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Abstract

This thesis teports on work cartied 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 re-
gion. 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 poten-

tially hazardous environment.

The effect of temperature variations on wavelength stability and dark output of inex-
pensive spectrometer modules, potentially useful for field applications, and the subse-
quent effect on the accuracy of absorption measurements, as well as the sensitivity of
such spectrometer modules at wavelength below 250 nm, is investigated. Futther, 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 invest-
gated. The first sensor cell, based on an aluminium coated fused silica capillary cell,
having an optical pathlength of 43 cm, is demonstrated in the construction of a residual
chlorine sensor. The second sensor cell, a capillary cell with an inner coating of Tef-
lon AF, uses the low refractive index and the high transparency of Teflon AF in the
ultraviolet to form a liquid-core waveguide (LCW). 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.

xiv



Bmer
Psource

P Detector

A

List of Symbols

power budget [dB]

light power emitted from a light source [W]

light power reaching a detector [W]

wavelength [nm)]

geometric extent

area of light emitting source [mm?]

numerical aperture

power loss [dB]

light intensity measured with a spectrometer [a.u.]
sample intensity measured with a spectrometer [a.u.]
reference intensity measured with a spectrometer [a.u.]

stray light intensity measured with a spectrometer [a.u.]

dark intensity measured with a spectrometer [a.u.]
molar concentration [mol I]

optical pathlength [cm]

proportionality coefficient [l mol? cm]

molar absorption coefficient [1 mol! cm-]
arbitrary units

absotbance units

true absorbance [AU]

measured absorbance, influenced by stray light [AU]
transmittance [%0)

logarithm to base e (Napierian)

logarithm to base 10

signal to noise ratio [dB]

stray light transmittance [%)]

fractional stray light [70]




FOS

CLimit

tuv
P ( ﬂ: v V)
daL(A)

ar, - At V)
uvi

t348
SFr

SFp
dfm

dt/adding

AdrwHM
Ak

Ap.

oA

fibre optic spectrometer

sample volume [l]

concentration [mg 1]

limit of detection [mg 1]

refractive index

time fibtes are exposed to UV light

spectral output power measured at fibre endface
UV-induced loss in a silica fibre

distance [m]

total light loss in a fibre

ultraviolet improved

lifedime of hydrogen treated fibre [month]
scaling factor - temperature dependence of diffusion process
scaling factor - influence of fibre diameter

cote diameter [{m]

cladding diameter [um]

coupling efficiency

emission peak of mercury calibration lamp [a.u]
intercept of Iy [a.u]

pixel number

pixel position at peak maximum

standard deviation of peak maximum [pixel]
atea covered by Gaussian-shaped peak

full width half maximum

linewidth of spectrometer [pixel]

linewidth of spectrometer [nm]

pixel dispersion [nm pixel]

telative pixel accuracy [pixel]

relative wavelength accuracy [nm]




A, By, B, ... coefficients for polynomial least square fit
SEE standard error of estimate

Ap) calculated calibration wavelength at p, [nm]
Ae true calibration wavelength [nm)]

7 number of calibration wavelengths

" number of polynomial coefficients

a(l) attenuation of water

Jk complex part of refractive index, n

P, 2) light power at distance, z, from light source
P, 0) light power at light source

) light loss in water

ID inner diameter [mm]

OD outer diameter [mm]

DL deuterium lamp

LS lens system

FI input fibre

FO output fibre

CE capillary based absorption cell

MS mode scrambler

Clz dissolved chlorine

oct hypochlorite ion

HOC/ hypochlorous acid

NOs nitrate ion

CsHsO4  acetylsalicylic acid (aspirin)

A, B parameters of linear regression

SD standard deviation

R correlation factor

Ac concentration error [mg 1]

CLimit detection limit [mg 1]




® temperature [°C]

Lcw liquid core waveguide
Zicw optical pathlength in the LCW




1. Introduction and Background

A majot 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
concem about environmental quality and cost-effectiveness in recent years. The develop-
ment 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 comptise electtochemical methods, chtoma-
tography, optical, spectroscopic methods and miscellaneous methods. Typical applications
of such sensots can be found, for example, in the food or pharmaceutical industry, fot
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 utine are monitored during surgical operations to observe a patient’s health. An-
other 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 water-

botne pollution [1]. A set of standards concerning acceptable concentration limits of pol-

lutants, such as nitrate (NO3), ammonia (NH3), and total organic catbon (TOC), 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 sen-
sor 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 electromag-
netic 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 associ-

ated optoelectronic devices for the telecommunication industry.

Spectroscopic analysis, on which this work is based, relies on the interaction of electro-
magnetic waves with matter. The interaction is seen through an exchange of energy be-
tween 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 re-
turned enetgy, as in the case of light absorption and emission. This results from tules, es-
tablished 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 wave-
length 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 con-
centration 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 di-
ameters (< 1 mm), introducing high levels of flexibility into such sensot systems were of-
ten 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, fea-
turing an acceptable light loss and efficiency in the deep ultraviolet. However, such a sen-
sor atrangement would only require small sample volumes due to the small dimensions of
the fibte 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 patt of the light spectrum
at wavelengths below 250 nm 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:

e the development of a fibre-optic based polychromatic chemical sensor system.

e an investigation of the underpinning physics of the sensor systems considered.

o the characterization of novel UV transmitting fibres in a sensor system.

e the characterization of a series of spectrometer systems in terms of their performance
at varying temperatures representing the extremes of field use.

e the development and characterization of a reflectance cell, an aluminium coated capil-
lary 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.

e a range of measurements with the sensor systems on a number of chemicals to deter-
mine their applicability.

e 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
televant literature offering a review of the relevant aspects in the area of fibre-optic sens-
ing. Following that, a simple model, desctibing the flow of light power and the wave-
length-dependent losses in the individual components of a fibre-optic based sensor
scheme, is presented. Then, the measurement principle of the Bouget-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-lens coupling system consisting of a
deuterium lamp and two fused silica lenses is introduced. The advantage of this atrange-
ment 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 temperatute variation on the optical and electronic stabil-
ity 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 op-
tical sensitivity of two inexpensive spectrophotometer modules used in a sensor arrange-

ment 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 chlotine in aqueous
solutions. Finally, the design and application of a liquid core waveguide, confining the op-

tical 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

Introduction and Background ...



reader to the different sensing techniques possible with fibre-optics by giving a brief over-
view. There are several ways in which fibre-optic sensors can be classified. A first possi-
bility 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
propetty of the optical fibre. These systems could then be subdivided by their transduc-
tion 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 inten-
sity or phase ate pressure, displacement, position, magnetic field, temperature, gas, chemi-
cal concentration, vibration and level and most frequently by phase are laser velocimetry,

vibrometry and holography.

Howevet, 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. Absot-
bance 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 ot an indicator. The linear relationship between absorbance and concentration, de-
scribed 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 emit-
ted 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
(R) 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 (laser) light is Raman spectroscopy, with Raman bands arising from changes in
polarizability in a molecule duting vibration, while infrared bands reflect a change in po-

larization 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 ate 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 re-
flection 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 lig-
uids [10]. Another experimental approach is to attach a chemically sensitive cladding to the
core of a waveguide and use the evanescent field at the core/cladding intetface to detect
the presence of an analyte. However, the evanescent wave decays exponentially with dis-
tance from the interface with a characteristic 1 e! decay distance of 50 - 100 nm and
therefore this restricts the spatial volume ptobed. 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 tech-
niques, where the sample absorbs and re-emits the energy as heat; interferometric tech-
niques, telying, 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 repre-
sentative system, they commonly consist of a light source, optical fibres, wavelength-
selection system, light detection system and readout device. Low-cost tungsten halogen
lamps and most recently, 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 per-
form reflectance and absorbance measurements. To obtain high intensity light for fluores-
cence sensors, xenon ot low pressure mercury lamps, as well as helium-neon, helium-
cadmium 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 performed 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

ptism 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 categoties, 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 concentra-
tions 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 ot 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 petform absotbance measurements, either a mirror can be placed at a
certain distance from the fibre tips, or the two single optical fibres can be positioned face-

to-face in an optical cell.

A bifurcated optical sensor is based on using a fibre bundle divided into two equal patts 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 or-
ganic polymer (e.g. polymethylmethacrylate). Depending on the field of application, a fi-

bre-optic sensor can offer a number of advantages over other sensor types, such as:

e DPossibility of temote sn-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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e Non-destructive analytical method (except for some reservoir optrodes).

e No effect such as electrical interference caused by static electricity, strong magnetic

fields or surface potentials on the sensor head.

e Complete electrical isolation between the electrical and the liquid patt of the sensot

e.g. detector, power supply, signal processing unit and pumps.

e Miniaturization of fibre-optic systems can exceed that of electro-chemical based tech-

niques, making them potentially attractive for medical use.

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

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

e In many cases the sensor head does not consume the analyte in a measurable rate,

which is particulatly 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:

e Ambient light may interfere with the optical signal of interest.

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

e Large diameter fibres cannot be bent easily to a natrow radius without creating micro-
ctacks reducing light transmission but batley visible to the naked human eye.

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

e 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 sensot schemes based on multimode fibres, intensity is the most convenient
propetty 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 sen-
sor scheme. The optical elements of a fibre-optic-based sensor system are shown in Fig. 1-
2, comprising a light source, a fibre coupler, input and output fibres, a sensor cell and a
detector. The petformance of such a measurement arrangement is dependent on a num-
ber of factors, such as sensitivity, noise, signal-to-noise ratio, resolution, range, accuracy,
temperature, stability, range and response time. Additionally, the effect of transient re-

sponses, either caused by the measurand or the sensor system, have to be considered.

Light Coupling Input Sensor Output Detector
Source Optics Fibre Cell Fibre

N KONy EOX

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, Brmer(4), which may be defined as

Bppuer (1) = 10108 (P (4)/ Py (1)) (1-1)

whete Psune(%) is the light power emitted from the source and Ppuan(4) the light power
reaching the detector at a particular wavelength, A. Thus, the goal in designing a poly-
chromatic sensor system is to match the spectral dependence or sensitivity of the individ-
ual optical components, to obtain an acceptable 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

Introduction and Background ...
10



to the next. This most important factor, the coupling of light between the optical compo-
nents, is charactetized by what is termed the geometric extent (G), which describes the

ability of each optical component to accept light. This is defined by
G =75,(NA, ) (1-2)

where S; is the area of the emitting source and NA4; is a generalized value of the numerical

aperture of the optical components i.e.
G=n SDet:dw(l\ZADetedw)z =7 SFibn (l\LAFibn )2 = ”SSM!WCIII(MSMJWC‘” )2 = e (1 '3)

where Spear is the input area of the polychromatic detectot, NApeeaw is the numerical ap-
erture, more generally termed the NA, of the detector, Srin is the area of the input and
output fibre (assumed the same here), NAFin their numerical aperture, Ssea G is the op-

tically active area of the sensor cell and NA o <4 1s 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, #, taking the lifetime
of the light source and the degradation of the optical components by the UV radiation

ptesent, into account.

The light power collected by the polychromatic detector, Ppeur.da(4), is given by a func-
tion comprising several factors and their dependencies can be seen in the following equa-

tion
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Ppsector iom (A2 Datcors NA st 355 T) = P, i (225 s NA g1, T)
— Loss Coupling (ﬂ" ) inout Min.m )
= LSS s Fivre (1, S 1pusFivre > INA Lypas ivre 575 T)
= L85 sopurca (/L S sensorcett s NA sensoncetr o T)
= Lo8S ugpuaFite (/1, S OurputFitre s NAoupua Fitme ,T)

(1-4)

whete Psun, &Bm is the spectral power of the light source, Losscapin is the coupling loss
from the light source to the fibre input, Lossinpw Fitn and Lossousw Fisn are the absorption
losses inside the input and output fibres respectively and Losssaar ct is the optical loss in-
side 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 deute-
rium lamp as a light soutce, 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 Bougues-

Lambert-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 monochro-

matic incident intensity I}, passes through a sample of thickness 4/, containing an absorb-

ing species with a molar concentration ¢, can be expressed by
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which when integrated over the pathlength, / gives

L Sam 1 !

| =di =&, [ed (1-6)
I I 0
ARe f

whete Iy ryis the initial, ot so-called reference intensity, Iy saw is the intensity transmitted

through the sample, the so-called sample intensity, and £; as a proportionality coefficient.

Assuming that the concentration, ¢, is uniform and independent of / this will result in

I

In2 Rl = kool a-7)
I)., Sam

and

I sam = Tigest el (1-8)

indicating that the intensity decreases exponentially with the sample thickness and con-

centration. However, the BLB law is often expressed as

L sam = Lipe 107 (1-9)
where
k,=¢, In10=2303, (1-10)

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

absotbance, A, and the transmittance, T}, can be defined as

I
A, = lg[ ARef ) =g, (1-11)

I A Sam

and
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T =10 Il,.fam
A 0 ks (1-12)

respectively, with the dimensions for .A; in absorbance units, AU, for T in %, for I, ry
and I, suv in atbitrary units, au., for & in 1 mol? cm, for ¢ in mol I'* and for /in cm.

