflective coatings
Early research on guiding light in fused silica tubes or so-called hollow waveguides has
been published by Stone [1] in 1972 and others who investigated the potential usefulness of hollow quartz fibres filled with tetrachloroethylene or a mixture of tetrachloroethylene and carbon tetrachloride, both having a refractive index higher than that of
fused silica, for long distance optical communications. Although never used in telecommunications, it was demonstrated that light could be transported in the liquid core
of such a waveguide with transmission losses of around 20 dB km-t in the near infrared
part of the light spectrum. Fuwa et al filled such a long capillary cell with carbon disulfide having a higher refractive index than the cell wall and formed the first waveguide
of a length of 50 m to enhance the sensitivity in ordinary colorimetry [2] in 1984. A fibre-optic-coupled sample tube, consisting of glass a capillary tube with a length of 1 m
and an inner diameter of 1.27 mm and an outer diameter of 1.77 mm was developed by
Schwab et aL in 1987 [3]. This sample cell was developed to enhance the sensitivity in
Raman spectroscopy and acted as a waveguide because it used the air/glass interface of
the cell wall to confine the light in the waveguide. Early fluorescence detection involving the use of liquid core fibres, consisting of hollow fibres filled with carbon disulfide
have been reported by Fujiwara et aL [4] in 1988. Tsunoda et al described the use of liquid core waveguides in absorption techniques in 1989 [5]. Constructed from borosilicate-glass tubing, these waveguides relied on the effect of total internal reflection at the
glass/ air interface and were the first water-filled waveguides offering losses between 8
and 18 dB m- t at 632.8 nm wavelength. In 1992, Wei et al [6] modelled and described
liquid core optical fibres (LCOF), using carbon disulfide having a higher refractive in-
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dex than that of the LeOF wall, and thus creating an optical waveguide. The model
was used to explain the deviations from the Beer-Lambert Law and the sensitivity enhancement of the cell at small concentrations in long absorption cells. Another theoretical and experimental study of the factors which affect the enhancement of sensitivity and detectability for flurometric sensing was published by Zhu et al [7] in 1994.
Benoit and Yappert published in 1996 a characterization of a simple Raman capillary / fibre optical sensor with reduced size and without focusing lenses or mirrors and
filters with a 70-fold sensitivity and a 50-fold detectability enhancement [8].

5.2.2 Glass or fused silica tubes with reflective coatings
Early applications of liquid core fibres in analytical chemistry were reported on enhancing weak signals in Raman spectroscopy by confining the excitation radiation and
collecting the Raman scattered light over longer interaction lengths [9, 10]. The usage of
long capillary cells (Lee) to enhance the sensitivity in absorption spectroscopy was introduced by Lei et al [11]. They studied the light guidance in Lees and the effect of
transmissibility when the outside of the Lee used was coated with reflective and nonreflective material (black coarse tape, aluminium foil). Using Pyrex glass as the material
of the capillary, they found that the cell did not act as a waveguide because the refractive index of water in the core was smaller that the refractive index of the glass. However, Lei et al [11] showed that the guidance of the light inside the capillary could be
improved some 25-fold, when the outside was coated with a reflective material, such as
aluminium or silver, when compared to black coarse tape, which it was assumed would
completely absorb the light. Further work has included that of Dasgupta [12] who developed a multi-path arrangement by coating the inside of a helical cell with silver to
extend the range of optical absorbance measurements. He proposed that this arrangement would vary its effective optical pathlength as a function of absorbance, resulting
in a sensitivity enhancement at low analyte concentrations. An interesting approach was
reported by Alaluf et al who coated the inside of plastic hollow tubes with a metal layer
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(Ag) and grew a thin dielectric overlayer of AgI by direct iodination, which could be
employed as a filter in the mid-infrared region of the light spectrum [13].

5.2.3 Tubes coated internally or externally with low-refractive index polymers
Liquid core fibres or waveguides, based on low refractive coatings, such as Teflon AF,
a clear amorphous fluoropolymer having a refractive index of 1.29-1.31, in the inside
or outside of a glass or plastic tubing to form a waveguide with water as a core have
been reported by Gilby and Carson [14] 1992, Dress and Franke [15, 16] in 1996 and
1997, and Hong and Burgress [17] in 1996. Dress and Franke reported light losses as

low as 1.6 dB m-1 in a liquid core waveguide realized by coating the inner surface of cylindrical absorption cell with Teflon AF, it having a lower refractive than water and
thus proved its applicability for water and aqueous solution analysis in the visible part
of the light spectrum. Another possibility found was to coat the outside of a fused silica
capillary with Teflon AF, not strictly forming a waveguide but with low light losses.
This approach was reported by Liu [18, 19] in 1995, Munk [20] in 1997, and Altkorn et

01. [21] in 1997. Altkorn reported light losses of approximately 1 dB m- 1 in the visible
region of the light spectrum using water filled fused silica tubing coated with a thin
layer of Teflon AF 2400 having an inner diameter of 530 J..Un and an outer diameter of
630 J.UI1.

5.2.4 Plastic tubes
The use of FEP-tubing as a sensor cell forming an optical waveguide was published in
1990 by Tsunoda et 01. [22]. However, although the refractive index of FEP,

poly(tettafluoroethylene-co-hexafluoropropylene) is 1.35, its waveguide properties cannot be used directly for water analysis, with water having a refractive index of 1.33. Lui
reported in 1995 on the usage of Teflon AF as a cell wall material, having a refractive
index lower than that of water, forming a waveguide [18]. Light losses below 3 dB m- t
in the visible part of the light spectrum were reported by Altkorn et 01. [23] in 1997 for
Teflon AF 2400 capillaries £i11ed with water. At nearly the same time, Waterbury et 01.
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described a sensor system for dissolved iron concentrations, based on Teflon AF LCW
with a 4.47 m pathlength [24] and a colorimetric nitrate and nitrite sensor [25]. Song

et al described in 1998 an application and a detailed procedure to use such a waveguide
in Raman spectroscopy to enhance the traditionally weak Raman signals up to 20-fold
in aqueous solutions and up to 120-fold in organic solvents [26]. A gas sensor based on
the permeability of Teflon AF material was published recently (1998) by Dasgupta et al,
using a Teflon AF-tube as a waveguide, £i11ed with a colour indicator, working with response times lower than one second [27].

5.2.5 Summary of previous work and objective of this Chapter
A brief review about the development of sensor cells with long optical pathlengths was
given in the introduction. Although there has been considerable research activity in this
field, it has not been extended to the ultraviolet part of the light spectrum. Similar work
in the ultraviolet, as for example described in Chapter 4, has not been performed due to
the unavailability of solarization-resistant optical fibres (UVI-fibres). The emphasis of
this Chapter is the investigation of the applicability of two fibre-optic-based sensor
systems for deep UV applications (A:S; 250 nm), with one being based on an aluminium
coated-capillary cell and one being based on a liquid core waveguide with an inner
coating of Teflon AF. The advantages of combining UV-improved fibre-optic technology with these sensor cells will be discussed and their applicability for ultraviolet spectroscopy based water analysis investigated.

