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This thesisdescribesadvances in themodelli ng andcharacterisationof sampling techniques and

extrinsic optical fibresensors for remoteor on-lineemissionspectroscopy of liquids, using the

inelastic scattering processes of Raman and fluorescencespectroscopy.

A semiconductor laser has been used as an excitationsource, coupled viaan optical fibre to

ameasurement cell; thecollected light has been analysed with aspectrographbased arounda

holographically-produced concavediffractiongrating andacooled CCD detector. Its design,

construction,andperformancearedescribed. This equipment has been interfaced to aPC,

which has been programmed to direct excitation light alternately between two measurement

cells, andprocessthesignals from them, to achieveoptimum rejectionof interferencefrom

themeasured data.

A mathematical model of thescattered-light collectionefficiency of anumber of optical-

fibreprobes, including parallel-optical-fibreandsingle-fibre types has been derived, and

shown to bevalid within experimental error. Themodel variables include theoptical fibre

numerical apertureandcore radius (both of which may bedifferent for each fibre in the

probe), axial separationof theprobe fibres, andanalyte refractive index andabsorption.

Several representativeoptical-fibreprobeconfigurations arecompared in the light of this new

model.

The interfacebetween optical-fibreprobes andvarious novel light-guiding sampling

arrangements has been investigated. Mathematical models of coupling between fibreprobe

andsamplecell , and thesignal enhancements achieved by using various cell configurations,

havebeen derived. Thesehavebeen compared with experimental results from Fresnel-

reflection light-guiding cells, metalli c-reflection light-guiding cells, andwaveguiding cells

based on low-refractive index polymer films and free-falli ng streams of analyte. Themodel

includes sampleabsorption,andaccounts for the reflectivity andsurfacequality of thecell

walls, and it has been shown to bemorecompleteandaccurate than any previously published

work on the topic. In particular, noprevious references had been foundon theuseof the low-

refractive index polymer Teflon-AF as awaveguidecladding, or theuseof free-falli ng water

streams for theenhancement of collected light in spectroscopic work.

Thecell configurations will enhancethescattered light collectionefficiency of any

parallel-optical-fibreprobe: by coupling a100mm long free-falli ng stream of an aqueous

solutionof fluorescent dyewith aparallel-optical-fibreprobe, themeasured light collection

efficiency of the fibreprobe increased by 9 times in this work.
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2. Pr inciples of Optical Spectroscopy

The term ‘spectroscopy’ is applied to a vast range of experimental techniques in which one or

moreof themeasurablepropertiesof asystem areresolved into a rangeof energies, wavelength,

or other appropriateunit. Examples of themeasured property of thesystem might be theenergy

of electronsemitted from amaterial’s surface, the timedelay between light being absorbed and

then re-emitted in the bulk of a sample, or the mass to charge ratio of ions. This work is

concerned with optical spectroscopic techniques suitable for remote analysis of liquid analytes

viaoptical-fibres.

In thischapter thetechniquesof optical absorptionandemissionspectroscopy, which arethemost

appropriate techniques to this goal, are described; the mechanisms of elastic scattering and

Fresnel reflectionarediscussed for their relevanceto cell design andaspossiblesourcesof optical

interference; then theprinciplesof Fourier transform andgrating spectrometers, used to measure

optical spectra, aredescribed.

2.1.Absorption Measurements by Transmission

The most common form of optical spectroscopy is absorption (or transmission) spectroscopy,

which isameasureof theamount of light absorbed by (or transmitted through) asampleover a

range of optical frequencies. In order of increasing photon energy, the mechanisms for the

absorption may be rotational or vibrational transitions of a molecule (in the microwave to IR),

overtones of these (IR to visible), or electronic transitions in atoms or molecules (in thevisible

to UV region).

Whatever thephysical basisof theabsorption,theexperimentally measuredparametersarerelated

via theBeer-Lambert law:

According to theexpressionabove, theabsorbanceA is proportional to theconcentrationof the

analyte c and the path length through the sample l (quantitative information), and the molar

absorptioncoefficient � isa functionof theoptical frequency � (qualitative information). I is the0

intensity of a beam of collimated light before it enters the medium, and I is its intensity after it

has travelled a length l. While A is parameter that is directly measured, in most theoretical



� � 1n(10)
l
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treatments of underlying physics it is more convenient to work with the parameter � , which is

expressed in equation2.2.