Thus, the concentration, 4, of the species observed can be calculated as

A, (1-13)

c=—=

g,

"The BLB law is usually valid for dilute analyte solutions, for strongly monochromatic, par-
allel and cohetent radiation and in optically homogeneous (isotropic) media. There should
be no luminescence or scattering in the solution observed and the optical pathlength
should be strictly defined. Its validity is demonstrated by strictly linear plots of A, versus
cell pathlength, /, or concentration, ¢, 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 de-

tailed desctiption 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 ap-
proach 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 #» individual samples
are taken from each detector element. The mean intensity value, I,, and its standard de-

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

L =%i’z(") (1-14)

i=1

3 (1,()-1,)
A, =+ (1-15)

n—1

‘The magnitude and accuracy of such a measurement could then by defined as
I1=TAiAI1 (1'16)

Throughout the experiments performed in this work a number of #=70 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, I}, pr, and has to be subtracted from the meas-
ured intensity, Iy s, to obtain the true intensity signal collected from a sample,

I, = I, sam- I D Thus, in the absence of stray light, the signal to noise ratio, SNR, of an

dark output corrected intensity measurement may be estimated by

f TAJm‘sz
NR = 10lg| =2 | = 10lp| =~ 2"70 1-1
k) g[AIl] 18[ AL (1-17)
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where I, and Al, are the mean of the true intensity and its standard deviation, I, ¢, and

I, ps mean of the sample and datk intensity respectively and AJ, g, the standard devia-

tion of the sample intensity [17, 18].

1.7.3 Error analysis of the BLB-Law

The BLB-Law telies on a logarithmic relationship between the concentration of an analyte
observed and the light transmittance of the sample at a particular wavelength. This is the
reason why the concentration error, caused the individual parameters to calculate the con-

centration, is not linear, but varies with its transmittance (ot absorbance) value. However,

as described in Section 1.6, the absorbance, A4, of an analyte can be calculated using

Tl - j r
O _""‘J (1-18)

A'{ = lg =
(I 25w~ 11,0

whete T, zoss 1, 5an a0d I, ;, are the mean reference, sample and dark intensity values
obtained from the detector element in three separate and independent measurements re-
spectively. To estimate the etror of the absorbance, A4, equation (1.5-5) is differentiated
with respect to the reference, sample and dark intensity to determine individually their ef-
fect on the accuracy of the measurement. The combined absorbance error, AA4;, may then

be derived by their variances to be

sa, Y sa, Y 54, )
AA, = LI IV I 2T Y S B! 2 :
A (61’3'&,/ ] ARef (JIAJ”, ) ASamw + (511’[)’* AIl,Drﬁ (1 19)
resulting in
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2 2 - - 2
1 1 2 1 2 Lykes =1asum 2
AA, = - = Al | —— | Al +| 7= - = = Al
7] hlo\/(14,hf_1‘p’*} AReS (I“‘._Izm) a5 ((IA'MI—IIMXI“,,—I‘M) A.Drk
(1-20)

where additionally Al ¢ ., Al, ¢, and Al ;, ate the standard deviations of the vatiables

shown above. Thus, the petformance of the instrument can be evaluated by calculating

the relative concentration error using equation (1.3-9)

éiwoo/o _Ad,

¢ A,

100% (1-21)

with ¢ and Ar as the concentration and the concentration ertor, and A, and 44, as the

absorbance and the absorbance errors respectively.

A plot of the relative absorbance etror as a function of absorbance, which could be ex-
pected 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
datk intensity, estimated by their standard deviations, is shown in Fig. 1-3. It can be ob-
served that, with a decreasing reference signal and therefore a decreasing signal to noise
ratio, that the relative etror of absorption increases. Furthermore, accepting a relative er-
ror 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 sev-

eral 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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This “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 impetfections of the optical components, ovetfilling of the spectrometer’s nu-

merical 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, Tj, at
the analytical wavelength obsetved. Thus, assuming the incident light intensity as Iy, ryand
the stray light intensity as Iy sng, then the total light flux observed by the detector would
be I rs + I1 smy without the sample present. If the sample would reduce the light flux
within the spectral bandwidth observed from I ry to the sample intensity Iy, suw and re-
duce the amount of stray light I, simy from outside this spectral bandwidth by a proportion
a;, which may be called the stray light transmittance, then the total light flux measured by
the detector with the sample present would be I, sawt+@1I15my. The effect of the interfering

stray light can be seen through the BLB-law 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, A" as

. I +1
A, =l L 2o (1-22)

whete I, Ry I, smy and I, sam ate the reference, stray light and sample intensity respectively.

Defining the fractional stray light, S, as

T 5mp

= (1 '23)
o PP
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and using equation (1.3-8), the measured absorbance, A", can be expressed as

.’4'1 * =Al _lg[1+51(%1__1)] (1_24)

A

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 a;>T), resulting in the case that most of the stray light is trans-

mitted through the sample, but the measured absorbance will be decreased at higher ab-
sorbencies, depending on the fractional stray light.

s, 1.000
=) | =0~ o001% 3
BN S N
.{ 3H —v—iiov. i L
I Ik <0.100}
g 5 :
2’ E
3 oo
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Fig. 1-4: Measured absotbance, A4;", and absorbance error, A4, as a function of true ab-

sorbance, A,, shown for several stray light levels, 5.
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Fig. 1-4 shows the measured absorbance, A;" and the absorbance error, 44, as a func-

tion of the true absorbance, A;, assuming the ideal case when a; = 0, and all the stray
light is transmitted through the sample. The concentration of a sample would be propot-
tional to the measured absorbance in the absence of stray light (BLB-law), 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 absotbance to a
lower value, independent of its capabilities given by the signal to noise ratio of the instru-

ment.

A positive deviation from the true absorbance is created, if @;<T;. This happens when
most of the stray light is absorbed by the sample while the analytical wavelength temains
almost unaffected. A practical but rare example is the spectrum of benzene (CsHg) vapour
at about 250 nm wavelength, sometimes used for spectral calibration or wavelength reso-
lution 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, apparently de-
grading 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 @;=T), resulting in the

fact that no absorbance errors occur. This however means that the sample has a flat re-
sponse 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 ca-

pabilities defined by its signal to noise ratio.

1.8.2 Lack of monochromasy

The relationship between absorbance and analyte concentration is defined by the BLB-law
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].

1.8.3 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 absotption 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

dl, = kycl, di+I,n*" (1-25)
whete dI; is the reduction of intehsity at the wavelength A, that occurs when light of a
monochromatic incident intensity Iy, passes through a sample of thickness 4/, containing

an absorbing species with a molar concentration ¢, with a proportionality coefficient £, in

a sample of the volume, #, with a number of scattering patticles, », [14].
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1.8.4 Effect of fluorescence

The transmittance of a sample may be increased if an absorbing analyte solution simulta-
neously exhibits a fluorescence signal close to or at the wavelength used for the absor-
bance 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, &, is found to increase with increasing values of a solu-
tion refractive index [14]. However, this applies only to very high concentrations exceed-
ing 10~ molar, such as, for example, found for a 0.07 mol 1! solution of eosin causing an
etror in &, of 1.8 %. The relation between the refractive index and the molar absorption

coefficient can be described by

62 = const (1-26)

(nz + 2)2

where # is the refractive index of the aqueous solution. Calibration curves can be em-
ployed 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
ot polymerisation [14]. This can, for example, be observed with the pH-dependent chemi-

cal reaction of chlorine with water to form dissolved chlorine (Cl,) 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 centeted around
229 nm, 233 nm and 290 nm 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 spec-
trometet itself, as discussed in Chapter 3, repeated reflection of radiation in the sample
cell, effectively increasing its optical pathlength and various kinds of instrumental reflec-
tions. In general it may be found that the lower part of the absorbance versus concentra-
tion relationship of the BLB-law, 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-Beet Law. Although a number of instrumental and other factors,
such as monochromaticity, stray light, and changes of the refractive index can cause de-
viations, the Bouger-Lambert-Beer law can be used as an appropriate and simple method
to provide adequate accutacy and stability for measuring certain chemical species within a

limited conentration range.

Howevet, 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 sen-
sor 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 nm 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 spec-
troscopic 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 nm 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 behav-
iour of UVI-fibres, introduces the concept of a wavelength selective fibre coupler and dis-

cusses the applicability of UVI-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 telecommunications, 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 10'5 Hz. The energy coupled into an optical fibre is confined in its core and
guided by a mechanism of multiple reflection at the core/cladding boundary along the fi-
bre. 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 at-
tenuation of light travelling inside optical fibres can be attributed to three major soutces,
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 impuri-
ties. Such losses can be classified by theit 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 impet-
fections genetated during the fabrication process and Raman and Brillouin scattering. Fi-
nally, light attenuation can be induced into optical fibres mechanically by bending and

coupling losses.

Howevet, 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 pm, silica is the most widely used
material for the fabrication of light-guiding fibres because of its low attenuation [4]. Un-
fortunately, the light transmission is not stable under certain conditions which are often
encountered in existing sensor systems, where, for example, the light soutce is a pulsed
high-power laser [5,6], a UV-laser [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 nm, 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 ra-
diation can generate the same transient or stable fibre defects desctibed above which sig-

nificantly disturb the transmission.

In this Chapter, the applicability of new optical fibres having a neatly constant UV-
transmission in the 200 nm to 250 nm wavelength region for sensor applications is inves-

tigated. Due to the improved UV-properties when compared to those commercially avail-
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able, these new fibres are tested as a potential transmission medium for the broadband-
spectrum of a deuterium lamp. In addition, a fibre coupling system with a wavelength-
selective 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-scatteting mainly determine the basic attenuation at wave-

lengths below 300 nm in fused silica fibres with an undoped core and a fluorine doped
cladding. It is known that Rayleigh scatteting varies as 1 A;*, where 4, is the wavelength
of interest [10]. Fabian ¢7 4/ have measured a basic attenuation of 1.1 dB m! at a wave-
length of 200 nm, which appeared to define the minimum loss in that wavelength region
[11]. Another common soutce 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 nm, coupled into silica fibres, can
damage the transmission properties of such a fibre by the generation of UV induced col-
our centres (E'-centres) [12, 13, 14], using, for example, deuterium lamps [15] or excimet-
lasers [16]. Thus, when describing the total light loss, L, of a fibre of a total length, L,
the wavelength-dependent basic attenuation, ap(4), and UV-induced attenuation, da(4),
have to be taken into account. Further, due to the fact that the fibre behaves as a long-
pass filter, the extent of defect generation decteases along the fibre length, 2. Therefore,
the induced loss, 44(4), does not increase linearly with fibre length and may be described

as
Aay (A) = [Aa(A,2)iz (2.3-1)
0

In addition, the damage is time-dependent, leading to the following equation for the total

light loss, aLw(4, fuv), where fuy is the UV-exposure time

Characterization of ultraviolet improved optical fibres ...
29



aL (Lt )=a; (l)L+Aa,_(/1,tW) (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 summarized form, has been pub-
lished by Klein e7 a/ [17]. This work emphasised that the treatment of synthetic silica bulk
or fibres in a hydrogen atmosphere [18, 19, 20] results in an improved tesistance to UV-
induced 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 dis-
cussed above, E'-centres are generated in fibres or bulk material during UV-light irradia-
tion arising from a number of reasons, such as breaking weak bonds between silicon, Si,
and oxygen, O, [21, 23], or impurities like metals [8, 9, 22], or chlorine, Cl, [24], as for ex-

ample shown in the following chemical reactions caused by UV-light, hv exposure

=5i-O-Si= + hv = =Sie + ¢0-Ji= (2.3-3)
=Si-Cl + hv = =Sie + oCI° (2.3-4)

Howevet, in the presence of molecular hydrogen, a hydrogen atom, H, is able to passivate

the E'-centre
=Sje + Ho = =Si-H + H° (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 performed 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. This was
achieved by optimizing the parameters of the diffusion process. Fused silica fibtes with a
high OH-content in the core were “loaded” with hydrogen in a pressure chamber until a
hydrogen concentration of approximately 5 10! molecules cm3 was reached. These ultra-
violet improved fibres (UVI-fibres) showed a significant improvement in the transmission
of light at wavelength below 230 nm. However, after the hydrogen treatment, the mo-
lecular hydrogen diffuses out of the fibre again, decreasing the capability of the fibre to
passivate the generation of E'-centres. This 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, #; s, which was defined 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

s 3=0.5 month * SFr * SFp (2.3-6)

with SFr being a scaling factor describing the temperature dependence of the diffusion
process and SFp being a scaling factor describing the influence of the fibre diameter on
the diffusion process. The scaling factors SFr and SFp 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 cote diameter of 500 pm or 600 pm, as com-

monly used in sensor applications, in a laboratory having a temperature of 21 °C, a life-
time 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 SFr and SFp for life time prediction of UVI-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 gen-
eration can be observed, limiting their usage, as discussed in the following sections. Nev-
ertheless, the UVI-fibtes 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 of UV-induced losses in standard and UVI-

fibres

The experimental arrangement shown in Fig. 2-2 was used to measure the UV-induced
losses, Aa(4, tuv), as a function of the wavelength, A, and time, tuv. The broadband spec-
trum emitted from a Dz-lamp, type DO 904/05 [26], was coupled into the test-fibre which
had the following geomettical data: core diameter 200 pm, cladding diameter 220 pm,
coating diameter approximately 350 um, 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 accommo-

date a vatdiety 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.

Fig. 2-2: Experimental arrangement of the measurement system, comprising a deuterium
lamp (DL), lens coupling systems (LS(0), LS(I)), a test fibre (TF), a monochromator (MC),
a chopper wheel (CW), a photo-multiplier (D), a lock-in amplifier (LI), and a power sup-

ply (PS).