5.3 Ultraviolet detection system based on an aluminium coated capillary cell
Fused silica capillaries with an aluminium coating, having an inner diameter, ID, of
0.6 mm and an outer diameter, OD, of 1 mm were prepared for the following experiments. The prime advantage of these capillaries as sample cells is their simple and robust design, the high reflectivity of aluminium in the ultraviolet and the resistance of
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the fused silica to chemical interaction with many solvents. The light guidance in such a
cell arrangement relies on partial internal reflectance at the solvent / fused silica interface and the fused silica / aluminium interface to allow UV-VIS light to propagate
along the cell axis. The total intensity of the light transmitted through a long glass capillary cell containing, for example, water as a solvent with its lower refractive index than
fused silica, is comprised of light rays taking many path through the capillary centre or
through the walls [11]. To improve the light coupling at the input and to separate wallpropagated light from centre propagated light at the output of the cell, fibres with a
core diameter of 400 J.UIl were inserted in the capillary cell to increase the coupling efficiency.

5.3.1 Experimental set-up
The individual components of a fibre-optic-based sensor system, as discussed in
Chapters 2 and 3, were optimized for use in the ultraviolet. The optical arrangement
comprised a deuterium lamp, DL, a fibre coupling system, LS, arranged to compensate
for the higher loss of UV in the fibre and absorption cell, an input and output fibre, FI,
Fa, both of length 2 m with a core diameter of 410 J.1m and a capillary-based absorption cell, CE, of length 100 mm. The output fibre, FO, was coupled to the optical fibre
input of the spectrometer, FOS, with a standard SMA connector.
FI

FO

LS

Fig. 5-1: Complete optical set-up of an optical fibre based sensor, comprising a deuterium lamp (DL), a lens system (LS), input and output fibres (FI, Fa), a capillary based
absorption cell (CE) and a fibre-optic spectrometer (FOS).

An integration time of 40 ms was found to be sufficient to obtain a full-range reference
spectrum. Thus, although averaging each sample 50 times, a time of only two seconds
was necessary to complete a measurement cycle. Fig. 5-1 shows the complete optical
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arrangement of the sensor system; its performance will be described in the following
sub-sections.
5.3.2 Intensity profile of the capillary in the visible
The light distribution in the absorption cell, CE, was observed with a CCD camera.
Light from a helium neon (HeNe) laser was coupled into the centre of the capillary cell
with an optical fibre having a core diameter of ~ 410 Jlffi and a numerical aperture, NA,
of :::: 0.22. Fig. 5-2 shows the nearfield intensity-distribution measured with a beamprofiler at the output of the capillary cell, either filled with air or water.

Fig. 5-2: Intensity-profiles at the endface of a capillary, filled with air Qeft) and water
(right)

It was observed that light transportation only takes place in the air/water region. In

contrast to descriptions given by Lei et 01. [10], there was no light observed in the capillary wall.
5.3.3 Performance of aluminium coated sensor cells in the ultraviolet
A major interest in such a cell design was its internal losses in the UV-C region of the
light spectrum, including the question of how much these cells would improve the
guidance of light compared to the use of a free space arrangement. The spectral attenuation of the capillary cell, filled with de-ionized water, was measured between 195
run and 400 run wavelength by sliding the output fibre, FO, in steps of 1 cm through
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CEo The light loss inside the absorption cell, CE, as a function of wavelength is shown
\

in Fig. 5-3 for three different optical pathlengths of 2 ,Sand 10 em.
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Fig. 5-3: Loss in capillary based absorption cells with 2 cm, 5 em, and 10 em length respectively, filled with de-ionized water.

It can be observed that light losses increase at wavelengths below 300 run, this being
caused by the increased losses at the water/cell interface and the absorption of water in
that wavelength region (Section 4.3). For comparison, the geometric free-space loss, L,
was estimated as an axial coupling loss between the input fibre, FI, and the output fibre, FO, of the same diameter, taking the wavelength-dependent absorption loss of UV
light in water [28] into account. The result of this comparison is shown in Fig. 5-4, indicating clearly the advantage of this approach. After an initial coupling loss of approximately 1.5 dB, the capillary based absorption cells were shown to have a 1.7 dB em-I
light loss at 200 run and a 0.8 dB em-I light loss at 300 run wavelength. nus results in
an optical pathlength of 10 cm yielding a light loss of approximately 10 dB at 300 run,
and 20 dB at 200 nm in the capillary cell, but giving a light loss of approximately 44 dB
at 300 nm and 54 dB at 200 run wavelength in a free space arrangement, as for example
used with the reflectance cell in Chapter 4.
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Fig. 5-4: Absorption loss inside a water-filled capillary (CE) and in a free space arrangement (fs) at 200 run and 300 run respectively as a function of cell-length.

At wavelengths between 300 run and 730 nm, a constant loss 0.8 dB em-1 light intensity
could be observed. However, although the losses in the cells are high, an effective
transmission of light between 195 run and 400 run wavelength is possible with these
capillaries. Thus the fibre-optic-based sensor arrangement described may be applied in
the following section to measure the concentration of residual chlorine in aqueous solution, to demonstrate its potential.

5.3.4 Chlorine sensing with the combined optical system
A number of sensor schemes for measuring residual chlorine have been designed and

reported. For example, early work had tended to concentrate on developing chlorinesensitive electrochemically-based electrode probes [29]. More recendy, optical methods
have also been investigated. An illustration of this is the use of chemiluminescence to
detennine very small chlorine concentrations, at the parts per billion (Ppb) level, in a
range of water samples [30]. In addition, colorimetric techniques have proved to be accurate and reliable for the determination of various species in water [31] and these have
been applied to the measurement of chlorine concentrations in both natural and proc-
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essed waters. Aoki and Munemori [32] have developed and reported an effective technique for the measurement of chlorine in the fonn of the hypochlorite ion (OCI-),
which absorbs in the ultraviolet (UV) spectral region. Cl2 monitoring based on the
monochromatic measurement of the hypochlorite ion (OCI-) in the UV at 290 om has
been reported by Mouaziz et al [33, 34]. The species of particular interest, in this case
the hypochlorite ion (OCI-), was removed by reduction to the CI- fonn by the addition
of sodium sulphite. The optical part of this monochromatic residual chlorine monitor
(RCM) consisted essentially of a phosphor-coated mercury discharge lamp with a main
emission peak at 290 nm, an optical fibre coupled flow-through cell, a UV enhanced
silicon diode detector with an interference filter centred around 290 om and an appropriate reagent handling system. The main advantages of this monitor included a high
dynamic range combined with high sensitivity, realized with a phase locked loop detection system and a simple but robust optical system. However, only a single wavelength
could be observed and no infonnation about the remaining part of the optical spectrum
could readily be made available in this configuration. Reagents had to be used for both
sample conditioning and cleaning to prevent fouling of the optics by calcification. Additionally, the perfonnance of the RCM was shown to vary with a wide range of different water samples, as a result of which the system had to be calibrated for operation
with a particular type of water before use.