The basis of most absorption measurements is implicit in equation 2.1; a collimated

monochromatic beam of light is transmitted through an absorbing sample, and its intensity is

referenced to that of abeam of light that did not passthrough thesample. Theinstruments which

make these measurements are called spectrophotometers, and sample holders are available to

makemeasurementsover awiderangeof absorbance, such asvery thin cells for highly absorbing

liquids, or long path-length cells for measurements of gases or weakly absorbing liquids. Often

thepath of the light is folded through thecell , using mirrors or prisms, so that thebeam of light

makes multiplepasses through asmall cell .

2.1.1.L imitations of absorption measurements

Absorptionspectroscopy asameans of quantitativespectroscopic identificationmay be limited

by anumber of factors . At high concentration,the linear relationship of theBeer-Lambert law[35]

breaks down because solute-solute interactions become significant. This can usually be

compensated for by calibrating the solution absorbance against reference solutions of known

concentration.

Sampling problems are encountered for samples of very high absorbanceif insufficient light is

transmitted through the sample to make an accurate measurement. In such cases very thin

transmissioncellsareused, or techniques such as evanescent wavespectroscopy, where light is

removed from the evanescent field of light undergoing total internal reflection (hence the

alternativenamefor the techniqueof attenuated total-internal reflection) .[34]

In thevisibleandnear infra-red region (themost convenient part of thespectrum for study over

optical fibres) absorption is due to broad, andoften weak, overtones of molecular vibrations. If

theseoverlap with strong absorptionbands of thesolvent, then often nouseful informationcan

be deduced. Water is particularly bad as a solvent in this respect, with many broad overtones

extending into thevisiblespectrum.

Conversely, if the solute absorbanceis very low, the task of measuring very low concentration

solutions ishampered by theproblem of measuring asmall differences in transmissionbetween



� � No. of fluorescent photons
No. of absorbed photons

×100%
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the solution, and the solvent by itself. Shot noise in the collected light will limit such

measurements.

2.2.Emission Techniques

2.2.1.Fluorescent emission

Theprocessof fluorescencein acompoundinvolves thephoton-induced excitationof electrons

to higher energy levels(iean absorptionprocess), followed by their spontaneousreturn to alower

energy level, with consequential re-emissionof aphoton.

There-emitted photonusually hasalower energy than the incident photon,asenergy isoften lost

by phononexcitation processes (loss of energy to molecular vibrations).The lower energy

emissionbandiscalled aStokesband.A bandwith higher energy than theincident beam iscalled

an anti-Stokes band.

Many aromatic compounds exhibit fluorescencewhen excited by UV light, but there are also

somecompoundsandmaterials (eg certain organic dyes) having high fluorescenceefficiency of

optical re-emission when excited by lessenergetic photons (at other, longer wavelengths). The

conversion efficiency is often expressed as a percentage, known as the quantum efficiency � ,

which is the percentage of the number of absorbed incident photons which result in re-emitted

fluorescent photons.

It isessential to effectively separate thedesired fluorescent light from thescattered incident light.

Fortunately, this problem is assisted by the differencein wavelength arising from the inelastic

nature of the fluorescence process. Therefore it is only necessary to provide effective optical

filters to remove the incident light from the detected fluorescencesignal. If several fluorescent

compounds are present, each having different fluorescent wavelengths, they may be detected

independently using wavelength-selective bandpass filters or a grating spectrometer with a

focal-planedetector array.



I � I0exp( 	 t/ 
 )

Copyright 1998Steven J Mackenzie Remote Spectroscopic Monitoringof LiquidsVia Sili ca Optical Fibres

Thesis for PhD —December 1997 17 email : stevenjmackenzie@usa.net

(2.4)

2.2.1.1.Timeresolved fluorescence

This technique takes advantageof thestatistical natureof the fluorescenceprocesses. If a large

number of moleculesareexcited by ashort pulseof light to thesameexcited state, andthen begin

to fall back to their groundstate, then

wherethefluorescent light intensity I decaysexponentially with thetime t after optical excitation.