In the determination of the UV-induced losses, dar(4,211), 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

2.3-1)

P(A,t, = 0)}

AaL(ﬂ,tW)= lOlog{ PGr)

In order to obtain results on the characteristics of this fibre, which may be more meaning-
fully compated 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 assumed that the basic attenuation, ap(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 etrors due to any possible longer term system changes.
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wavelength [nm] 193 214 240
spectral power [nW nm-!] 125 50 37

spectral intensity [AW (nm mm?)1] |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, 2 commercially available step-index multimode fibre with undoped high-
OH core and fluotine-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 petiod 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 nm was found to be significantly decreased.
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E - 84
; 20 'g
£ 10 g 41
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190 230 270 310 350 4l 230 270 310 350

wavelength [nm) wavelength [nm]

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 UV-
losses during UV-irradiation of wavelengths below 230 nm becomes obvious: this is due
to the presence of E'-centres and exemplified by the evidence of a UV-absorption band
around 210 nm [9]. The maximum values of the induced losses wete determined by cou-
pling UV-light into shott fibre samples of I m length. Thus, losses of 15 - 20 dB could be

determined at 210 nm after an exposure time of 11 hours with a fibre having a core di-

ameter of 200 pm, 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 0s(210 nm) =1 dB m').
The variations are mainly due to modifications in the fibre material itself due to the irra-
diation. Looking at the time-dependence of the process, the induced losses shows a trend
of being neatly linear with exposure time at the beginning. However, a saturation level is
reached after approximately 10 hours, when the generation and recombination of the de-
fects are in equilibrium. In addition, it was found that following this, the induced losses

are seen to decrease slightly, 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 UV-

damage, these fibre samples having the same geometrical data as the previously tested ref-

erence fibres.

120
601' toy=11h < }
TR 5 im
i proved
240 :g 80
30 g
g 20 - 40
Q
<101 § o '
0 + + — v
190 230 270 310 350 0 2 4 6 8
wavelength [nm] time t,,, [h]

Fig. 2-5: Spectral output power of a UV-  Fig. 2-6: Normalised transmission at 210
improved fibre before (dashed line) and nm wavelength for three UV-improved
after (solid line) 11 h of UV-light irradia-  fibre samples (uppet curves) and one

tion. reference fibre (lower cutve).

Using the same exposute 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 nm (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-lasers [28, 16], a tunable UV-laser [29], and a frequency-
doubled Ar*-laser. Both their short-term and the long-term behaviour is of importance
for sensor applications. With the monochromator 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 of E'-centtes 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 meas-
urement cycle, is shown in Fig. 2-7 for fibres with cote diameters of 100 pm, 200 pum and
300 pm. 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 de-
fect annealing, rising neatly 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 de-
creasing fibre diameter [see Fig. 2-7 and the work of Greenwell ¢f al[30]]; secondly, the
fibre tecovery 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 fibte
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 expetiment, 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 teach equilib-
rium, 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 pm and resulted in a relative
transmission shift of 1 % K-1. Further information on these aspects of these fibres can be
found in the wotk of Klein et 4/ [17). However, for the sensor applications envisaged in
this work, UVI-fibres with core diameters of 500 pm and 600 pm may be used, where the
generation of E'-centres was found to be far lower, Additionally, the transient effects de-
scribed above have been obtained with comparatively high UV light powers (such as for
example a UV-irradiation of approximately 270 nW nm at 214 nm, the absorption
maximum of the E'-centre) coupled into a fibre with a cote diameter of 300 um. How-
ever, 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 ad-
vantage of the capabilities of the fibre-coupled miniature UV/VIS spectrometets 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 soutce 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 colil 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 2V, 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 mA. 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 ot 1 mm, formed from a high melting point metal, for example molyb-
denum [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 ~ 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 fracton 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 plano-
convex fused silica lenses with a focal length of 40 mm at A=589 nm and a lens diameter
of 25.4 mm wete 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 pm, and

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

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

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 A=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 accu-
rately 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 abetration
of the lenses can be used to tailor the spectral distribution of the source, thtough the opti-
cal system, to match the spectral sensitivity of the fibre-optic spectrometers used. The ef-
fect 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, #, of fused silica and the resulting focal length

variation of the fused silica lens used in the imaging system (LS) as a function of wave-

length.
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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 di-

rect coupling, by placing the fibre in front of the deutetium lamp.

The intensity spectrum optimized for 225 nm offers two advantages, compared to the
spectrum optimized for 443 nm, in its use for deep UV-applications. First, the intensity is
increased at lower wavelengths, resulting in an improved signal to noise ratio and sec-
ondly, 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 fi-
bre under non-optimized wavelength conditions, the spectral power and the correspond-
ing 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 nm wavelength region. It can
be observed that the higher modes of the fibre in the non-optimized, higher wavelength

region ate not excited, leading to a suppression of higher farfield angles.
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Fig. 2-12: Notmalized far field distribution of a lamp-fibre system, optimized for 200 nm
wavelength at the output of fibre with a core diameter 600 um fibre, typically used in the

subsequent sensot systems.

With such an arrangement, frequently used in the following experiments, light power lev-

els in the range of 177 nW nm-!, 69 nW nm?! and 28 nW nm! were coupled into a UVI-
fibre with a cote diameter of 600 pm at 214 nm, 260 nm and 300 nm respectively.

2.5 Summary

Fibre samples with an improved UV performance at wavelengths below 250 nm have
been introduced and theit applicability for sensor use investigated. The more stable UV-
transmission was mainly achieved by a reduction of defect generation during UV-light ex-
posure. The induced attenuation of the main UV-absorption band around 214 nm is less
than 0.4 dB m! and therefore is neatly 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 um or 600 um re-
spectively could be expected at room temperature, rendeting these fibres suitable for UV-
sensor applications envisaged in this work. UVI fibres will be used in the following chap-

ters as a basis to design fibre-optic remote UV sensors for the wavelength region between
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200 nm and 300 nm.
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3. Experimental Characterization of Fibre-optic-based

Spectrometers for UV applications

3.1 Abstract

It is particulatly important in fibre-optic spectrometer-based systems that the charac-
teristics of the major components be investigated in terms of their stability and per-
formance. A cross comparison of two inexpensive fibre-optic-based spectrometer
modules, such as would be used in the systems, has been performed. The optical ar-
rangement and the detectors are described and the temperature dependence of the dark
output and the detector noise levels are determined. Following this, the wavelength sta-
bility of the spectrometer as a function of temperature is investigated and a correction
algorithm for wavelength drifts in such spectrometers is proposed. Finally, the sensitiv-
ity of the two spectrometers in the important 200 nm to 300 nm wavelength region is
investigated with the spectrometers incorporated in an optimized UV sensot arrange-

ment.

3.2 Introduction

There is a long histoty of absorption-based sensing methods which were among the
first types of chemical sensors to have been developed that included fibre optics. Sev-
eral 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
sensots systems, were often nullified by the problems of the use of conventional spec-
trometers, which were originally developed as laboratory instruments. These types of
grating- ot 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 re-

moved 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 wotk to ovetcome some of these problems involved an a priori
assumption of the spectral nature of a particular feature (usually through a simplifica-
tion of the chemical system to minimize the vatiety of significant species present), and
with that an obviation of the need for an exact measurement of the wavelength of ab-
sorption. 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 ef 4l [4] who developed a
residual chlotine monitor, where the absorption feature at 290 nm due to the presence
of OCI- 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 fil-
tet, centred around the wavelength associated with this feature, was found to be suffi-

cient.

Recent advances in the technology of optical fibre sensors have included the develop-
ment of novel sensor cells [5,6], ultraviolet transmission improved fibres [7, 8, 9], light
soutces 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 absotption 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 spec-
trometers [13, 14, 15] and other wavelength-selective techniques, such as for example
integrated acousto-optic tuneable filters as tuneable monochromatic wavelength selec-

tive elements [16], has been developed for process and pollution monitoting,
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Recently, 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 petformance of these systems. However, a number of criteria have to be ful-
filled, when selecting such miniature spectrometers for fibre-optic sensor systems, de-
signed 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, so-

latization effects etc.

In this Chaptet, a cross-comparison is made of two miniature fibre-optic-based spec-
trometer systems (FOS), especially taking temperature effects into consideration. The
optical arrangement inside the spectrometet 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 (desctibed 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 dif-

ference 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 impor-
tant 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 so-

called geometric extent, G, with its light entrance area, S, and its acceptance angle, £2,

[19] given by
G=xS5 sin’(Q) G.1)

Adapting this formula for fibre use and assuming the input atea, S, to be circular it may

be expressed in terms of the beam diameter dipw, and for small £2 by its numerical ap-

erture, NAg, as

”2

G~ —4—d. 2(NAR)? (5-2)

input

with NA, =n, sin(Q), whete #, is the wavelength-dependent refractive index of the

coupling medium. The coupling efficiency, 7, between an input fibre, described by its
core diameter, ., and its numerical aperture, N4, and the input of the spectrome-

ter, can then be approximated by

i NAQ’
nw m -3
indicating the strong dependence of the core diameter and the numerical apetture 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 dun is doubled. However, in some spectrometers, the core diameter

of the input fibre represents their input slit width and therefore defines the optical
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resolution of the insttument. Thus, increasing the diameter of the input fibre to in-
crease the amount of light flux entering the instrument results in a decrease of the opti-
cal resolution if no additional slits are employed at the optical entrance to the spec-
trometer, which then again, would decrease the light flux entering the optical system.
Howevet, 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 ap-
erture of the spectrometer has to be suitable for fibre use. Typical bench-based mono-
chromators or spectrogtaphs, as, for example, manufactured by ISA [19], have numeri-
cal 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 spectrometets designed for fibre optic
use has to be mote 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 miniatute spectrometers described in this investigation were commercial devices,
intended for use in a range of experiments for research and teaching purposes, repre-
senting the “state of the art” for inexpensive fibre-based spectrometer systems.
Tab. 3-1 summarizes the optical characteristics of these spectrometets 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 experi-

ments is shown in Fig, 3-1.
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Spectrometet |

FOS-11% ‘ L

Detector

Hamamatsu, S 3904 - 256Q
diode array detector with high
UV sensitvity.

NEC, linear CCD-array sili
con detector, coated with
fluorescence dye for UV
conversion

Number of pixels 256 1024
Dimension of one pixel 25 um*2500 pm 12.5 um*14 um
Spectral response of detector 200 nm - 1000 nm 200 nm - 1000 nm

Spectral range of FOS specified by
manufacturer

220 nm - 730 nm

(220 nm - 575nm) usable
range with > 30% efficiency

Maximum
(observed)

spectral range

=195 nm - 740 nm

2180 nm - 738 nm

Pixel dispersion (software resolu-
tion) [nm pixel ]

2.1

~0.55

Optical configuration & grating

Concave holographically blazed
flat field grating with

366 lines mml (center) and
blazed for approx. 220 nm

Cross Czerny-Turner con-
figuration consisting of 2
spherical mirrors and a flat-
field plane diffraction grat-
ing, ruled with 600 lines mm-
1 and blazed for approx.
300 nm

Linewidth FWHM (full width half
maximum) [nm] / Rayleigh crite-
rion [nm]

=56/70

%25/32 [deow=50pm]
®5/63  [deor=100pm]
210 /12,6 [deore=200ptm]

Absolute accuracy (nm)

0.3

Temperature drift (hm K1)

0.006

Sensitivity

1012-1013 Counts Ws-1 at
A=633 nm

Stray light

0.22 % [Xenon lamp]
0.04 % [Deuterium lamp]
0.42 % [Halogen lamp)
at A=230 nm

< 0.05% at A=600 nm

Optical entrance:

Cross section converter, fiber
bundle consisting of 30 fused
silica fibers having a core di-

ameter of 70 pm and a numerical
aperture, NA=0.2

UV improved single strand
multimode fiber, NA = 0.2

Dimensions

70 mm* 60 mm * 40 mm
cross-section converter
(1=240 mm)

130 mm * 120 mm* 40 mm

Options

Second-order dielectric cutoff
filter coated on the diode array

detector

Cylindrical fused silica lens
fixed on the CCD-array de-
tector for sensitivity im-
provement.

Tab. 3-1: Manufacturers' data on FOS-I and FOS-II.
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FOS-1 FOS-I

Concave diffraction grating
N\,
Fibre input with
cross-section
converter

P

Diode array detector s
Plane diffraction grating
Fibre optic input §
with fibre bundle Fibre optic inpu
with single fibr

Fig. 3-1: Optical setup of the investigated miniature spectrometers FOS-I and FOS-IL

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 re-
ducing the time required to complete a spectroscopic experiment, which is a great ad-
vantage 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 ., , whete N, is the number of pix-

els in the array. Within the ultraviolet and visible regions of the optical spectrum, sili-
con based photodiode arrays (PDAs) or charge coupled device (CCD) arrays [20] are
commonly used for detection. These detectors offer a broad spectral responsivity, ex-
cellent 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 atrays ate most often coated with a fluo-
rescent 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 pm 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 con-
nector 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 um into the spectrometer
but featutes, on the other hand, a slit-width of ~70 pm with a slit height of #2500 pum 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 pm 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 con-
verter 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 atray
used having a pitch of 25 um and a height of 2500 pm, the entrance slit is imaged on
approximately 3 photodiodes. The PDA and its on-board pre-amplifier convett the dif-
fracted light intensity into a voltage which is sampled by an analogue-to-digital con-
vertet (A/D 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 dectease the cost of the instrument. To

suppress the second order of the grating, the diode atray of FOS-I has been directly

coated with a dielectric cut-off filter by the manufacturets.