The fibre-optic based polychromatic sensor system described above was applied to
measure the concentration of residual chlorine in aqueous solution. A primary aim was
to have available both more and specific data, resulting in a reduction in the interference effects from other species, with a greater independence of the type of source water. 'Experimental results of the sensor system in measuring residual chlorine
Dependent on the temperature, and more important on the pH of the sample solution,
dissolved chlorine (Ch), hypochlorous acid (HOCI) and the hypochlorite ion (OCI-) are
produced when chlorine is added to water. Akoi e/ al. showed that at pH values lower
than 3 most of the chlorine present is in the fonn of dissolved gas (Ch), at pH values
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around 5 chlorine mainly exists in the form of HOCI and is converted to the OCI- form
if the pH is increased to 9 or higher [32, 34]. The presence of the various forms of
chlorine in water as a function of pH is shown in Fig. 5-5.
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Fig. 5-5: Presence of Cb, HOCI and OCl- as a function of pH in aqueous solution

Sodium hydroxide (NaOH) and hydrochloric acid (HCI) were used in experiments in
this work to vary the pH of the sample solution between 2 and 10, enabling a study of
the pH-dependence of the sensor system. Fig. 5-6 shows the absorption spectra of 5.7
mg I-t of free chlorine at a pH of 2 as Cb with an absorption peak centred around 229
run, at a pH of 5 as HOCI with an absorption peak centred around 233 run and at a pH
of lOin the form of the OCl- ion with an absorption peak centred around 290 nm
wavelength in de-ionized water. The relative absorption of chlorine at 229 run, 233 nm
and 290 run wavelength as a function of pH is shown in Fig. 5-7, indicating that the
strongest absorption peak, that of the OCI- ion, is situated around 290 nm. Calibration
curves for free chlorine determination as dissolved chlorine (Cb) , hypochlorous acid
(HOCl) and in the form of the hypochlorite ion (OCI-) at a pH of 2,5, 10 respectively
were prepared and referenced with a commercial reagent kit relying on the colorimetric
DPD (diethyl-p-phenyldiamine) method [35], as shown in Fig. 5-8 and Tab. 5-1.
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Fig. 5-6: Absorbance spectra of 5.76 mg 1-1 free chlorine as dissolved chlorine
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pH 2, as hypochlorous acid (HOCI), at pH 5, and in the form of the hypochlorite ion
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Defining the detection limit for the ana1yte as twice its standard error, as a result a detection limit of free chlorine in de-ionized water of 0.2 mg 1-1, when detennined in the
form of the OC1- ion, of 0.6 mg }-1 when detennined as HOC1 and of 1.6 mg 1-1 when
detennined as Cb could be achieved. For UV absorption measurements, the hypochlorite ion was found to be most suitable for measurement because the OC1- ion has the
strongest molar absorption coefficient and has its absorption peak centred around
290 nm compared to the overlapping peaks of dissolved C12 at 229 nm and HOCI at
233 nm. Additionally the absorption measurement at 290 nm is far less affected by the
presence of nitrite and nitrate ions with their large absorption peaks centred around 203
and 210 nm commonly present in natural water. There is a significant improvement in
the sensitivity of this system compared to a laboratory-based instrument, such as a HP
8452 UV /VIS spectrometer with a standard 1 cm path length absorption cell, due to
the better defined optical system.
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Sample
1
2
3
4
5
6
7
8
9
10

DPD
[mgP]
(0)
(0)
3.70 (0)
2.50 (0)
1.71
1.14
0.75
0.47
0.314
0,200

Absorption
[AU]

Found OCI[mg/l]

Error of found OCl[mg 1-1]

1,77
1,24
0,830
0,545
0,335
0,232
0,147
0,096
0,060
0,036

7,92
5,56
3,77
2,50
1,57
1,11
0,736
0,507
0,349
0,240

0,089
0,057
0,051
0,048
0,046
0,045
0,045
0,045
0,045
0,045

Tab. 5-1: Determination of chlorine concentration. Samples marked with (0) were
measured outside the specified range of the DPD test.

5.3.5 Results and discussion
In this work the feasibility and benefits of constructing a fibre-optic based UV-VIS absorption spectrometer system, demonstrated in the measurement of free chlorine in the
form of the hypochlorite ion at a pH of 10 in de-ionized water with a detection limit of
0.2 mg 1-1 an absorption cell of 430 mm length, has been shown, but in which its full
potential has not been completely utilized. As the pH of the sample is varied, free chlorine can also be determined as hypochlorous acid with a detection limit of 0.6 mg 1'1
and as dissolved chlorine with a detection limit of 1.6 mg 1-1. The system is based on a
simple and robust optical arrangement. In particular the monolithic design of the optical fibre based spectrometer simplifies the development of on-line instrumentation.

However, the limiting factor in the miniaturization of the optical components was
found in the relatively high optical losses in the sensor cell. Additionally, the construction of a liquid handling system for the capillary-based absorption cell was found to be
difficult because of its small inner diameter and the pressure needed to pump the sample through the absorption cell. The aim, at this stage, was to demonstrate the optimization of the optical system and to develop a sample cell with an increased optical
pathlength of 43 em to enable sampling of chemical species with low molar absorption
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coefficients. However, when UVI fibres were included, polychromatic measurement
were possible and provide the opportunity to use the spectral information available
from measurements at other wavelengths to compensate e.g. for turbidity (500 -700
nm), nitrate (210 - 230 nm), organic matter (240 - 270 nm) and other UV absorbing
species by applying multicomponent and neural network data analysis techniques, as for
example described in the work of Benjathapanun et al. [36]. Such a system has the potential for a more generic application, e.g. in the monitoring of several UV-absorbing
species simultaneously.

Finally, the relatively high loss of 1.7 dB em- t and 0.8 dB cm- l at 200 nm and 300 nm
respectively are limiting the maximum pathlength of the capillary cell to approximately
50 em, due to the sensitivity of the spectrometer module. In the following section, a so-

called liquid core waveguide is introduced, featuring (after input and output coupling
losses) a stable transportation of light, nearly independent of the optical pathlength of
the sensor cell, with the main source of loss being the attenuation of water, used as the
waveguide core.