I is thepeak intensity and 
 the fluorescent li fetime.0

In order to measure 
 , two basic methods are used. The first (time-domain analysis) involves

measuring thedecay function,following short-pulseoptical excitation,andcomputing thevalue

of 
 from this function. The second (frequency-domain analysis) uses a source with a

sinusoidally-modulated incident light intensity. Either the frequency variationof the fluorescent

light intensity asthemodulationfrequency isvaried,or thephasedelay between fluorescenceand

excitationsignals (both of which are related to thevalueof 
 ) can bemonitored. Becauseof the

weak received signal, the frequency-domain methods usually useacoherent electronic detector

based onamixer circuit. This recovers thedesired frequency component in thedetected signals

corresponding to theoriginal sinusoidal modulationsignal. If therearecompounds in theanalyte

having distinctly different fluorescent li fetimes, they may beseparated using either of theabove

time-resolved techniques. Also, thetime-resolved techniques arecomplementary to any method

of separationof signals in thewavelength domain.

A more typical fluorescent processconsists of the excitation of an electron, its non-radiative

decay to an intermediate level andsubsequent radiativetransitionback to thegroundstate. In this

casethenon-radiativedecay isalso described by an exponential decay, with itsown characteristic

timeconstant. As long as thenon-radiative timeconstant is much shorter than the radiative time

constant (as it usually is) equation2.4remains valid.

2.2.1.2.L imitations of fluorescent spectroscopy

One of the primary problems of fluorescence spectroscopy is the non-linear variation with

concentration at high levels of analyte, ie when absorption of the incident light becomes large.

This causes a reduction in the fluorescent signal for two reasons. Firstly, it reduces the mean

optical excitation level in the sample and secondly, at high absorption levels, causes all the

absorption to take placeclose to the point of entry of light into the sample. (In the latter case,

efficiency of light collectionmay beless, dueto geometric effectsof themeasurement apparatus).



µ � � 
 E.
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Other problems can occur, due to astrong dependenceof the fluorescent signals onavariety of

environmental parameters. Oxygen usually quenches (ie reduces) fluorescence. The pH of a

solution, its temperature and any impurities can all influence the fluorescence li fetime and

intensity. In addition,many fluorescent materials can becomebleached during light absorption.

This photo-bleaching might be reversible if it is merely due to a long fluorescent li fetime

(saturationbehaviour); if it is due to anon-reversiblephoto-chemical reaction it may gradually

cause permanent depletion of the fluorophore. As expected, photo-bleaching is most serious at

high ill umination levels, but unfortunately intensesources areoften required for traceanalysis.

2.2.2.Raman scattering

In this section a brief description of the origin of the Raman effect in gases and liquids is

presented, with the important predictions of semi-classical and quantum descriptions of the

phenomenonof Raman scattering.

2.2.3.Review of thepolar izabili ty theory of Raman scattering

Predicted by Adolf Smekal in 1923and first observed in 1928by Sir Chandrasekhara Venkata

Raman (whowasat thetimeunawareof Smekal’s prediction), thespontaneous Raman effect is

the basis of an active branch of analytical spectroscopy. In a modern Raman experiment, laser

light isshoneinto asampleand thewavelength spectrum of thescattered light is analysed. The

molecular vibrational frequencies may then bededuced from thewavelength shifts acquired by

the inelastically scattered light. Different molecules impart their own characteristic spectra of

wavelength shifts, from which useful information on the molecules structure may be deduced.

Quantitative information for compounds in solution may be derived from the intensity of the

inelastically scattered light.

2.2.4.Stokes and anti-Stokes lines

The electric dipole moment (vector) µ induced in a molecule by an externally applied electric

field, E, is



E � E0,x � sin( � t ).

� �
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(2.7)

(2.8)

(2.9)

For light planepolarised alongan arbitrary x, axistheelectric field vector of theincident radiation

is given by

Themolecular polarizablilit y � isatensor quantity. Thetensor matrix (equation2.7) issymmetric

about its major axis, andso contains only six independent elements.

If, for ill ustration,ahypothetical moleculewith an isotropic polarizabilit y isconsidered, only the

elements on the major diagonal are non-zero. If the molecule is vibrating with an angular

frequency � , and thepolarizablilit y is a functionof theseparationof thenuclei, such thatvib

where the ‘eq’ subscript indicates the equili brium value, and the prime indicates the first

differential with respect to the deviation from equili brium separation. Then plane polarized

radiation incident onthemolecule inducesan electric dipoleµ, which from equation2.12written

in component form is

Theintensity of radiationemitted from such adipole isproportional to thechangein electric field

(dipolemoment) squared, andtheoscill ationof theelectric dipolemoment contains components