The optical design of the miniature spectrometer FOS-II is based on a cross Czerny-
Turner configuration, as shown Fig. 3-1. This polychromator consists of two concave
spherical mirrors and a plane flat-field diffraction grating. Light enters the specttometer
from a single strand fibre via the fibre-optic input and is focused on the grating by the

sphetical mitror 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 pm and a height of 14 pm, 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 pm, 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 fi-
bre. 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 perform-
ance of these two parameters is strictly dependent on the quality and repeatability of the
SMA fibre connector at the spectrometer entrance. To ensute repeatable results, the
input fibre of the spectrometer was not removed or re-positioned during the experi-
ments. The voltage obtained from the preamplifier of the CCD-attay is sampled by an
A/D converter of the same type used with FOS-I and processed in an IBM-compatible
PC.

Both spectrometets 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 a2 common video line, and FOS-II a CCD-
array, 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 ele-
ment used in such a detector can be a p-n junction diode such as, for example, a PDA
or 2 MOS-induced junction, as in a2 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 A/D
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 patt of developing an on-line
measurement system, a dynamic link library (DLL) was developed for FOS-I, to sim-
plify the data transfer between the spectrometer hardware and a windows-based ana-

lytical software, Microcal Origin™, 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 specttometer systems, compact, robust, small and inexpensive and rela-
tively easy to handle. However, not all on-line application are in a laboratory-based en-
vironment, with fixed temperature and humidity. A major concern for field applications
is to evaluate the performance of the two spectrometers at varying temperatures by ob-
serving the effect of temperature on the dark output and the wavelength stability in

particular.
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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 photodiode, this output signal is known as the dark current, which is
chiefly 2 sum of the diffusion, generation, surface and avalanche currents and is mainly
dependent on the temperature and reversed biasing. Having in mind that the spec-
trometers 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 inte-
gratioh time. However, the dark output of the spectrometers will be the sum of the de-
tector 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 0°C and 50°C in steps of approximately
5°C with a precision of *+1°C, as it was assumed that such temperatures ate 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 preci-
sion of 0.1°C were fixed to each spectrometer body, in addition to which the tempera-
ture of the air flow in the cabinet was observed with a digital thermometer during the
expetiments. 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 datk output data
obtained grows exponentially and doubles if the temperature of the spectrometer is in-
creased 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 ¢ @/ [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
500 ms.

FOS-I
800.- S 13 ms A 1o sac B
i o 89°C
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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 integra-

tion 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 datk 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. This is realized
by shielding the first 24 CCD-elements (pixels) of the detector array from light expo-
sure to measute 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 nm, 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 datk 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 tem-
petatures and was found to increase at higher integration times. This 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 datk out-
put from the dark output obtained at the pixel associated with a wavelength of 203 nm
resulted in the optical or detector dark output of the CCD detector array at that wave-
length, which then followed an exponential law. The optical datk 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
temperatute 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 obsetved that at wave-
lengths below 300 nm, the dark output increased after long-term UV exposure (3

years). This 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 de-

tection, resulting, as with the PDAs, in an increased dark output.
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Fig. 3-2: Dark output of FOS-II 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 tem-

perature 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 in-
creasing the potential measurement error. Particularly when working with low light lev-
els slightly 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

prccision.
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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 out-
put. To estimate the basic noise of FOS-I and FOS-II, 10 samples of the dark output
were taken for each expetiment. 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 datk output, is shown for FOS-I
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 so-

called averaged noise level.
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Fig. 3-3: Standard deviation of the dark output of FOS-I at an integration time of
585 ms as a function of wavelength at 42.6 °C, 24.0 °C and 5.4 °C.
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Fig. 3-4: Standard deviation of the dark output of FOS-II at an integration time of
585 ms as a function of wavelength at 43.1 °C, 24.6 °C and 6.0 °C.
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Fig. 3-5: Standard deviation of the dark output of FOS-I and FOS-II at an integration

time of 585 ms as a function of temperature at several wavelengths.
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For FOS-1, 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
2.410.8 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 expetiments. 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 wavelength-
resolved absorbance or emission spectra. The traditional spectrometer rotates a diffrac-
tion grating or prism which scans dispersed light across a slit in front of a single ele-
ment 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-array-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, AArqugs, defines the ability of the instrument to distinguish
between two adjacent peaks as individual lines [24]. The linewidth, AArwmm, desctibes
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, 2 minimum of two pixels has to be used to detect a line [25]. How-
evet, 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-I 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-I and FOS-II investigated.

3.5.1 Review of wavelength calibration methods for detector array based spec-

trometers

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 ap-
proaches 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 func-
tional 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 met-

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 ot tests, even the weak mercury peaks emitted by fluorescence discharge
lamps, situated at 435.83 nm and 546.08 nm, or the characteristic peak at 656.1 nm of a
deuterium lamp may be used [27]. Furthermore various solid and liquid filters, giving
faitly sharp absorption peaks caused by electronic transitions of incomplete forbitals of
rare earth salts and oxides (Ho, Sm, Dy, Eu, Nd, etc.) ate often recommended for cali-
bration 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. Sco-
patz ef al. [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 nm,
he achieved a repeatability of 0.06 nm over a period of 8 months.

Berlot and Locascio [28] have developed a generalized calibration procedure for ultra-
violet-visible diode-atray 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 nm and the other a 328-element detector covering
the wavelength range from 190-730 nm. 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 holmium and samarium perchlorate so-
lutions, were evaluated. Applying a linear regression analysis for wavelength calibra-
tions, a standard error or estimate of 1.7 nm and of 0.52 nm could be found for the
32- and the 328-element respectively. Using the rare earth glasses or solutions, standard

errots 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 nm spectral bandwidth) instruments and requires two calibration
wavelengths and their positions on the array. A 38-element detector was used to ob-
serve the wavelength coverage from 340-690 nm or from 380-730 nm 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 etror sensitivity increases as the line separation of the wavelength pair de-
creases. 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 nm, a wave-

length accuracy of 1 nm could be achieved.

Bellon ¢f 4/ developed a fibre-coupled NIR spectrometer to determine the sugar content
in peaches and sort them into three maturity classes [15]. A CCD camera with 500*582
pixels was used to observe the light spectra with a wavelength coverage between 809
and 1082 nm. As the outputs of several pixels were averaged, the spectrum was ob-
served in 2.4 nm steps with a spectral resolution (FWHM) of approximately 8 nm. A
fibre bundle consisting of 20 input fibres was assembled and formed into a cross sec-
tion converter at the entrance slit of the spectrometer. As the wavelength-resolved light
of the entrance slit was imaged horizontally on two dimensional CCD camera, the in-
tensity found at its vertical pixels could be related to the individual input fibres, repre-
senting 20 different input channels. Four spectral lines from a mercury and three spec-
tral lines 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 func-
tion. 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 nm, the spectral width of one pixel.

Cho et al. [33] developed a wavelength calibration method for a seven-channel fibet-
optic CCD 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 nm and 450 nm with a
spectral bandwidth of 1 nm 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 e# 4/ found
that the linear calibration model gave the largest averaged calibration etror of 0.268 nm
and the quadratic and the first trigonometric model reduced the etror slightly to
0.237 nm and 0.254 nm. However, the cubic model and the second trigonometric
model, based on a Fourier seties approximation, gave the lowest calibration errors of
0.144 nm and 0.139 nm respectively, thus indicating the non-linear pixel vs. wavelength

relationship of the spectrometer.

Sadler ¢t 4. 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 recon-
structed 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 up-
right 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
to 3 %.

From the wavelength calibration techniques desctribed 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 determin-
ing the exact position of the emission peak, a quadratic or cubic calibration curve re-
lating 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 calibra-

tion 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 ate 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 ez a/. [35], partially shown in Tab. 3-2, was
used as a reference. Fig. 3-1 shows the line emission spectra of the low pressure met-

cury lamp, Ing, 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, In, 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) at-
tenuated by approximately 23 dB.
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The numbered peaks (1..6) were found useful for wavelength calibration. Peak (1b),
only found with FOS-IL, is the second-order peak of peak (1) attenuated by approxi-
mately 23 dB. This peak was not found with FOS-I, because of its second-order di-

electric cut-off filter coated directly on its diode array detector.

peak number wavelength [nm] intensity [a.u)]
1 253.6521 300000
2 312.5674 2800
2 313.1555 1900
2 313.1844 2800
3 365.0158 5300
3 365.4842 970
3 366.2887 110
3 366.3284 650
4 404.6565 4400
4 407.7837 270
5 434.7506 34
5 435.8335 10000
6 546.0750 10000

Tab. 3-2: Recommended wavelength (air) of mercury emission lines selected for wave-
length calibration from Ref. [35]. The intensities ate 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, Ii(p), recorded by a spectrometer

can be described as

-2(p-5.f

2

y (3.5-1)

— ¢

IHg(p)=IHgO =+ \/;
V2

with p, being a pixel number of the detector array, - being the pixel position of the
peak maximum, » being its standard deviation in pixel units, I being its intercept de-
scribing the dark output and the background continuum 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) ctitetion as a

function of pixels, as p Fwrm, and as a function of wavelength, as Arwnw, to be

Aproum = w,/— 21n(0.5) (3.5-2)

AMpre = A4, * Prpsny = BA,w\J-210(0.5) (3.5-3)

with AA, 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 tesolution AArwrm was estimated at the 253.65 nm
emission line with a Gaussian least square fit to be 5.6 nm and 3.4 nm 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, AArwam, of FOS-I and FOS-II with FOS-II having an input fiber

with a cote-diameters of 50 pum, determined with 2 low pressure mercury calibration

lamp at A=253.65 nm.
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It may be noted again, that an input fibre with a core diameter of 50 pm was connected
permanently to FOS-II throughout this and the following expetiments. The least-
squares method was chosen because of its property to minimize the squares of the re-
siduals, 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 FOS-I and FOS-II, it is only the emission lines at 253.65 nm and
546.08 nm of a low pressurte mercury lamp that may be seen as single lines, and are
potentially useful for wavelength calibration. The emission lines situated around

313 nm, 365 nm, 405 nm and 436 nm, 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 a2 method had to be developed to estimate the centroid of
these multiplets, recorded by the spectrometets as a single emission line. The individual
lines of the multiplets were convolved with the instrumental line profiles of the spec-
trometers and supetimposed to simulate the emission lines they would detect. A Gaus-
sian 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. 3-
3 shows the peak position of these superimposed emission lines, taking the instrumen-

tal profiles of FOS-I and FOS-II into account.

FOS-I (24.0 °C) FOS-II (24.6 °C)
convolved pixel position, relative convolved pixel position, relative
calibration P wavelength | calibration 2 wavelength
wavelength accuracy | wavelength accuracy
8= A, 4, 8= Ay 4p,
[nm] [nm] [nm] [nm]
253.65 28.267 £ 0.026 0.06 253.65 145.928 + 0.090 0.05
31295 55.926 + 0.077 0.17 312,95 247.008 + 0.061 0.04
365.22 80.316 £ 0.054 0.12 365.21 337.952 £ 0.051 0.03
404.78 98.790 + 0.075 0.16 404.72 407.852 + 0.102 0.06
435.83 113.283 + 0.037 0.08 435.83 463.544 £ 0.077 0.04
546.08 164.754 £ 0.081 0.17 546.08 667.144 £ 0.129 0.07

Tab. 3-3: Convolved calibration wavelength, pixel position, p,, and relative wavelength
accuracy, 64, 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 re-
lated 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 ex-
act 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 partally compensating the errors caused by this assumption. Twenty-five sam-
ples 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

SNR(p)= 10108( (P)m (;'; (P)) (3.5-4)

with the mean sample output, 7&,,,,( p) , the dark output, I, ( p) and the standard devia-

tion of the sample output, ALw(p). The SNR of FOS-I and FOS-II as a function of
pixel numbet, 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 procedutre to
determine the sub-pixel position of the emission lines emitted by the low pressure mer-
cury lamp. The tesults of such a fit, petformed for the outputs of FOS-I and FOS-II at
24.0 C and 24.6 C respectively, ate shown in Tab. 3-3. With this fitting procedure, the
centroid position of the mercury singlets or multiplets could be estimated with a preci-
sion 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, illuminated by the emission lines of

the low pressute metcury lamp at the recorded peaks 1-6, shown in Fig. 3-1.

As discussed previously, a common approach to calibrate a detector-array-based spec-
trometer 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

A(p)= A+B,p+B,p* +B,p’ +...+ B, p’ (5.4)

where p are the detector element indices, and the coefficients A, By, By, ....B., are to be
determined by a least squares fit. To evaluate the quality of the fit, the standatd error of
estimate, SEE, can be calculated, which may essentially be seen as the standard devia-

tion of the residuals about the regression curve. The SEE can be written as [32]
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SEE = \/ZM (5.5)

n —n,

where A(p) and Ac ate the calculated and the true wavelength and 7. and #, are the
number of calibration wavelength and the number of coefficients in the polynomial re-
spectively. Quadratic, cubic and quartic models were tested for least squares fitting. The
cubic model was found to be sufficient, because it produced with the minimum num-
ber of polynomial coefficients a reasonable SEE and more importantly the SEE could

not be improved significantly 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-1I 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 mez-
cury 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 pm and a length of 3.7 m. FOS-II was connected to a fibte with a core di-
ameter of 50 pm and a length of 2 m, defining its entrance slit and therefore its wave-
length resolution. Light from the low pressure mercury lamp was coupled into both fi-
bres 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 integra-
tion 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 °C.