5.4 Ultraviolet sensor system based on a liquid core waveguide (LeW)
A compact optical sensor system with a high transparency in the deep ultraviolet (UV)
region (1..>190 nm), designed for water quality analysis, is discussed in the following
sections. This system is configured using, as described above, a deuterium lamp, UVI
fibres, a spectrometer module and a Teflon AF coated liquid core waveguide (LCW)
capillary cell. To raise the sensitivity of the sensor system, the absorption pathlength
has been increased significandy using the lightguiding properties of the LCW consisting
of a cylindrical glass tube with a Teflon AF 2400 inner coating of about 50 Jl1l1 thickness. Due to the lower refractive index of Teflon AF in comparison to water, the LeW
works as a waveguide. The arrangement and especially the sample cell exhibit low
spectral loss in the range between wavelength of 200 nm to 400 nm and can be used to
detect small impurity concentrations in water. The optical losses of the sensor system
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are discussed and its perfonnance in the ultraviolet was evaluated by measuring several
pollutant concentrations in water.

5.4.1 Light guiding in the liquid-core waveguide (LeW)
A liquid-core waveguide (LCW) was used as the main optical component of the sensor
system. The cross section of the LCW is illustrated in Fig. 5-9. It consists of a cylindrical glass tube (inner diameter = 3 mm) with a TEFLON AF 2400 [37, 38, 39] inner
coating of about 50

~

thickness. The Teflon AF family (chemical name: fluorinated

(ethylenic-cyclo oxyaliphatic substituted ethylenic) coploymer) is marketed as two main
products, Teflon AF 2400 and Teflon AF 1600. Teflon AF is an amorphous material
with the lowest commercially available index of refraction, as low as 1.29 and 1.32 for
A= 632.8 nm of Teflon AF 2400 and AF 1600 respectively. It features a light transmis-

sion from the deep ultraviolet to the near or middle infrared part of the spectrum. As
the refractive index of water is higher (1.33 at 632.8 nm) than that of Teflon AF, a true
waveguide can be constructed, having water as the core and Teflon AF as the cladding
material. The practical realization of this waveguide consists of cylindrical glass tube
with an inner diameter of 3 mm and an outer diameter of 6 mm. The inner surface is
coated with a thin layer of Teflon AF 2400 of a thickness of 50 J-lm. Light is coupled
into and out of the LCW with the type of UVI fibres characterized and discussed earlier. In the experiments carried out with the LeW, UVI fibres with a core diameter of
600 J..Ull and a cladding diameter of 660 J..Ull are used. The fibre length of each fibre was
4 m, a significant length for use in remote sensing applications and resulting from the
high degree of transparency of the fibre at wavelengths below 230 nm. These fibres are
centred in the LCW and placed parallel to the glass tube axis. To achieve a laminar flow
in the core, the liquid of interest enters outside the optical path between both ends of
the coupling fibres. The distance between both fibres in the LCW, representing the optical pathlength, is ZLCW= 203 mm.
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UVI silica fibre
(FI)
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UVI silica fibre
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~ ~~~~~~~ t
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glass tube
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= 203 mm
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Fig. 5-9: Cross section of the cylindrical liquid-core waveguide (LCW). The sketch illustrates all characteristic geometrical dimensions of the LeW system and especially the
UV-silica fibre dimensions that are used in the experiments.

The light guiding properties and sensitivity improvement when using this special kind
of LeW for pollution detection in aqueous liquids in the visible spectral range had been
demonstrated earlier by Dress and Franke [15, 16]. In this section, the characteristics of
the system in the UV- spectral range from 200 nm to 350 nm are investigated. As a first
characterization of the sensor system, theoretical calculations describing the light guiding properties of the LeW system have been performed. The Teflon AF coated tube
may be regarded as being filled with pure water as the core of the LeW. Fig. 5-10 illu trates the losses of the LeW system for different lengths,

ZLCW,

this being the direct

distance between both fibre front faces in the Teflon AF coated glass tube. The theoretical LeW considerations were based on the ray picture model which was discussed in
previous work [15, 16] and validated for the visible spectral range [16]. Light losses in
the LeW are calculated for three different wavelengths: one in the visible at

}. =632.8 run and at two wavelengths in the UV region at }. = 200 run and A. =300 nm ,
where the analytical experiments are performed. Due to the presence of material dispersion, the values for the complex refractive index, n+jk, of all the relevant media are
a function of wavelength, A., and are considered within the calculations.
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Fig. 5-10: Loss values of the LCW system for several distances

Z LCW;

the theoretical

calculations based on a ray picture model (LCW-Iosses, solid lines) and a geometry
model (free space losses, dotted lines)

TEFLON AF 2400

UV-silica fiber core

UV-silica fiber cladding

632.8
300.0
200.0
632.8
300.0
200.0
632.8
300.0
200.0
632.8
300.0
200.0

3.22 ' 10-6
8.31 . 10-6
1.22· 10-4
1.27· 10-10
2.93· 10-10
4.03· 10-9
< 1.00· 10-9
< 3.00' 10-9
< 5.00' 10-s

1.290
1.307
1.329
1.457
1.488

1.551
1.440
1.470
1.530

Tab. 5-2: Values for the complex refractive indices of all relevant media, which are used

within the theoretical loss calculations for different distances,

ZLCW,

and geometries.
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The values used in the simulations, listed in Tab. 5-2, are taken from the work of
Fleming et aL [40] and Querry et aL [41]. Additionally, absorption measurements of thin
Teflon AF 2400 films at A=200nm and A=300nm were performed. The real parts of
the complex refractive index of TEFLON AF® 2400 at A=200nm and A=300nm respectively may be calculated using the Sellmeier dispersion equation, using known data
in the optical range [42]. A1110ss values are compared to those of the free space geometry situation, which is defined by two UVI fibres which are positioned opposite
each other at a distance ZLCW in water. The free space calculations are based on a
model described in the work of Belz et al [43]. Using such a comparison, the improvement in using the LeW geometry over conventional absorption cells becomes evident.