(side-bands) with angular frequencies � - � and � +� . Quantum mechanics shows that thesevib vib

frequenciesmay takeonly discretevalues, determined by themassof theatoms in themolecule

andthenatureof thechemical bondsbetween theatoms. Thebandsof lower frequency scattered

light arereferred to asStokeslines, andthebandsat ahigher frequency (andhencehigher energy)

than theexciting light are termed anti-Stokes lines .[35]

Also apparent from equation2.9is that the intensity of radiated Raman light isdetermined by the

squareof thedifferential polarizabilit y � ' , andwill not beobserved at all if thevibrationdoeseq 

not inducea change in the polarizabilit y. Often physical intuition is sufficient to predict which



I � � 4.
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vibrations of a simple molecule are likely to be Raman active. More rigorously these can be

determined by group theory . Equation 2.9 does not describe the relative intensities of the[35]

Stokes andanti-Stokes bands, which is quantum mechanical in origin (section2.2.8).

2.2.5.Wavenumber (spectroscopist's) units, cm-1

Whereas thewavelength of light, � , is thenatural parameter to usewhen describing theoptics of

asystem, it is theenergy difference, E , between the incident light and thecollected light that istr

of direct relevance in spectroscopy. This energy difference is normally quoted either as the

differencein frequency between the incident and scattered photons (ie E /h, where h is Plank'str

constant), or as awavenumber (E /hc, wherec is thespeed of light). In Raman spectroscopy[35]
tr

the traditionally accepted units of wavenumber are cm . Molecular vibrational frequencies are-1

also traditionally quoted in cm , and to convert a frequency � in Hertz to a frequency in-1

wavenumbers ; = � /c, wherec is thespeed of light.

It should also be noted that, because � and � are not linearly related, when rescaling a plot of

intensity vswavelength to oneof intensity vs frequency shift (or viceversa), acorrectionshould

beapplied to the intensity acrossthegraph,so that the integrated area(which represents energy)

under each peak remains constant. Analogous to changing the variable in an integration , to[36]

accurately represent ameasurement in constant divisionsof thevariableu onagraphagainst the

variable v multiply the measured values of u by du/dv. (Another example of this is the Plank

radiationcurve, which is often plotted against frequency andwavelength ).[37]

 2.2.6.Frequency dependenceof scattered light intensity

Any light (below the frequency of the electronic resonances) may be used to excite a Raman

spectrum. Thescattered radiation isessentially that of an oscill ating electric dipole , thedipole-[38]

moment of which is given by equation2.9.The intensity I of radiationat a frequency � emitted

from such adipolecan beshown to obey

2.2.7.Depolar ization ratio, ��
p

In a liquid, molecules are orientated at random to one-another, and the scattering from such a

samplecorrespondsto theaverageover all molecular orientations. The results areexpressible in
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(2.11)

(2.12)

Figure2.1A section from adiagram showing the relative intensity of scattered radiation vsscattering angle, in a liquid

of depolarization ratio, $ = 0.17.p

(2.13)

terms of two quantities associated with the tensor � (equation 2.7), the mean value and the

anisotropy � .

For the case where the polarizabilit y is not isotropic, � is non-zero, and linearly polarized

radiation isdepolarised to someextent after scattering. Thedepolarization ratio (for polarized[39]

incident light)  may bederived from �̄ and � ,p

In equation2.12I and I arethemeasured intensitiesof light polarized parallel to thex andzaxesy z

respectively, measured at 90ºto thedirectionof the incident light, which is polarized parallel to

thez axis.

Thesurfacein figure2.1shows the intensity distributionof Raman scattered light in water. It is

calculated from equation2.13(modified from Marshall to take into account all polarisations[40]

of scattered light andstandard spherical coordinates)

where ! represents the differential scattering cross section integrated over all molecular

orientations and ! is the light scattered at 90% by onemolecule.90

Theunits of ! aresr (reciprocal steradians).-1
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Figure 2.2 The general form of the internuclear potential along a bond axis, and a parabolic well as assumed in the

harmonic approximation, and the quantum mechanically allowed energies.

(2.14)

2.2.8.Review of thequantum theory of spontaneous Raman scattering

While the classical polarizabilit y theory of section 2.2.3 does account for the inelastically

scattered Raman spectraof molecules, it can not explain even qualitatively why thespectraare

manifest as a series of discrete bands. This is the realm of quantum mechanics , and some[41]

relevant results are presented here with the selection rules which determine which vibrational

transitions areallowed, andhenceareobserved in aRaman spectrum.