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 Gaus-

sian 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 regres-
sion to relate the sub-pixel positions obtained with their corresponding calibration

wavelengths. Finally, the standard etror of estimate, SEE, was calculated for each re-

gression line.
FOS-I AMp)= A4+ B,p+B,p* +B,p*
temperature A B, B; Bs SEE
°q [nm] [nm] [(E-5) nm] [(E-8) nm] [nm]
5.4 192.80 + 0.08 2.1535 + 0.0083 -12.4 + 4.2 39.0 + 14.4 0.020
8.9 192.89 + 0.04 2,1499 + 0.0018 -80+21 249472 0.010
13.7 192.93 £ 0.10 2.1487 £ 0.0044 71%52 230+ 17.8 0.025
19.1 192.85 + 0.10 2.1523 £ 0.0042 -10.8 £ 5.0 345+ 17.1 0.024
240 192.98 + 0.03 2.1474 1 0.0014 4916 14.0 £ 5.6 0.008
27.8 192.97 £ 0.09 2.1489 £ 0.0040 -7.2+48 229+ 16.4 0.023
34.1 192.96 + 0.12 2.1504 * 0.0053 92+6.3 29.9 +21.7 0.030
38.1 193.01 £ 0.03 2.1479 £ 0.0014 5.6+ 17 163+ 5.8 0.008
42.6 193.03 % 0.09 2.1478  0.0038 -54+45 154+ 15.3 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 l(p) =A+Bp+ szz + sz3
temperature A By B: Bs SEE
] [nm] [nm] [(E-5) nm] [(E-8) nm] [nm]
6.0 168.42+0.01 | 0.60990 +0.00013 | -6.08 +0.04 -0.06 £ 0.03 0.002
9.4 168.10 £ 0.06 | 0.60882 % 0.00062 | -5.77£0.17 -0.29 £ 0.14 0.011
143 167.64 £ 0.16 | 0.60792%0.00154 | -5.5110.43 -0.48 £ 0.35 0.027
19.6 166.88+0.16 | 0.60848 £ 0.00154 | -5.58 + 0.43 -0.42 £ 0.35 0.027
24.6 166.00£0.19 | 0.60898 + 0.00181 | -5.64 £ 0.50 -0.37 £ 0.41 0.031
28.2 16531 £0.12 | 0.60996+0.00112 | -5.82%0.31 -0.25 £ 0.25 0.019
34.3 16424 £0.25 | 0.60930+0.00238 | -5.58 +0.65 -0.41 £ 0.53 0.040
38.7 163.14+0.23 | 0.61052%0.00215 | -5.89 +0.58 -0.16 + 0.47 0.036
431 162.04 £0.22 | 0.61110+0.00205 | -6.00 + 0.56 -0.05 + 0.45 0.034

Tab. 3-5: Coefficients and SEE of third order polynomial least squates fit for FOS-II at
temperatures ranging from 6 °C to 43.1 °C.
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Thus a calibration function was obtained for each spectrometer at a number of diffe:-
ent temperatures. Tab. 3-4 and Tab. 3-5 show the results of the wavelength calibration
ptocedure 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 nm and 0.04 nm 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 instru-
mental profile of each instrument, compared to using the mercury calibration wave-
length 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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Fig. 3-4: Coefficients of the cubic least squares regression fit of FOS-I as a function of

temper ature
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Fig. 3-5: Coefficients of the cubic least squares regression fit of FOS-II as a function of

temperatute

Over the entire temperature range, a drift of approximately 0.2 nm and 6.4 nm could be
observed with FOS-I and FOS-II respectively. This is equivalent to a drift of approxi-
mately 0.006 nm °C-! for FOS-I and approximately 0.17 nm °C-! for FOS-II. A simple
relationship between temperature and the changes of the coefficients By, B2 and B; 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 tange. 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 ob-
serving the magnitude at the peak maximum, as its rate of change, desctibed 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 meas-
urement error induced by wavelength shift is increasing approximately exponentially in
respect to the decrease in linewidth of the peak observed. This indicates that a meas-
urement etror caused by wavelength drifts increases approximately exponentially in re-

spect 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 °C. 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 in-
duced 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 etror in measuring the magnitude of the peaks caused by wavelength
drift of up to 0.52 % and 6.2 %o 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 cot-
rection algotithm may by applied to cotrect the wavelength drift, found with FOS-II,
when working with a deutetium light source commonly used in ultra violet spectros-
copy. As the 656.1 nm peak of the deuterium lamp is a monochromatic peak [27],
similar to the metcuty emission lines used for the wavelength calibration, it can be used
to recalculate the intercept, A, of the calibration curve and thus compensating its tem-
pcraturé dependent drift. By selecting the calibration coefficients By, B2 and Bj, ob-
tained for FOS-II at 24.6 °C as a reference, the intercept, A, could be recalculated, be-
cause wavelength and pixel position were known. Using this technique, an
SEE < 0.6 nm could be achieved for FOS-II over the entire tempetrature region with-

out the necessity of knowing the instrument’s temperature. Estimating the wavelength
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drift with the obtained SEE of 0.6 nm of the wavelength corrected calibration curve, an
error of magnitude of 8.4 % and 25 % may be obsetved at the top of the peak and the
inflection point respectively over the entire temperature range with an emission line re-

corded by FOS-II 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-II. For
example, the absorption spectrum of nitrate, NOs;, has its peak maximum situated at
around 203 nm with an FWHM of approximately 30 nm. Consequently the slope of
such an absorption peak function and therefore the induced error caused by wave-
length 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 varia-
tions 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 obsetved in such an environment at the top of the absorption peak and its in-
flection point respectively. Assuming absorption errors of 2mAU 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-II, such temperature changes could create absorption variations
as high as 120 mAU and 310 mAU for peak and inflection point tespectively, 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. Com-
paring these potential measurement errors with the minimum absotption etrors of
2mAU and 10 mAU caused be the detector electronics, it may be necessaty 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 cattied out with the same pri-
mary optical system, configured into a fibre optical nitrate monitor, reflecting one of
the most televant pollution monitoring issues in the water industry [17, 18]. 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 ultra-
violet part of the light spectrum at wavelength between 200 nm and 300 nm will be in-
vestigated. A simple experimental arrangement, as shown in Fig. 3-6, essentially com-
ptising a deuterium 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 um, 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-1, being the cross-section converter of FOS-I, and FC-II being an ultraviolet im-

proved silica/silica fibre, having a core/cladding diameter of 100/110 pm 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 inter-
face cards collected and stored spectral data obtained from the two miniature spec-
trometers. 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 befote the nitrate analysis by replacing the
deuterium 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 sat-
isfactory signal to noise ratio of the optical signal finally detected. As a result, the silica-
lens-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 compen-
sate 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 nm, to and from the sensor cell through those fibres.

..,o‘ FOS'I

FOS-II :|

PC

Fig. 3-6: 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 petsonal computer, PC.

The liquid core waveguide, which will be described in Chapter 5, was used as the opti-
cal 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 ate 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 pet-

formance 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 monitoting. Thus, the applicability of FOS-I and FOS-II in a fibre-
optic-based sensor arrangement, as described above, to petform measurements below

300 nm and especially 230 nm with a reasonable signal to noise ratio was investigated.
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A nitrate ion, NOs', standard solution, prepared by dissolving sodium nitrate (NaNOs)
in de-ionized water, was used for prepating aqueous nitrate solutions, at concentrations
ranging from 0.067 mg1! to 0.51 mg . Nitrate, an important water pollutant, was
chosen because of its characteristically absorption peak situated around 203 nm wave-
length with a linewidth of approximately 30 nm. The LCW was filled with de-ionized
water and a varying attenuation, realized by doping the solution with nitrate concentra-
tions ranging from 0.067 mg 1! to 0.51 mg I, introduced to investigate its effect on the
intensity spectrum and the SNR of both spectrometers. The dark output-éorrectcd in-
tensity 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-II respectively. Both figures clearly indicate that a stable transmission of ul-
traviolet light is possible at wavelength below 240 nm, which is the envisaged wave-
length region of this work. However, it was found that the intensity values measured at
wavelengths below 240 nm of FOS-I were significantly higher than those of FOS-II,
thus showing a higher sensitivity in this wavelength region. Thus it may be concluded
that FOS-II 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 significantly higher than that of FOS-II, the signal to noise ratio of
FOS-I was still higher than that of FOS-II. 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-IL
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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 NOs’ induced absorption.
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Fig. 3-8: Intensity output and SNR of FOS-II as a function of wavelength ranging from
190 nm to 300 nm with NOs induced absorption.
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Howevet, investigating the spectrum of FOS-II further, it was found that stray light ef-
fects in the spectrometer already reduced the absorption to 0.8 AU. In further expeti-
ments, 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 sensot system. The influ-
ence 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 datk 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 tempetature 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. How-
ever, FOS-II was found to have a lower averaged noise level vatying 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 tem-
perature dependence in the averaged noise level. A wavelength drift induced by tem-
perature variations, typically found in field applications, was investigated with a spe-
cially developed calibration algorithm. A drift of approximately 0.006 nm K- for FOS-I
and approximately 0.17 nm K1 for FOS-II could be observed. However, using the
656.1 deuterium peak for on-line correction, FOS-II could be stabilized to a wave-
length 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 wave-
lengths 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-IL

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 spec-
trometers investigated can be used successfully as polychromatic detectors in fibre-
optic based UV sensors. Two sensor applications, specifically designed for deep ultra-

violet 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 spec-
ttum using fibre optics have been restricted to the wavelength range above 230 nm up
to now. Ultraviolet (UV) light, especially that below 230 nm, damages standard silica
fibres with an undoped core and fluotine-doped cladding so quickly that a stable UV
light transmission is essentially impossible. As 2 result, the fibetization of many con-
ventional spectroscopic devices which has been seen in the visible and near infra-red
patts 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 appli-

cability of an UV-optimized fibre-optic temote sensor for the determination of nitrate
(NO3) is studied. The system has an input and an output fibre of length 4 m respec-
tively and a detection limit of 2.0 mg1* NOs™ at a wavelength of 203 nm, based on a

reflectance cell, and is described and its performance discussed in this Chaptet.

4.2 Introduction

Thete 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 op-
tically-based sensors has been developed by a wide range of laboratories and research
institutions, as reviewed by Briggs and Grattan [1]. Howevet, a survey catried out by
Crossley [2] has shown that the market is still, to a large extent, dominated by conven-
tional 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 watet quality. However, ammonia, nitrate and nitrite and organic matter can be
monitored optically due to their strong and broad absorption peaks centered around
180 nm, 203 nm 210 nm and 254 nm respectively [3, 4]. Methods to determine the
concentration of nitrate in water range from nitrate-selective electrodes and colotimet-
ric methods to ditect UV absorption spectroscopy [5, 6, 7, 8, 9, 10, 11]. Detection lim-
its of conventional spectrometer-based sensor systems equipped with standard absorp-

tion or reflectance cells with an optical pathlength of 10 mm, as cited above, were

found to be around 0.5 mg 1! of NOs, 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
regulatly cleaned due to biofilm formation and as well, analysis techniques like muld-
variate 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, at-
tempts 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 commer-
cially 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 re-
sulting 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 col-
outimetric techniques, has been reported by Zaho e# a/ [15] and Waterbury ef 4/ [16).
Nevertheless, eatly 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 cm were petformed by Mouaziz ¢f 4l [17]. He utilized a mercury-iodine light source
with its intensity peak situated around 206 nm wavelength to measure the absorbance
generated by nitrate and referenced the measurement by removing nitrate in the sample
with an IMAC HP441 ion exchange resin in a second measurement cycle. Further work
was carried out by Stanley e# 4/ [18] who determined the concentration of nitrate in the
range 0.4 to 30 mg 11, using several metre long fibres. His complex optical system in-
cluded a mechanically rotating filter wheel, a fragile deuterium lamp arrangement and it
required a photomultiplier tube (PMT) detector. Although coupling light from a deute-
rium 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, pethaps caused by the
fact that only very low light intensities were coupled into the optical system. He com-
pared the absorption at 220 nm and 275 nm with 2 UV-sensitive PMT and two intet-

ference filters centred atound the wavelengths mentioned.