The results calculated for 632.8 nm and 300 nm are almost identical (Fig. 5-10, solid
line). However, compared to the free space arrangement (when filled with pure water) a
gain of about 33 dB for a distance between the input and output fibre of
ZLCW=

203 mm could be achieved. This gain is seen to increase with distance because

the slope of the free space curve is higher than that associated with the LeW, with the
latter approaching the guiding losses for large distances. In a previous publication, a
guiding loss of 0.02 dB em-I has been determined experimentally for a wavelength of

632.8 nm [16]. A detailed analysis of this, the lower graph (632.8 nm, solid line) in Fig.
5-10 yields a loss of 0.03 dB em- t for high

ZLCW

and thus an additional length of 1 m

would only increase the losses by 3 dB. The theoretical loss curves of Fig. 5-10 clearly
indicate that the major source of losses in the case of the LeW are coupling losses, obvious from the shape of the LeW loss curves. For an absorption length of about

60 mm, the losses have already reached a value of about 6 dB, mainly representing the
in- and out-coupling processes, whereas for distances larger than 60 mm, the loss curve
mainly represents the result of the guiding process. In case of the free space geometry

("A= 632.8 nm, dashed curve, Fig. 5-10) the coupling losses are extended over the full
range of lengths considered, ZLCW. The reduced light guiding losses of the LeW geometry, compared to those of the free space geometry with increasing distance, represent an important advantage for the measurement of low concentrations in absorption
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spectroscopy. A large optical pathlength, showing reasonable losses, is a crucial requirement for this technique. At 632.8 run, the critical angle for total internal reflection
between water and Teflon is 75.4°. At a wavelength which is much shorter, such as at

A= 300 nm, this angle is shifted to 72.4° and therefore the numerical aperture of the
LeW slighdy increases. However, these improved guiding characteristics do not signifi-

candy affect the amount of light coupling, because the fibre and the LeW apertures
had already been optimized for a wavelength of 632.8 nm. A slight decrease of losses
for both geometries can be observed for a wavelength of 300 nm due to the lower
imaginary part of the refractive index of water in this spectral range (fab. 5-2).

The spectral properties of water cause a decrease in the guiding losses of the LeW,
which can be determined from the lower graph (Fig. 5, solid line for A= 300 nm) to be

0.021 dB cm- t • Moving to an even shorter wavelength of 200 nm, the imaginary parts
of the refractive indices of water and Teflon AF increase by almost two orders of magnitude (fable 1). In the case of the LeW, the shape of the calculated loss curve is seen
to change and the difference in the behaviour for short and long distances is less pronounced. For short values of ZLCW, the major loss contribution is still caused by coupling losses. However, for ZLCW> 60 nun, there is a significant increase in the losses,
showing a slope of 0.32 dB em-to These increased loss values are obviously due to the
increased absorption losses in water and losses in reflectivity at the interface between
water and Teflon AF. The increased absorption in water at 200 nm also affects the loss
curve in the free space geometry, these being for ZLCW= 203 mm a value of 46.2 dB
and for the LeW, 13.2 dB respectively, so the gain due to the Lew geometry of 33 dB
remains unchanged when comparing the results at different wavelengths. Fig. 5-10 also
includes loss-measurements for different distances ZLCW at A= 632.8 om and one value
at A= 463 nm. The experimental loss-values are larger than the theoretical ones. This
difference of about 1 dB can be explained by the simplifications made within the theoretical model [15, 16]. A linear regression of the experimental results (filled circles, A=

632.8 om) yields a guiding loss of 0.02 dB em- t and a coupling loss of 7.7 dB. Thus, a
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fibre-optic sensor-system with a high light guidance efficiency has been developed. Its
applicability for water analysis will be evaluated by measuring nitrate and residual chlorine concentrations in water, as reported in the subsequent sections.

5.4.2 Performance of the liquid core waveguide in the ultraviolet
The deep UV region is of particular interest in water quality analysis. Earlier, the improvement achieved by use of ultraviolet improved (UVI) fibres was discussed and with
these fibres better and more stable guidance of light, in the deep UV region, from a
deuterium lamp to an optical cell and from the optical cell to a detector is possible. The
concept of the liquid core guide (LCW), having water as its optical core, allows the confinement of the optical energy to the optical cell. The improvement of optical losses in
comparison to a conventional "free space" optical cell (Fig. 5-10) was demonstrated.
An optimum wavelength in the vicinity of 300 nm was found for the LCW, due to the
excellent transparency of water in this spectral region (Chapter 4). However for the
deep UV (A.< 230 nm) the imaginary part of the refractive index of water increases,
which directly affects the guiding losses of the LCW. Nevertheless even at A.= 200 nm
among the different possible alternatives, the LCW remains the most advantageous

to

use in an optical measurement system. Fig. 5-11 illustrates the experimental arrangement used in an investigation of measurements on several water samples.

FI

Lew

FO

Fig. 5-11: Sketch of the experimental arrangement used for the analytical measurements, comprising a deuterium lamp, DL, a lens coupling system, LS, a mode scrambler, MS, input and output fibre, FI and FO, a liquid core waveguide, LCW, and a fibre-optic spectrometer, FOS.
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The LCW is connected at one side to a light source system through a UVI silica fibre,
FI, it comprising a deuterium lamp, DL, a lens system, LS and a modescambler, MS.
On the other side the LCW is connected to a fibre-optic spectrometer, FOS, through a
similar fibre connection and then to personal computer to detect and store the transmitted electronic spectral data.
5.4.3 Detennination of nitrate in aqueous solutions

Selective and simple methods for the determination of nitrate in water are increasingly
required to serve the rising interest that has been shown in monitoring the quality of
drinking water, since high concentrations of nitrate in water are indicative of poor water quality. Methods to determine the concentration of nitrate in water have been extensively discussed in Chapter 4. They range from nitrate selective electrodes and colorimetric methods to direct UV absorption spectroscopy. Due to the increased absorption of water in the deep UV

(~

250 nm) the losses of any optical cell filled with H20

will increase in this wavelength region (Chapter 4). However the LCW system remain
the most favorable one to use, as discussed in Section 5.4.1, and in combination with
the UVI fibers described in Chapter 2, this allowing far more sensitive nitrate measurements to be performed than were previously possible with fiber-based optical systems. Nitrate concentrations were determined to exemplify the optical limits of detection of the sensor system with an LeW having an optical pathlength of ZLCW= 203 mm
and using input and output fibers of length of 4 m (Fig. 5-11). A nitrate ion standard
solution, prepared by dissolving sodium nitrate (NaN03) in de-ionized water, was used
for preparing aqueous nitrate solutions, at concentrations ranging from 6