2.2.9.Themolecular potential well and its allowed states

The qualitative form of the potential well between two nuclei, for instance in a diatomic

molecule, is shown in figure2.2 . Theexact form of this curve is generally not known, but as[35]

can be seen from the figure, the textbook problem of the parabolic potential is a reasonable

approximation for the lower energy part of thecurve.

The properties of systems governed by a parabolic potential are well covered in any

undergraduatephysicscompendium . Classically, aharmonic oscill ator will vibrateat thesame[42]

frequency regardless of how much energy is stored in its vibrational motion. The quantum

mechanical analogue of this behaviour is that the allowed energy levels that the system may

occupy areequally spaced in energy as shown in figure2.2.Theallowed energy levels E that aV

harmonic oscill ator may takeare

whereV is thevibrational quantum number and ' is the (classical) frequency of vibration.

Typical molecular vibrational frequencies studied in a Raman experiment are between

1.5×10 Hz and 1.35×10 Hz, corresponding to energy levels spaced, in the harmonic13 14

approximation, by 1×10 J to 9×10 J. Transitions between these levels correspond to the-20 -20
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Figure 2.3Threemolecules and their vibrational states throughout a scattering process(a) 2 V=0, Rayleigh scattering

(b) Stokesscattering, 2 V=1 (c) Anti-Stokesscattering, 2 V=-1.

(2.15)

(2.16)

energy (andfrequency) of IR photons and this is thebasis of IR absorptionspectroscopy, where

photons of energy corresponding to the differencebetween the energy levels may be absorbed.

Theinteractionbetween moleculeandphoton is different for Raman scattering: in this case the

photon is not absorbed, but forms a short li ved (~10 sec) virtual state with the molecule.-13

Effectively theentire ladder of allowed energy states is raised by theenergy of thephoton.When

a virtual state decays, the molecule does not necessarily return to its original energy state

(figure2.3).

Thepopulationof theEnergy levels E , E , etc, aregoverned by aBose-Einstein distribution ,1 2
[43]

andat room temperature thepopulationof levelsabovethegroundstatedecreasesrapidly, which

accounts for themuch weaker intensity of theanti-Stokes bands in aRaman spectrum.

2.2.10.Quantum mechanical selection rules

Theprobabilit y of transitionR between two eigenstates of avibrating molecule is given byv
[35]

where x is the internuclear displacement from equili brium. If / is expanded to a Taylor series,

equation2.15can be rewritten as

where / andthesubsequent derivatives are thevalues at mechanical equili brium. Because
,

eq V'

and
,

are eigenfunctions of the same Hamiltonian, the first integral in equation 2.16must beV''



3
V 4 ±1
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(2.17)

zero,unlessV' = V'' which correspondsto elastic (Rayleigh) scattering of thephoton.Theintegral

of thesecondterm can beshown to be finiteonly when V' - V'' = ±1 (for theparabolic potential

well approximation), which may bewritten as in equation2.17.

Thehigher terms in equation2.16decrease rapidly due to the factorial prefactor.

Raman scattering intensity isproportional to (R ) , andso again, the intensity of the inelasticallyv
2

scattered Raman light is proportional to the first differential of thepolarizabilit y squared (as in

section2.2.4).

 

 2.2.11. Anharmonic effects

Two types of anharmonicity may be apparent in a vibrational spectroscopy measurement:

mechanical anharmonicity isanharmonicity in theinter-nuclear potential (ieadeviation from the

parabola of figure 2.2); electrical anharmonicity, arises from the differential polarizabilit y 5 '

being afunctionof position(other than aconstant). The result of both thesedeviations from the

theory presented above is a relaxation of the vibrational selection rule of equation 2.17(ie the

third, andsubsequent, terms in equation2.16becomesignificant), allowing transitions between

any two vibrational levels, so called overtones.

Thedeviationof themolecular potential well from theparabolic approximationbecomes more

pronounced as the amplitude of a vibration moves the constituent atoms further from their

equili brium positions(figure2.2). Thisresultsin thedecreasein theenergy level spacing, towards

a continuum, so that transitions that are allowed by equation 2.17,but starting from different

energy levels, will releasedifferent energies(while theparabolic approximationpredicts that any

transition between adjacent energy levels is equivalent). At the temperatures of concern in this

work, only the lower vibrational energy levels areoccupied.