A more generic apptoach to develop a polychromatic sensor for water analysis in the
wavelength region from 196 nm to the visible light region is described in this Chapter.
A ptimary 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 spec-
tral 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 atray detector com-
pared 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 nm (Chapter 2). A reflectance cell with an optical pathlength of 1 cm is used in
this sensor arrangement to detect the concentration of nitrate (NO3) at the 203 nm
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 NOj  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 nm) the
losses of any optical cell filled with H2O will increase with reducing wavelength. This
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 re-
fractive index of water, #(4) + j&(A), is an important parameter for design and model-
ling of fibre-optic sensor cells intended for use with aqueous solutions. Although sev-
eral hundreds of publications could readily be cited, only the work of Quetty ef 4/ and
Huibers, who compiled most of the published data will be referenced [19, 20]. The in-
terested 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

patt of the refractive index, j&(4)

a(A)=4n k—(;—) (4.3-1)

which can be used to describe the decrease of light power, P(z,4), caused by water in a

sensor arrangement as a function of distance, z, and wavelength, A

k(1)

Pz, 4)= P, A}~ =P(0,A) " + * 43-2)
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Thus, the loss of light, Lw(z,A), in dB as a function of wavelength, A, and distance, g,
induced into an optical sensor by the absorption of water can be calculated by use of

the following equation

(4.3-3)

P(O,l)) _40k(A)r

L, ({, ’1) = IOIOgm(P({’ l) = lln(lO) L4
Refractive index, #, and the loss of light, Lw(%, A), induced by absorption water are
shown in Fig. 4-1. It can be clearly seen that although # and Liy(3, 4) increase in the ul-
traviolet, a transportation of light through water is possible. Losses as low as 0.3 dB cm-
1 and 0.007 dB cm? at 200 nm and 300 nm wavelength respectively have to be ex-
pected in this wavelength region.
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Fig. 4-1: Refractive index, n, and loss [dB cm'!] of water 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 wa-
ter by UV absotbance 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 nm), comptising a
deuterium lamp (DL), a lens system (LS), input and output fibres (FI, FO), having a
core/cladding diameter of 410/440 pum and 2 m length respectively, a reflectance cell
(RC), an optical shutter (SH) and a fibre-optic spectrometer (FOS), as shown in Fig. 4-

2, is assembled.

FOS

Fig. 4-2: Experimental set-up for a UV-C sensot, comprising a deutetium lamp (DL), a
lens system (LS), input and output fibres (FI, 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 Ps, which
could be defined as Ps = 10 log (Pin Pour?) where Pin is the spectral input power of the
sensor, emitted by the light soutce and Pou in the spectral power received by the spec-
trometet. Therefore a range of effects comprising the spectral distribution of the light
soutce, the ease of coupling light from one optical component to the other, the spectral
dependence of the lens-optics - coupling light from the light soutce into the input fibre,
FI -, basic and induced light losses in FI and FO below the 250 nm wavelength, the
spectral efficiency of RC, the sensitivity of the spectrometer, and the overall degrada-
tion 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 ~ 0.5 mm, a NA = 0.34 and a typical lifetime of 1000 hours was im-
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plemented in the sensor system. This light source has a high radiant flux output com-
bined 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 chro-
matic abetration 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 fibre-

optic spectrometer and therefore to optimize its signal to noise ratio in the deep UV.

A reflectance cell with a variable pathlength (0 .. 12 mm), as outlined in Fig. 4-2, was
designed and manufactured. Input (FI) and output (FO) fibres were placed 5 mm from
a mirror, prepared from stainless steel with a polished surface finish. This arrangement
resulted in an optcal path length of 10 mm and the measurement results obtained

could be compared to those obtained by using a commercially available UV-VIS spec-

trometet.

4.5 “Warming-up” time of the sensor system

The “warming up” period and thus the stability of the proposed sensor system was in-
vestigated. Intensity drifts were found in the first minutes of operation, which are be-
lieved to result from the warming-up petiod of the deuterium lamp and transient ef-
fects inside the UV-improved fibre material (see Chapter 2). The attenuation in the fi-
bres can be explained by two independent effects, these being a basic level of attenua-
tion, mainly determined by UV-intrinsic losses and Rayleigh-scattering and an UV-
induced 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 pos-
sible, it is not completely suppressed. Howevet, in contrast to the up to 20 dB m-! 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 nm was found for this

sensot atrangement, 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,

when the light source is switched on

112'5. L S v ) L) L 2 o T v Y L v 1 3 L v mg
= . —.—Om:n,—.—sm.:l ~f— 199 am
S 110.04 =10 min, —p~=~ 15 min | | —~@—206am |
Z —_:ggm:gm =210 am
mm, mm
S 10754 o s | 1 ~y-ildm|
% == 55 min, =O== 60 min 225 am
S 105.01 ~O~2300m |
1 72] =236 am
4 e 240 8mn | |
100.0+
200 220 240 260 280 O 10 20 30 40 S0 60 70 80 90 100
WAVELENGTH [nm] TIME [MINUTES]

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” pe-

riod, the fibres appeat to have a stable transmission of UV-light down to a wavelength
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of 195 nm, the lower 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 petiod of 60 minutes, when the UV-light into the fibre is switched off. These
UV-improved fibres, desctibed in Chapter 2, have been developed and tested over a
petiod 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 appli-
cations 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 (NO3) solu-
tion, ptepared by dissolving sodium nitrate (NaNO3) in de-ionized water, was used for

prepating aqueous nitrate solutions, having concentrations of 31.4, 15.7, 7.84, 3.92,

1.96 and 0.98 mg 1! of NOs ions. Taking 10 individual measurements for each sample

with a spectrometer integration time of 150 ms, approximately 1.5 s wete needed to

measure the absorption spectra of one NOj sample between 195 nm and 730 nm
wavelengths. All experiments were performed in the laboratoty at room temperature
(21 °C), to avoid measurement etror which may be caused by temperature drifts, as de-
scribed in detail in Chapter 3. The intensity spectrum and its associated signal to noise
ratio, defined 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 nm with the sensor system
from the SNR point of view, defining the detection limit of the sensor system. Ac-
cording 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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ionized water.
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The absorbance spectra of nitrate, with concentrations ranging from 0.98 mgl! to
31.4 mg I'! are shown in Fig. 4-7. A shift of the absorbance maximum to higher wave-

lengths, caused by stray light effects (Chapter 1) can be observed at higher concentra-

dons.
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Fig. 4-7: Nitrate (NOs) absotption 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! NOy in de-

ionized water.

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

Fig. 4-8.
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Fig. 4-8: Calibration curves for NOs concentrations at 199 nm, 203nm, 210 nm and

220 nm wavelengths

wavelength A B R SD Ace §2 CLimit

[nm] [AU] | [AU (mg/D)-] [AU] B | [mgly
[mg 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), cortelation (R), and

standard deviation (SD), of NO3™ absorption at 200 nm, 203 nm, 210 nm and 220 nm

as a function of concentration.

Then, the linear range of the 199 nm calibration curve is exceeded. Linear calibration
curves for 203 nm and 210 nm wavelength were found until a value of 7.8 mg 1. Only

the calibration curve calculated at the 220 nm wavelength includes all concentration
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measurements. Although from the signal to noise point of view, the range of the cali-
bration curves should be within the envisaged concentration region, stray light is se-
verely limiting the range of the sensor at lower wavelengths. In certain citcumstances, 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 de-
fined 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 expetiments. 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/]) .. However, all four linear regressions present a
good fit to the experimental data, as shown by their correlation factor, R. The concen-
tration error, Ac, caused by the noise of the detection system, can be calculated from
the standard deviation, SD, of the fit to be Ac=SD B-}, clearly indicating that CLimi is
dependent on both SD and B. The result of this calculation can then be used to esti-
mate the detection limit, CLimir, Wwhich can be defined as twice the concentration error.
Both concentration etror and detection limit for the calibration fits petformed are
shown in Tab. 4-1. The lowest detection limit, CLimit, of 0.32 mg ! could be achieved at
the 210 nm wavelength, indicating that the lower slope, B, was compensated by the im-

proved standard deviation of the fit.

4.7 Summary and discussion

A fibre-optic nitrate sensor, optimized for the deep ultraviolet part of the light spec-
trum, 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 cutves, situ-

ated at 199 nm, 203 nm 210 nm and 220 nm wavelengths, featuring a detection limit of
0.50 mg 1, 0.40 mg 1, 0.32 mg 1! and 1.06 mgl! NOj have been calculated. How-
ever, 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 flow-
through sensot cells with extended optical pathlengths to inctease the sensitivity of the
system. Their optical propetties and efficiency in the ultraviolet are discussed. The first
sensor cell, based on an aluminium coated fused silica capillary cell and having an opti-
cal pathlength of 43 cm, is demonstrated in the construction of a residual chlorine sen-
sor. The second sensor cell, a Teflon AF-coated liquid-core waveguide (LCW), is illus-
trated when applied to monitoring of nitrates, chlorine and acetylsalicylic acid. The sen-
sor systems exhibit low spectral loss between wavelengths of 200 nm and 400 nm and
can be used for a wide range of analytical investigations to determine small concentra-

tions of such impurities in water, showing the potentially wider applicability of the sys-

tems.

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 spectrophotome-

ters have a noise level of some mAU, those for spectrophotometers used in liquid

chromatography have been reduced to 100 AU or less. This 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 vatia-
tions or ambient light easily introduce noise levels greater than several mAU. A pract-
cal 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 path-
length of its sensot 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 in-
crease the absorbance signal obsetved and therefore, potentially, its sensitivity. Com-
pared to a conventional cell with an optical pathlength of 1 cm, 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 a2 1cm cell would be measured to be
0.02 AU with such a measurement arrangement. However, with conventional technol-
ogy, 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 ovetcome this problem, waveguide principles can be employed, when developing
sample cells with increased optical pathlength. Such a light guiding sensor cell can be
formed when the analyte solution functions as a core of a waveguide, surrounded by a
tubulat material, the cladding, possessing a lower refractive index. In such an arrange-
ment, light is guided and confined in the liquid core by total internal reflection at the
cote/cladding interface and optical fibres can be employed to transport light to and
from the sample cell. Additionally, such sensor arrangements are particulatly suitable to

be combined with optical fibres for light transfer, forming a flexible sensor system.

A numbert of sensor cells with long optical pathlengths have been developed, and their
experimental performance 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 refrac-

tive indices. The development of such sample cells is desctibed 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 useful-
ness of hollow quartz fibres filled with tetrachloroethylene or a mixture of tetrachloro-
ethylene and catbon tetrachloride, both having a refractive index higher than that of
fused silica, for long distance optical communications. Although never used in tele-
communications, it was demonstrated that light could be transported in the liquid cote
of such a waveguide with transmission losses of around 20 dB km! in the near infrared
part of the light spectrum. Fuwa ef /. filled such a long capillary cell with catbon disul-
fide 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 fi-
bre-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 e¢f /. 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 involv-
ing the use of liquid core fibres, consisting of hollow fibres filled with carbon disulfide
have been reported by Fujiwara ez a/ [4] in 1988. Tsunoda ¢ a/. described the use of lig-
uid core waveguides in absorption techniques in 1989 [5]. Constructed from borosili-
cate-glass tubing, these waveguides relied on the effect of total internal reflection at the
glass/air interface and wete the first water-filled waveguides offering losses between 8
and 18 dB m! at 632.8 nm wavelength. In 1992, Wei ef 4/ [6] modelled and described
liquid core optical fibres (LCOF), using catbon disulfide having a higher refractive in-
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dex than that of the LCOF wall, and thus creating an optical waveguide. The model
was used to explain the deviations from the Beer-Lambert Law and the sensitivity en-
hancement of the cell at small concentrations in long absorption cells. Another theo-
retical and experimental study of the factors which affect the enhancement of sensitiv-
ity and detectability for fluromettic sensing was published by Zhu e¢f 4/ [7] in 1994.
Benoit and Yappert published in 1996 a characterization of a simple Raman capil-
lary/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 cote fibtes in analytical chemistry were reported on en-
hancing 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 (LCC) to enhance the sensitivity in absotption spectroscopy was in-
troduced by Lei e a/ [11]. They studied the light guidance in LCCs and the effect of
transmissibility when the outside of the LCC used was coated with reflective and non-
reflective material (black coarse tape, aluminium foil). Using Pyrex glass as the material
of the capillaty, they found that the cell did not act as a waveguide because the refrac-
tive index of water in the core was smaller that the refractive index of the glass. How-
ever, 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 ot 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 de-
veloped 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 arrange-
ment would vaty its effective optical pathlength as a function of absorbance, tesulting
in a sensitivity enhancement at low analyte concentrations. An interesting approach was

reported by Alaluf ¢ 4 who coated the inside of plastic hollow tubes with a metal layer
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(Ag) and grew a thin dielectric overlayer of Agl 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 teported by Gilby and Carson [14] 1992, Dress and Franke [15, 16] in 1996 and
1997, and Hong and Burgtess [17] in 1996. Dress and Franke reported light losses as
low as 1.6 dB m! in a liquid core waveguide realized by coating the innet sutface of cy-
lindrical 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 sttictly forming a waveguide but with low light losses.
This approach was reported by Liu [18, 19] in 1995, Munk [20] in 1997, and Altkorn ef
al. [21] in 1997. Altkorn reported light losses of approximately 1 dB m! 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 im and an outer diameter of

630 pm.

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 al [22]. However, although the refractive index of FEP,
poly(tetrafluoroethylene-co-hexafluoropropylene) is 1.35, its waveguide properties can-
not 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'!
in the visible part of the light spectrum were reported by Altkorn ¢ al [23] in 1997 for
Teflon AF 2400 capillaries filled with water. At neatly the same time, Waterbury et 4/
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desctibed a sensor system for dissolved iron concentrations, based on Teflon AF LCW
with a 4.47 m pathlength [24] and a colotimetric nitrate and nitrite sensor [25]. Song
et al. described in 1998 an application and a detailed procedute 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 e al,
using a Teflon AF-tube as a waveguide, filled with a colour indicator, working with re-

sponse 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 thete 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 petformed 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< 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 technol-
ogy with these sensor cells will be discussed and their applicability for ultraviolet spec-

troscopy 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 experi-
ments. The ptime advantage of these capillaties as sample cells is their simple and ro-

bust 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 inter-
face 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 cap-
illary 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 wall-
propagated light from centre propagated light at the output of the cell, fibres with a

core diameter of 400 um were inserted in the capillary cell to increase the coupling effi-

ciency.