~g 1.1

to

408 Jlg 1.1• The measured spectra (190 nm < A < 270 nm) are shown in Fig. 5-12 for
N03' concentrations between 0.01 mg 1.1 and 0.8 mg 1-1. A slight shift of the absorption
maximum at 203 nm, caused by stray light effects in the spectrometer module could be
observed. To show the improvement in sensitivity and the effect of the SNR improvement on the limit of detection, the calibration curves at different wavelengths ranging
from 200 nm to 220 nm were determined, as shown in Fig. 5-13.
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The performance of this sensor system can be expressed in terms of a linear regression,
where the slope defines its sensitivity, and the standard deviation its limit of detection.
Calibration curves were calculated for concentrations ranging from 0 to 0.4 mg 1-1 N03, as the absorption measurement at 0.8 mg 1-1 was already found to exceed the range of
the sensor system. Table 2 shows the intercept, A, and slope, B, as well as the correlation coefficient, R, and the standard deviation, SD, of the linear regression at wavelength of 200 run, 203 run, 210 run and 220 run. The highest sensitivity, represented by
the slope (B= 1.56 I mg 1) of the linear regression is found for 210 run wavelength,
close to the maximum of absorption (Fig. 5-12). The values for the intercept, A, shown
in Tab. 5-3, deviate from the expected case of A= 0 approximately within the experi-

mental error. However all four linear regressions, shown in Fig. 5-13, represent a good
fit to the experimental data, as shown by the correlation coefficient, R, and the standard
deviation, SD.

wavelength

A

B

[nm]

[AU]

[AU (mg/l) -1]

200

-0.0051

0.979

203

-0.0124

210
220

R

SD
[AU]

SD
B
[mg 1-1]

[mg 1-1]

0.9795

0.0338

0.035

0.070

1.401

0.9869

0.0385

0.027

0.054

-0.0173

1.561

0.9949

0.0266

0.017

0.034

-0.0226

0.878

0.9973

0.0108

0.012

0.024

Ilc = -

CLimit

Tab. 5-3: Parameters of linear regression (A + B*concentration), correlation (R), and
standard deviation (SD), of N03- absorption at 200 run, 203 run, 210 run and 220 run
as a function of concentration.

From the standard deviation of the fit, SD, the error in the concentration, L\c, can be
calculated to he L\c=SD B-t. Thus, defining the detection limit of the sensor again as
twice the standard deviation of the measurement, a detection limit of 24 ).lg 1-1 could be
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achieved at a wavelength of 220 run, predominandy used in direct UV absorption
spectroscopy for the detection of nitrate, because of the significandy improved SNR.
Compared to the reflectance cell described in Chapter 4, with its limits of detection of
0.50 mg 1-1, 0040 mg 1-1, 0.32 mg 1-1, 1.06 mg 1-1 obtained at 200 nm, 203 run, 210 run

and 220 run, a seven-fold, seven-fold, ten-fold and forty-four-fold improvement in the
detection limit could be achieved respectively.
5.4.4 Detennination of residual chlorine in aqueous solutions
Several sensor schemes to measure the concentration of free chlorine in natural and
processed water samples have been developed over recent years; some of these have
been reviewed in Section 5.304. However, all the absorption cells used suffered from
the fact that they did not have a waveguide structure and that their basic optical attenuation was high. In this section, the advantage of replacing the largest source of light
loss, the absorption cell, with a liquid core waveguide (LCW) and utilizing its significant
reduction of light power losses in the optical system, as described earlier, is discu sed.
Due to the high optical transparency of the LCW, a short integration of 30 ms could be
chosen. Thus averaging each sample 10 times, a measurement cycle could be completed
in 0.3 s.

As discussed earlier, free chlorine can be found in water as a function of pH, mainly in
three different forms. At pH values < 3, chlorine exists in water as dissolved chlorine
(Ch), between pH values of 3 and 9 as hypochlorous acid (HOC1) and if the pH of the
solution is higher that 9, chlorine exists in the form of the hypochlorite ion (OCl-). OC1was found to be most suitable for UV absorption measurements for several reason.
The OCl- ion has the strongest absorption coefficient and its corresponding absorption
peak is centered around 290 run, compared to the absorption peaks of HOCI and Ch,
which are centered around wavelengths of 233 nm and 229 nm. Therefore the OCl- ion
is far less affected by the broad and strong absorption peaks of nitrate and nitrite ion
with their absorption peaks centered around 203 run and 210 nm wavelengths, and
commonly present in natural waters as discussed in section 5.3.4. Sodium hydroxide
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(NaOH) was used to increase the pH of the sample solutions used to achieve pH values
higher than 10. The concentration of OCI- was then obtained by measuring the decrease in the transmission of UV light at the 290 nm wavelength.
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Fig. 5-14: Absorption measurements from 220 nm up to 400 nm of OCI- at s veral
concentrations smaller than 35 mg 1-1 (PH = 10.2,0 = 17.5 °C, ZLCW= 203 mm)

A commercial reagent kit relying on the colorimetric DPD (diethyl-p-phenyldiamine)
method [35] was used to provide reference measurements to calibrate the sensor sy tern. Fig. 5-14 shows the absorption peak of the OCl- ion, centered around 290 nm,
between wavelength of 196 nm and 400 nm and caused by OC1- concentrations ranging
from 0.29 mg 1-1 to 34.7 mg 1-1 at pH values larger than 10. The absorption peak at
290 nm is clearly detectable for OCI- concentrations as low as 0.28 mg 1-1. In Fig. 5-14,
the maximum absorption at 290 nm is plotted as a function of sample concentration.
Up to a value of 17.6 mg 1-1, the measured absorption maxima follow a straight line, as
indicated. The slope of this linear regression (here 0.09851 mgl) is proportional to the
optical pathlength, ZLCW. Therefore the sensitivity of the system may be adjusted by
varying the length of the LCW. According to Fig. 5-14, the spectrum for 34.7 mg }-1
OC}-is already beyond the range of a system configured for maximum sensitivity to 1 w
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concentrations. Measuring in this concentration range (>30 mg 1-1) a shorter LCW
would be required. Therefore this value was not considered for the linear regression
shown in Fig. 5-15.
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Fig. 5-15: OCI- calibration curve for the absorption values at 290 nm from
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(PH = 10.2, E> = 17.5 °C, ZLCW= 203 mm)

In the spectral range around 300 nm, according to Fig. 5-10, the guided losses are I w
mainly due to the excellent transparency of water, which would allow large values of
ZLCW to be used. A detection limit, ~c=SD B-1, of 0.24 mg 1-1 could be achieved with
this optical setup. Taking the low integration time, and therefore high optical throughput of the LCW into account, this detection limit could easily be improved by increa ing the optical pathlength in the LCW.