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,
FO, both of length 2 m with a core diameter of 410 pm and a capillary-based absorp-
tion 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
s FO
B e O
®<lm>©zzzzzxz FOS

Fig. 5-1: Complete optical set-up of an optical fibre based sensor, comprising a deute-

rium lamp (DL), a lens system (LS), input and output fibres (FI, FO), 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 necessaty 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 um and a numerical aperture, NA,
of ~0.22. Fig. 5-2 shows the nearfield intensity-distribution measured with a beam-

profiler at the output of the capillary cell, either filled with ait or water.

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

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

contrast to descriptions given by Lei ez al [10], there was no light obsetved in the capil-

lary 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 at-
tenuation of the capillary cell, filled with de-ionized water, was measured between 195

nm and 400 nm wavelength by sliding the output fibre, FO, in steps of 1 cm through
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CE. 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, 5 and 10 cm,

Loss [dB]

1 A A " 1 A i i 1 1 i 1 A 1

O i i
200 225 250 275 300 325 350 375 400

wavelength [nm]

Fig. 5-3: Loss in capillary based absorption cells with 2 cm, 5 cm, and 10 cm length re-

spectively, filled with de-ionized water.

It can be obsetved that light losses increase at wavelengths below 300 nm, this being
caused by the increased losses at the watet/cell interface and the absorption of water in
that wavelength region (Section 4.3). For compatison, the geometric free-space loss, L,
was estimated as an axial coupling loss between the input fibre, FI, and the output fi-
bte, 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, indi-
cating clearly the advantage of this approach. After an initial coupling loss of approxi-
mately 1.5 dB, the capillary based absorption cells were shown to have a 1.7 dB cm'!
light loss at 200 nm and a 0.8 dB cm! light loss at 300 nm wavelength. This results in
an optical pathlength of 10 cm yielding a light loss of approximately 10 dB at 300 nm,
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 nm 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 at-

rangement (fs) at 200 nm and 300 nm respectively as a function of cell-length.

At wavelengths between 300 nm and 730 nm, a constant loss 0.8 dB cm! light intensity
could be obsetved. However, although the losses in the cells are high, an effective
transmission of light between 195 nm and 400 nm 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 so-

lution, to demonstrate its potential.

5.3.4 Chlorine sensing with the combined optical system

A number of sensor schemes for measuring residual chlotine have been designed and
reported. For example, eatly work had tended to concentrate on developing chlorine-
sensitive electrochemically-based electrode probes [29]. More recently, optical methods
have also been investigated. An illustration of this is the use of chemiluminescence to
determine 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 ac-
curate 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 tech-

nique for the measurement of chlorine in the form of the hypochlorite ion (OCI),

which absotbs in the ultraviolet (UV) spectral region. Clp monitoring based on the

monochromatic measurement of the hypochlorite ion (OCI") in the UV at 290 nm has

been reported by Mouaziz et al [33, 34]. The species of particular interest, in this case

the hypochlotite ion (OCI"), was removed by reduction to the Cl- form by the addition
of sodium sulphite. The optical part of this monochromatic residual chlotine 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 nm and an appro-
priate reagent handling system. The main advantages of this monitor included a high
dynamic range combined with high sensitivity, realized with a phase locked loop detec-
tion system and a simple but robust optical system. However, only a single wavelength
could be observed and no information 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. Ad-
ditionally, the performance of the RCM was shown to vary with a wide range of diffet-
ent water samples, as a result of which the system had to be calibrated for operation

with a patticular 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 interfer-
ence effects from other species, with a greater independence of the type of soutce wa-

ter. "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 (Clz), hypochlorous acid (HOCI) and the hypochlorite ion (OCL) are
produced when chlorine is added to water. Akoi ¢ 4/ showed that at pH values lower

than 3 most of the chlorine present is in the form of dissolved gas (Cl), at pH values
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around 5 chlorine mainly exists in the form of HOCI and is converted to the OCl- 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 Cl, HOCI and OCI- as a function of pH in aqueous solution

Sodium hydroxide (NaOH) and hydrochloric acid (HCI) were used in experiments in
this wotk 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 1! of free chlorine at a pH of 2 as Cl; with an absorption peak centred around 229
nm, at a pH of 5 as HOCI with an absorption peak centred around 233 nm and at a pH
of 10 in the form of the OCl ion with an absorption peak centred around 290 nm
wavelength in de-ionized water. The relative absorption of chlotine at 229 nm, 233 nm
and 290 nm wavelength as a function of pH is shown in Fig. 5-7, indicating that the
strongest absorption peak, that of the OCl- ion, is situated around 290 nm. Calibration
curves for free chlorine determination as dissolved chlorine (Clz), hypochlorous acid
(HOC)) and in the form of the hypochlorite ion (OCL) at a pH of 2, 5, 10 respectively
were prepared and referenced with 2 commercial reagent kit relying on the colotimetric

DPD (diethyl-p-phenyldiamine) method [35], as shown in Fig. 5-8 and Tab. 5-1.
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Fig. 5-6: Absotbance spectra of 5.76 mg 1 free chlotine as dissolved chlorine (Cl) at
pH 2, as hypochlorous acid (HOC), at pH 5, and in the form of the hypochlorite ion

(OCl), at pH 10.
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Fig. 5-7: Relative absotbance of the free chlorine species Cl; at 229 nm, HOCI at 233
nm and OCI- at 290 nm as a function of pH.
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Fig. 5-8: Calibration cutves for free chlorine determination as Clz [pH 2, 229 nm], as

HOCI [pH 5, 233 nm)] and in the form of the OCl- ion [pH 10, 290 nm].

Defining the detection limit for the analyte as twice its standard error, as a result a de-
tection limit of free chlotine in de-ionized water of 0.2 mg 11, when determined in the
form of the OCI- ion, of 0.6 mg I'! when determined as HOCI and of 1.6 mg ! when
determined as Clz could be achieved. For UV absorption measurements, the hypochlo-
rite ion was found to be most suitable for measurement because the OCI- ion has the
strongest molar absorption coefficient and has its absorption peak centred around
290 nm compared to the overlapping peaks of dissolved Clz 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 DPD Absorption | Found OCI- | Ertror of found OCl
[mg 11] [AU] [mg/1] [mg 1]
1 (0) 1,77 192 0,089
2 (0) 1,24 5,56 0,057
3 3.70 (o) 0,830 3,77 0,051
4 2.50 (o) 0,545 2,50 0,048
5 121 0,335 1,57 0,046
6 1.14 0,232 1,11 0,045
7 0.75 0,147 0,736 0,045
8 0.47 0,096 0,507 0,045
9 0.314 0,060 0,349 0,045
10 0,200 0,036 0,240 0,045

Tab. 5-1: Determination of chlorine concentration. Samples marked with (o) 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 ab-
sorption spectrometer system, demonstrated in the measurement of free chlotine in the
form of the hypochlorite ion at a pH of 10 in de-ionized water with a detection limit of
0.2 mg I'! 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 chlo-
rine can also be determined as hypochlorous acid with a detection limit of 0.6 mg 1!
and as dissolved chlotine with a detection limit of 1.6 mg I'. The system is based on a
simple and robust optical arrangement. In particular the monolithic design of the opti-

cal 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 construc-
tion 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 sam-
ple through the absorption cell. The aim, at this stage, was to demonstrate the optimi-
zation of the optical system and to develop a sample cell with an increased optical

pathlength of 43 cm 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 measutements 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 ¢# 4/ [36]. Such a system has the po-
tential for a more generic application, e.g. in the monitoring of several UV-absotbing

species simultaneously.

Finally, the relatively high loss of 1.7 dB cm! and 0.8 dB cm! at 200 nm and 300 nm
respectively are limiting the maximum pathlength of the capillary cell to approximately
50 cm, 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 (LCW)

A compact optical sensor system with a high transparency in the deep ultraviolet (UV)
region (A>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 cote waveguide (LCW)
capillary cell. To raise the sensitivity of the sensor system, the absorption pathlength
has been increased significantly using the lightguiding properties of the LCW consisting
of a cylindrical glass tube with a Teflon AF 2400 innet coating of about 50 pum thick-
ness. Due to the lower refractive index of Teflon AF in comparison to water, the LCW
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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ate discussed and its petformance in the ultraviolet was evaluated by measuring several

pollutant concentrations in water.

5.4.1 Light guiding in the liquid-core waveguide (LCW)

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 cylindri-
cal glass tube (inner diameter = 3 mm) with a TEFLON AF 2400 [37, 38, 39] inner
coating of about 50 um thickness. The Teflon AF family (chemical name: fluotinated
(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 commetcially 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 innet 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 pm. Light is coupled
into and out of the LCW with the type of UVI fibres characterized and discussed eat-
lier. In the experiments carried out with the LCW, UVI fibres with a core diameter of
600 um and a cladding diameter of 660 um are used. The fibte 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 op-
tical pathlength, is Zrcw= 203 mm.
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Fig. 5-9: Cross section of the cylindrical liquid-core waveguide (LCW). The sketch il-
lustrates all characteristic geometrical dimensions of the LCW 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 LCW for pollution detection in aqueous liquids in the visible spectral range had been
demonstrated eatlier 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 guid-
ing properties of the LCW system have been performed. The Teflon AF coated tube
may be regarded as being filled with pure water as the core of the LCW. Fig. 5-10 illus-
trates the losses of the LCW system for different lengths, Zicw, this being the direct
distance between both fibre front faces in the Teflon AF coated glass tube. The theo-
retical LCW 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 LCW are calculated for three different wavelengths: one in the visible at
A=6328nm and at two wavelengths in the UV region at A=200nm and A=300nm,
where the analytical experiments are performed. Due to the presence of material dis-

petsion, the values for the complex refractive index, #+7k, of all the relevant media are

a function of wavelength, A, and ate considered within the calculations.
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Fig. 5-10: Loss values of the LCW system for several distances Zrcw; the theoretical
calculations based on a ray picture model (LCW-losses, solid lines) and a geometry

model (free space losses, dotted lines)
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632.8 1.333 1.43-108
water 300.0 1.371 1.25:10°
200.0 1.452 1.10- 107
632.8 1.290 3.22-10°¢
TEFLON AF 2400 300.0 1.307 8.31:10°¢
200.0 1.329 1.22- 10+
632.8 1.457 1.27 - 1010
UV-silica fibet core 300.0 1.488 2.93- 1010
200.0 1.551 4.03- 107
632.8 1.440 <1.00-10°
UV-silica fiber cladding 300.0 1.470 <3.00-10°
200.0 1.530 <5.00- 108

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

within the theotetical loss calculations for different distances, Zrcw, and geometries.
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The values used in the simulations, listed in Tab. 5-2, are taken from the work of
Fleming e# a/. [40] and Quetry ¢ al. [41]. Additionally, absorption measurements of thin
Teflon AF 2400 films at A=200nm and A=300nm were performed. The teal parts of

the complex refractive index of TEFLON AF® 2400 at A=200nm and A=300nm re-

spectively may be calculated using the Sellmeier dispersion equation, using known data
in the optical range [42]. All loss values are compared to those of the free space ge-
ometry situation, which is defined by two UVI fibres which are positioned opposite
each other at a distance Zrcw in water. The free space calculations are based on a
model desctibed in the wotk of Belz e 4/ [43). Using such a comparison, the improve-

ment in using the LCW 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 33dB for a distance between the input and output fibre of
Zicw= 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 LCW, with the
latter approaching the guiding losses for large distances. In a previous publication, a
guiding loss of 0.02 dB cm™ has been determined expetimentally 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 cm* for high Zicw and thus an additional length of 1 m
would only increase the losses by 3 dB. The theotetical loss curves of Fig. 5-10 cleatly
indicate that the major source of losses in the case of the LCW ate coupling losses, ob-
vious from the shape of the LCW 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 consideted, Zrcw. The reduced light guiding losses of the LCW ge-
ometty, compared to those of the free space geometry with increasing distance, repre-

sent 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 re-
quirement for this technique. At 632.8 nm, the critical angle for total internal reflection
between water and Teflon is 75.4°. At a wavelength which is much shotter, such as at
A= 300 nm, this angle is shifted to 72.4° and therefore the numerical apetture of the
LCW slightly increases. However, these improved guiding characteristics do not signifi-
cantly affect the amount of light coupling, because the fibre and the LCW 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 (Tab. 5-2).

The spectral properties of water cause a decrease in the guiding losses of the LCW,
which can be determined from the lower graph (Fig. 5, solid line for A= 300 nm) to be
0.021 dB cm!. 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 mag-
nitude (Table 1). In the case of the LCW, the shape of the calculated loss cutve is seen
to change and the difference in the behaviour for short and long distances is less pro-
nounced. For short values of Zicw, the major loss contribution is still caused by cou-
pling losses. However, for Zrcw™> 60 mm, there is a significant increase in the losses,
showing a slope of 0.32 dB cm. These increased loss values ate 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 Zrcw= 203 mm a value of 46.2 dB
and for the LCW, 13.2 dB respectively, so the gain due to the LCW geometry of 33 dB
remains unchanged when comparing the results at different wavelengths. Fig. 5-10 also

includes loss-measurements for different distances Zrcw at A= 632.8 nm 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 theo-
retical model [15, 16]. A linear regression of the experimental results (filled circles, A=
632.8 nm) yields a guiding loss of 0.02 dB cm! 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 chlo-

rine 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 im-
provement 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 con-
finement 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 temains the most advantageous to
use in an optical measurement system. Fig. 5-11 illustrates the experimental arrange-

ment used in an investigation of measurements on several water samples.

FI LCW FO
MSM
M | FOS

Fig. 5-11: Sketch of the experimental atrangement used for the analytical measure-

D LLS

)

ments, comprising a deuterium lamp, DL, a lens coupling system, LS, a mode scram-
bler, MS, input and output fibre, FI and FO, a liquid cote waveguide, LCW, and a fi-

bre-optic spectrometer, FOS.
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The LCW is connected at one side to a light source system through a UVT 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 trans-

mitted electronic spectral data.

5.4.3 Determination 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 wa-
ter quality. Methods to determine the concentration of nitrate in water have been ex-
tensively discussed in Chapter 4. They range from nitrate selective electrodes and col-
orimetric methods to direct UV absorption spectroscopy. Due to the increased absorp-
tion of water in the deep UV (< 250 nm) the losses of any optical cell filled with H20O
will increase in this wavelength region (Chapter 4). However the LCW system remains
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 meas-
urements to be performed than were previously possible with fiber-based optical sys-
tems. Nitrate concentrations were determined to exemplify the optical limits of detec-
tion of the sensor system with an LCW having an optical pathlength of Zicw= 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 (NaNO3) in de-ionized water, was used
for preparing aqueous nitrate solutions, at concentrations ranging from 6 pg 1! to

408 pg I'. The measured spectra (190 nm <A < 270 nm) are shown in Fig. 5-12 for

NOs’ concentrations between 0.01 mg I'! and 0.8 mg 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 improve-
ment 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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Fig. 5-13: Nitrate (NO3) calibration curves at 200 nm, 203 nm, 210 nm and 220 nm
wavelength in the nitrate concentration range from 0 to 0.4 mgl! (® = 17.5°C,

Zicw = 203 mm).
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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 cutves were calculated for concentrations ranging from 0 to 0.4 mg 1! NOy’
, as the absorption measurement at 0.8 mg 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 correla-
tion coefficient, R, and the standard deviation, SD, of the linear regression at wave-
length of 200 nm, 203 nm, 210 nm and 220 nm. The highest sensitivity, represented by
the slope (B=1.56 Img?) of the linear regression is found for 210 nm 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 R SD A SD CLimit
B

[m] | [AU] |[AU (mg/)-1 AU | gl | [mg

200 -0.0051 0.979 0.9795 | 0.0338 0.035 0.070

203 -0.0124 1.401 0.9869 | 0.0385 0.027 0.054

210 -0.0173 1.561 0.9949 | 0.0266 0.017 0.034

220 -0.0226 0.878 0.9973 | 0.0108 0.012 0.024

Tab. 5-3: Parameters of linear regression (A + B*concentration), correlation (R), and

standard deviation (SD), of NOj3™ absorption at 200 nm, 203 nm, 210 nm and 220 nm

as a function of concentration.

From the standard deviation of the fit, SD, the error in the concentration, Ac, can be
calculated to be Ac=SD B-L. Thus, defining the detection limit of the sensot again as

twice the standard deviation of the measurement, a detection limit of 24 pg 11 could be
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achieved at a wavelength of 220 nm, predominantly used in direct UV absorption
spectroscopy for the detection of nitrate, because of the significantly improved SNR.

Compated to the reflectance cell described in Chapter 4, with its limits of detection of
0.50 mg I'!, 0.40 mg1?, 0.32 mgl?, 1.06 mg 1! obtained at 200 nm, 203 nm, 210 nm
and 220 nm, a seven-fold, seven-fold, ten-fold and forty-four-fold improvement in the

detection limit could be achieved respectively.

5.4.4 Determination 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 5.3.4. However, all the absorption cells used suffered from
the fact that they did not have a waveguide structure and that their basic optical at-
tenuation 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 discussed.
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 eatlier, 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
(Cl), between pH values of 3 and 9 as hypochlorous acid (HOCI) and if the pH of the
solution is higher that 9, chlotine exists in the form of the hypochlorite ion (OCI). OCI-
was found to be most suitable for UV absorption measurements for several reasons.
The OCI ion has the strongest absorption coefficient and its corresponding absorption
peak is centered around 290 nm, compared to the absorption peaks of HOCI and Cl,
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 ions
with their absorption peaks centered around 203 nm 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 OCl- was then obtained by measuring the de-

crease 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 several

concentrations smaller than 35 mg I! (pH = 10.2, ® = 17.5 °C, Zrcw= 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 sys-
tem. Fig. 5-14 shows the absorption peak of the OCI ion, centered around 290 nm,
between wavelength of 196 nm and 400 nm and caused by OCI- concentrations tanging
from 0.29 mg 1! to 34.7 mg 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 I'!. 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 I, the measured absorption maxima follow a straight line, as
indicated. The slope of this linear regression (here 0.0985 1 mg) is proportional to the
optical pathlength, Zrcw. 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 I

OCl-is already beyond the range of a system configured for maximum sensitivity to low
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concentrations. Measuring in this concentration range (>30 mgl!) 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 Fig. 7
(pH =10.2,® = 17.5 °C, Zrcw= 203 mm)

In the spectral range around 300 nm, according to Fig. 5-10, the guided losses are low

mainly due to the excellent transparency of water, which would allow large values of

Zicw to be used. A detection limit, Ac=SD B!, of 0.24 mg I'! could be achieved with
this optical setup. Taking the low integration time, and thetefore high optical through-
put of the LCW into account, this detection limit could easily be improved by increas-
ing the optical pathlength in the LCW.

5.4.5 Determination of acetylsalicylic acid in aqueous solutions

Acetylsalicylic acid (CoHsOs4), commonly known as Aspirin, is coloutless, crystalline and
slightly soluble in watet. The substance is commonly used as a relief for mild forms 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. Sam-
ple solutions ranging from 0.2 mg ! to 2 mgI'! were then prepared. The absorption
spectra of CoHgOs was measured between 195 nm and 400 nm wavelength with varying

concentrations, as shown in Fig. 5-16.
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Fig. 5-16: Absorption spectra of Aspirin Fig. 5-17: Calibration curves of Aspitin
with  concentrations ranging from (206 nm, 214 nm, 229 nm and
0.2mgl! to 20 mgl! as a function of 244 nm).

wavelength.

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 measurements
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 investi-
gate 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 mg1, 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 nm and 214 nm wavelength for a concentration of 2 mg I are already beyond the
range of the system at these wavelengths, as shown in Fig. 5-16, and therefore not con-
sidered 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 ! concen-
tration, 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 pg I, 120 pg 11, 140 pg It and 260 pgl! could be obtained at 206 nm, 214 nm,

229 nm and 244 nm respectively with a reasonable range.

wavelength | A B R | SD Apw SD|  Climit
B

[nm] [AU] | [AU (mg/1)1] [AU] | [mg 1] | [mg 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 0.99610.030( 0.072 0.14

244 -0.009 [0.160 0.98810.021| 0.131 0.26

Tab. 5-4: Parameters of linear regression (A + B*concentration), correlation (R), and

standard deviation (SD), error of concentration, Ac, and limit of detection, Crimit, Of

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-fibres for op-
timum UV transparency (Chapter 2), the UV fibre coupling system described in Chap-
ter 2 and the spectrometer desctibed in Chapter 3, a powerful tool for UV- spectros-
copy-based sensing has been developed. Refetence signals (nominally 0 mg 1) taken

before and after the concentration measurements cotrelated 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 cm? at 200 nm and 0.008 dB cm? at 300 nm wave-
length. With the aluminium coated capillary cell, light losses of approximately
1.7 dB cm! at 200 nm and 0.8 dB cm 300 nm wavelength respectively have been ob-
tained experimentally. However, the simulations of the LCW, confitmed in the visible,
showed that light losses as low as 0.32 dB cm? at 200 nm and 0.021 dB cm ! at 300 nm
could be achieved. Although these simulations have not been confirmed experimen-
tally, 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 determi-
nation 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 appli-
cations. 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 in-

ternal coating of Teflon AF in the LCW.

Thus, two fibre-optic-based sensor systems with highly improved sensitivity in the ul-
traviolet 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 chlo-
rine in the form of the hypochlotite ion of 0.2 mgl? could be observed with an alu-
minium coated capillary cell having an optical pathlength of 43 cm. Using a LCW with
an optical pathlength of 20.3 cm, a detection limit of 0.07 mg I, 0.05 mg 11, 0.03 mg 11
and 0.024 mg 1! of NOs ions could be detected at 200 nm, 203 nm, 210 nm and
220 nm respectively, exemplifying its applicability as a UV-spectroscopy tool for re-
mote sensor analysis. Additionally, the same sensor system could be used for residual
chlorine detection, having a detection limit of 0.24 mgl?! 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 uglt, 120 pglt, 140 ugl! and
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260 pug I at 206 nm, 214 nm, 229 nm and 244 nm wavelength. Measurements in dif-
ferent concentration ranges would require to match the sensor cells increasing or de-

creasing 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 develop-
ment 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 sen-
sor system has been developed to perform highly sensitive UV-absorption measure-
ments 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 inten-
tion of this wotk was to investigate the performance 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 re-

cently available monolithic fibre based spectrometer systems.

The work was based on the use of hydrogen-gas-doped optical fibres showing a signifi-
cant improvement in the transmission of ultraviolet light at wavelengths below 230 nm.
After a “warming up” time of 30 minutes, an equilibrium of generation and regenera-
tion of E'centres during UV-exposure was found. The induced attenuation of the main
UV-absorption band around 214 nm is less than 0.4 dB m'? and therefore this is nearly
two orders of magnitude smaller, under the same test-conditions, than that when com-
pated to the use of standard fibre. Lifetimes of approximately 15 month and 21 month
for UVI-fibres with a core diameter of 500 pim or 600 pm respectively can be expected
at room temperature, rendering these fibres suitable for the UV-sensor applications en-
visaged 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 princi-
ple of wavelength selective fibte 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 out-
put 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-I within the temperature range of 5 °C to

42 °C and the use of integration times vatying between 13 ms and 585 ms. FOS-II was

found to have lower averaged noise level varying from 1.0 £0.2 a.u. to0 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, typi-
cally found in field applications, was investigated with a specially developed calibration
algorithm. A drift of approximately 0.006 nm K- for FOS-I and approximately
0.17 nm K-! for FOS-II could be observed. However, using the 656.1 deuterium peak
for on-line cotrection, 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-I showed a clear advantage compated to FOS-II. However, the work described in
this Chapter showed that the spectrometers investigated could be used as polychro-

matic detectots in fibre-optic-based UV-sensors.

A fibre-optic-nitrate sensor, based on a reflectance cell and optimized for the deep ul-
traviolet 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”
petiod of 30 minutes. Four calibration curves, calculated at 199 nm, 203 nm 210 nm

and 220 nm wavelengths, resulted in detection limits of 0.50 mglt, 0.40 mglt,
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0.32 mg I and 1.06 mg I'* NOs- respectively, proving the feasibility of fibre-optic sen-
sot systems at wavelength below 250 nm.

Howevet, only short optical pathlength and therefore low sensitivities wete 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 mote 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 cm? at 200 nm and 0.8 dB cm? 300 nm respectively
have been obtained experimentally. Using an aluminium coated capillary cell with an
optical pathlength of 43 cm, a chlorine sensing system with detection limits of residual
chlorine in the form of the hypochlorite ion of 0.2 mg 1! could be achieved at a wave-
length of 290 nm 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! at 233 nm and as dissolved chlorine with a detection limit of 1.6 mg 11 at
229 nm. However, the simulations of the performance of the LCW, confirmed in the
visible, showed that light losses as low as 0.32 dB cm-!. at 200 nm and 0.021 dB cm ! at
300 nm, 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 experi-
mentally, the advantage of the LCW compared to the aluminium coated capillary cell
could be seen by its imptoved performance at wavelengths below 250 nm in the deter-
mination of nitrate ions. With the LCW, a detection limit of 0.07 mg 11, 0.05 mg1?,
0.03 mg 1! and 0.024 mgl! of NOs ions could be achieved at 200 nm, 203 nm,
210 nm and 220 nm respectively, exemplifying its applicability as a UV-spectroscopy

tool for remote sensor applications and process conttol.

Conclusions ...
137



6.2 Future work

It has been shown that fibre-optic-based sensor systems can be applied to several ab-

sorption 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 pe-
riod 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 behaviour of the hydro-
gen treated silica fibres, in a field environment, at varying temperatures. Additionally,
the durability of the sensor cells and especially of the LCW in long term experiments
would need to be determined, and the effect on them of biofouling, as well as non-

destructive 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. Howevet, especially for UV-
analysis, 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 po-
tential to increase the measurement accuracy by applying multi-wavelength detection
techniques or furthet, using principle component analysis (PCA) and artificial neural
networks to classify and determine mixtures of several chemical species present in a

watet sample.

New techniques for water monitoring may be created, due to the fact that UV-laser

light can be transported through these UV-improved fibres. Tunable lasers in the deep
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UV-region around the 220 nm 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 around the 200 nm wavelength, as for example,

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

copy.

In conclusion, the work described in this thesis demonstrates quite cleatly the applica-
bility and stability of optical fibre based UV-sensors to monitor molecular species in

aqueous solutions.
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