5.4.5 Determination of acetylsalicylic acid in aqueous solutions
Acetylsalicylic acid (C9Hs04), commonly known as Aspirin, is colourles , crystalline and
slightly soluble in water. The substance is commonly used as a relief for mild form of
pain, including headache and joint and muscle pain [44]. The reagent has been selected
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as an illustration of the system performance because of its wide use and its broad and
strong absorption peaks below 250 nm wavelength in water. A standard acetylsalicylic
acid solution was prepared by dissolving an appropriate amount in de-ionized water
and mixing it for a period of 24 hours in an ultrasonic bath at room temperature. Sample solutions ranging from 0.2 mg 1-1 to 2 mg 1-1 were then prepared. The absorption
spectra of C9Hs04 was measured between 195 nm and 400 nm wavelength with varying
concentrations, as shown in Fig. 5-16.
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The inserted figure in Fig. 5-16 shows the intensity spectra of the measurements in the
most interesting wavelength region below 240 nm, indicating that measurement
around 200 nm with the LCW, having an optical pathlength of 177 mm and the input
and output fibres of 3 m lengths are possible. A shift of the absorbance maximum is
observed at high values, limiting the range of the sensor system. Calibration curves
have been calculated for 206 nm, 214 nm, 229 nm and 244 nm wavelengths to investigate the improvement in sensitivity and range with improving signal to noise ratio
(SNR) of the experimental setup, as shown in Fig. 5-17.

Up to a concentration of 0.8 mg 1-1, the measured absorption spectra follow a straight
line, as indicated in Fig. 5-17, for all wavelengths. The absorption values measured at
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206 run and 214 run wavelength for a concentration of 2 mg 1-1 are already beyond the
range of the system at these wavelengths, as shown in Fig. 5-16, and therefore not considered for the linear regression shown in Fig. 5-17 and Tab. 5-4. Only the calibration
curves created from 229 nm and 244 nm wavelength data include the 2 mg 1-1 concentration, showing the improved dynamic range at these wavelengths. Tab. 5-4 shows the
intercept, A, the slope, B, as well as the correlation factor, R, and the standard deviation
of the calibration line fit at wavelength of 206 nm, 214 nm, 229 nm and 244 nm. The
intercept of the calibration curves for wavelengths of 214 nm, 229 nm and 244 nm
were found to differ from 0 only within the experimental error. A detection limit of
50 Jlg 1-1, 120 Jlg J-l, 140 Jlg 1-1 and 260 Jlg 1-1 could be obtained at 206 nm, 214 nm,
229 nm and 244 nm respectively with a reasonable range .

wavelength

B

A

R

.sJ2

SD

/lc = -

CLimit

B

[nm]

[AU]

[AU (mg/I) -1]

[AU]

[mg 1-1]

[mg 1-1]

206

0.007

1.007

0.997 0.025

0.025

0.05

214

-0.044

0.698

0.983 0.041

0.059

0.12

229

-0.004

0.419

0.996 0.030

0.072

0.14

244

-0.009

0.160

0.988 0.021

0.131

0.26

Tab. 5-4: Parameters of linear regression (A

+ B*concentration), correlation (R), and

standard deviation (SD) , error of concentration,

~c,

and limit of detection,

CLimit,

f

acetylsalicylic acid absorption at 206 nm, 214 nm, 229 nm and 244 nm wavelength.

5.5 Summary and Discussion
By combining the aluminium coated capillary cell or the LCW with UVI-fibr s for optimum UV transparency (Chapter 2), the UV fibre coupling system described in Chapter 2 and the spectrometer described in Chapter 3, a powerful tool for UV- spectroscopy-based sensing has been developed. Reference signals (nominally 0 mg 1-1) tak n
before and after the concentration measutements correlated within the standard devia-
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tion of the signal, indicating a stable transportation of UV-light in the sensor system
throughout the experiments performed. The physical limit of light losses which could
reached in such a sensor cell is given by the attenuation of pure water itself (Chapter 4)
and was calculated to be 0.3 dB em-I at 200 nm and 0.008 dB em-t at 300 nm wavelength. With the aluminium coated capillary cell, light losses of approximately
1. 7 dB cm-t at 200 nm and 0.8 dB em 300 nm wavelength respectively have been ob-

tained experimentally. However, the simulations of the LCW, confirmed in the visible,
showed that light losses as low as 0.32 dB cm-t at 200 nm and 0.021 dB em- t at 300 nm
could be achieved. Although these simulations have not been confIrmed experimentally, the advantage of the LCW compared to the aluminium coated capillary cell could
be seen by their improved performance at wavelengths below 250 nm in the detennination of nitrate ion concentrations, of the two sensor systems evaluated, the LCW is
from the optical point of view the most favourite absorbance cell system for UV applications. However, the fused silica capillary cell with an outer coating of aluminium has

its advantages, such as being much more chemically inert compared to the delicate internal coating of Teflon AF in the LCW.

Thus, two fIbre-optic-based sensor systems with highly improved sensitivity in the ultraviolet part of the spectrum have been developed. DefIning the detection limit as
twice the standard deviation of the calibration curve, a detection limit of residual chlorine in the form of the hypochlorite ion of 0.2 mg 1-1 could be observed with an aluminium coated capillary cell having an optical pathlength of 43 cm. Using a LCW with
an optical pathlength of 20.3 em, a detection limit of 0.07 mg l-1, 0.05 mg }-1, 0.03 mg 1- t
and 0.024 mg 1-1 of NO)- ions could be detected at 200 nm, 203 nm, 210 nm and
220 nm respectively, exemplifying its applicability as a UV-spectroscopy tool for remote sensor analysis. Additionally, the same sensor system could be used for residual
chlorine detection, having a detection limit of 0.24 mg I-t of OCl- ions at 290 nm
wavelength.
Finally the sensor arrangement was used to determine acetylsalicylic acid concentrations
in aqueous solutions with a detection limit of 50 J.1g 1-1, 120 J.1g 1-1, 140 J.1g 1-1 and
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260 J..lg 1-1 at 206 run, 214 run, 229 run and 244 run wavelength. Measurements in different concentration ranges would require to match the sensor cells increasing or decreasing their optical pathlength in both cases.
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6. Conclusions and future work

6.1 Summary of the work carried out and significance of the results
A growing need in the scientific and industrial world has been found for the development of simple, robust and inexpensive optical sensor systems for water quality and
process monitoring. In order to fulfil this need, a polychromatic fibre-optic-based sensor system has been developed to perfonn highly sensitive UV-absorption measurements in the deep UV region of the optical spectrum, previously much less accessible
with fibre-optic equipment. Including fibre-optics in such a sensor system has provided
flexibility in the design and offered the possibility of remote sensing, decreasing health
hazards and interference that can affect either the user or the measurement. The intention of this work was to investigate the perfonnance of the individual components of a
fibre-optic-based UV sensor system for potential field applications and to combine
newly available technology, such as ultraviolet transmission improved fibres and recendy available monolithic fibre based spectrometer systems.

The work was based on the use of hydrogen-gas-doped optical fibres showing a significant improvement in the transmission of ultraviolet light at wavelengths below 230 run.
After a "warming up" time of 30 minutes, an equilibrium of generation and regeneration of E'centtes during UV-exposure was found. The induced attenuation of the main
UV-absorption band around 214 run is less than 0.4 dB m- 1 and therefore this is nearly
two orders of magnitude smaller, under the same test-conditions, than that when compared to the use of standard fibre. Lifetimes of approximately 15 month and 21 month
for UVI-fibres with a core diameter of 500 J.Im or 600 ....m respectively can be expected
at room temperature, rendering these fibres suitable for the UV-sensor applications envisaged in this work. To improve the signal to noise ratio (SNR) and to decrease the
effect of stray light, limiting the range of the polychromatic detector system, the principle of wavelength selective fibre coupling with fused silica lenses was described.
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Two inexpensive fibre-optic based spectrometer modules have been investigated for
potential use in field applications, as an integral part of a polychromatic UV-sensor
system based on fibre optics. The influence of temperature variations on the dark output and the wavelength stability has been studied. Varying the ambient temperature of
the spectrometer modules showed a significant effect on the dark output, which should
be monitored under working conditions. With this kind of spectrometer, the main
source of noise was found within the spectrometers themselves. An averaged noise
level of 2.7 ± 0.6 a.u. was found for FOS-! within the temperature range of SoC to
42 °C and the use of integration times varying between 13 ms and 585 ms. FOS-II was
found to have lower averaged noise level varying from 1.0 ± 0.2 a.u. to 2.0 ± 0.5 a.u. at
temperatures ranging from 6.0 °C to 43.6 °C, indicating a temperature dependence on
the averaged noise level. A wavelength, drift induced by temperature variations, typically found in field applications, was investigated with a specially developed calibration
algorithm. A drift of approximately 0.006 nm K-l for FOS-! and approximately
0.17 nm K-t for FOS-II could be observed. However, using the 656.1 deuterium peak
for on-line correction, FOS-II could be stabilized to a wavelength accuracy of 0.7 nm
within the temperature range. Finally, the sensitivity of the detector arrays of FOS-I and
FOS-II was investigated in the ultraviolet at wavelengths between 200 nm and 300 nm,
when connected to a typical sensor arrangement. Especially below 250 nm wavelength,
FOS-! showed a clear advantage compared to FOS-II. However, the work described in
this Chapter showed that the spectrometers investigated could be used as polychromatic detectors in fibre-optic-based UV-sensors.

A fibre-optic-nitrate sensor, based on a reflectance cell and optimized for the deep ultraviolet part of the light spectrum has been developed. Ultraviolet improved fibres

(UVI fibres) of length 4 metres have been used to enable a transfer of UV light to and
from the sensor cell. The sensor system was found to be stable after a ''warming up"
period of 30 minutes. Four calibration curves, calculated at 199 nm, 203 nm 210 nm
and 220 om wavelengths, resulted in detection limits of 0.50 mg J-l, 0.40 mg 1-1,
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0.32 mg 1-1 and 1.06 mg 1-1 N03- respectively, proving the feasibility of fibre-optic sen-

sor systems at wavelength below 250 run.
However, only short optical pathlength and therefore low sensitivities were possible
with the reflectance cell used in the nitrate sensor. To increase the optical pathlength
and therefore the sensitivity of the sensor arrangement, the use of aluminium coated
capillary cells, and more important, the use of a liquid core waveguide based on a inner
coating of Teflon AF was investigated. With the aluminium coated capillary cell, light
losses of approximately 1.7 dB em-I at 200 run and 0.8 dB cm-1 300 run respectively
have been obtained experimentally. Using an aluminium coated capillary cell with an
optical pathlength of 43 em, a chlorine sensing system with detection limits of residual
chlorine in the form of the hypochlorite ion of 0.2 mg 1-1 could be achieved at a wavelength of 290 run and a pH greater than 10. As the pH of the sample is varied, free
chlorine could also be determined as hypochlorous acid with a detection limit of
0.6 mg 1-1 at 233 run and as dissolved chlorine with a detection limit of 1.6 mg 1-1 at
229 run. However, the simulations of the performance of the LCW, confirmed in the

visible, showed that light losses as low as 0.32 dB em-I. at 200 run and 0.021 dB em-I at
300 am, close to the physical limit of light losses given by the attenuation of water it-

self, could be achieved. Although these simulations have not been confirmed experimentally, the advantage of the LeW compared to the aluminium coated capillary cell
could be seen by its improved performance at wavelengths below 250 run in the determination of nitrate ions. With the LCW, a detection limit of 0.07 mg 1-1, 0.05 mg P,
0.03 mg 1-1 and 0.024 mg 1-1 of N03- ions could be achieved at 200 run, 203 run,
210 run and 220 run respectively, exemplifying its applicability as a UV-spectroscopy

tool for remote sensor applications and process control.
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6.2 Future work
It has been shown that fibre-optic-based sensor systems can be applied to several absorption spectroscopy applications in the 200 nm to 250 nm wavelength region.

However, during the limited time available no long term field trials such as over a period of several weeks have been performed. Some most interesting effects to investigate
in future work of this kind would be the short- and long-term behav:iour of the hydrogen treated silica fibres, in a field environment, at varying temperatures. Additionally,
the durability of the sensor cells and especially of the LeW in long term experiments
would need to be determined, and the effect on them of biofouling, as well as nondestructive cleaning techniques investigated should be determined.

Further, it may be useful to find a replacement for the deuterium light source with its
limited lifetime of approximately 1000 hours and high power consumption. Obviously,
for example, xenon discharge lamps could be applied. However, especially for UVanalysis, their high intensity output in the visible and in the near infrared would need to
be filtered out with for example in-fibre Bragg gratings or other special optics to be
coupled into the sensor system, to reduce the high magnitudes of stray light effects
commonly found when using this kind of light source.

Although a polychromatic sensor system has been developed, only single wavelengths
have been used for detecting chemical species. Consequently, there is a significant potential to increase the measurement accuracy by applying multi-wavelength detection
techniques or further, using principle component analysis (PCA) and artificial neural
networks to classify and determine mixtures of several chemical species present in a
water sample.

New techniques for water monitoring may be created, due to the fact that UV-Iaser
light can be transported through these UV-improved fibres. Tunable lasers in the deep

Conclusions •••
138

UV-region aroWld the 220 run wavelength region, more powerful in output than the
deuterium-lamp, may be used with fibre-optics and the long path absorption cells to
monitor lower levels of impurities. On the other hand, existing and powerful methods
can be transferred into this new region aroWld the 200 run wavelength, as for example,

in-situ ultraviolet resonance Raman spectroscopy, or ultraviolet fluorescence spectroscopy.

In conclusion, the work described in this thesis demonstrates quite clearly the applicability and stability of optical fibre based UV-sensors to monitor molecular species in
aqueous solutions.
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