In thiswork theprobabilit y of transitionsdueto anharmonic effects is low, andhasbeen ignored.

2.2.12.Rules of thumb in Raman spectroscopy

Only those vibrations which result in a change in thepolarizabilit y of themoleculewill scatter

light inelastically, and are said to be Raman active. Diatomic molecules always have Raman
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active vibrations, and in general if a vibration preserves all of the symmetry elements of a

molecule then thevibrationwill beRaman active.

Vibrations which result in particularly large changes in polarizabilit y produce more intense

Raman signals. Theseareoften vibrationsof atomsbonded by 6 -bonds, or largeresonancebonds

(eg benzene). Stronger Raman bandsarenormally expected from bondsbetween elements in the

second and subsequent rows of the periodic table (as they have more electrons), cyclical

molecules (such as benzene) andhydrogenic molecules (thosecontaining hydrogen).

Liquidswith largeintermolecular interactions(such asthosedueto hydrogen bonding, in thecase

of water) will havebroad bands, as the frequency at which amoleculevibrates will beaffected

by theparticular orientationof themoleculewith respect to its neighbours.

Theintensity of thescattered radiation isproportional to thefourth power of the incident photon

frequency, and has a spatial distribution as shown in figure2.1.Typically aproportionof order

10 of the incident photonswill bescattered elastically, andafractionof only 10 of this shifted-2 -4

in wavelength. Ashigher frequency radiation isused to increaseRayleigh andRaman scattering

acompromisearises for thebest wavelength for Raman analysis, eventually thephotonenergies

will correspondto electronic transitionswithin thesample. A sufficiently high energy photonmay

beabsorbed by themolecule (rather than scattered) and then re-emitted as fluorescence(after a

characteristic fluorescence li fetime much greater than the 10 seconds of a scattering event).-13

Fluorescencebands are spectrally-broad and typically four to six orders of magnitude stronger

than theweak Raman lines . Fluorescenceis not normally aproblem with infrared excitation,[44]

but becomes significant with radiation in the visible to ultra-violet region.Except for rare two

photon absorption events, fluorescence is usually of a lower energy than the radiation which

excites it, andso is seldom aproblem in thestudy of theeven weaker anti-Stokes bands.

2.2.13.Absolute intensity measurements

Making absolutedeterminationsof theamount of light scattered into theopticsof aspectrometer

or interferometer isdifficult. Thesmall intensity of theRaman scattered light, andtheprecautions

taken to reject any inelastically scattered light, both necessitate careful calibration with a

referenceradiancestandard. In practice, if the absolute value of the scattered radiancemust be

found,the intensity of thespectrum is compared with that of asecondary standard .[45][46][47]
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Figure 2.4 Experimentally measured Raman spectum of water, recorded using a commercial Fourier transform

interferometer, with 1064nm incident light from a Nd-YAG laser.

Absolute Raman scattering crosssections foundin this way are tabulated for some gases and

organic liquids in Weber . More recent measurements of liquids (organic and halide ion[45]

solutions) havebeen madeby Eysel andthescatteringcrosssectionof water ismeasured and[46][48]

discused by Marshall . Fischer andco workers havedemonstrated for aqueous solutions at[40] [49]

concentrations below 1 M, the backgroundRaman spectrum due to the water is unchanged in

shape, although its intensity may decreaseslightly.

It can beseen that thebandsof (hydrogen-bonded) water (figure2.4) aremuch broader than those

of thetwo non-polar solvents(figure2.5); therise in Raman scattering intensity towards the laser

line isdueto hydrogen bonding. Therising baseline in figure2.5isan artifact of the (dispersive)

spectrometer optics, and is believed to be due to fluorescenceof the optical components. The

frequency shifts in figures2.4and2.5aretowards lower frequencies, ieStokesbandsareplotted.
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Figure2.5 TheRaman spectraof chloroform andtoluenerecorded using acommercial dispersivespectrometer equipped

with a CCD camera anddouble grating prechromator.

In comparing thespectraabove, although the intensity scaleof theFT devicecannot bedirectly

related to that of the dispersive spectrometer, it may be noted that the scattering crosssection

(integrated over its width) of the 1002cm line of toluene is only 30% greater than that of the-1

3400cm lineof water , although thepeak scattering crosssectionof thetolueneline is over-1 [45][40]

an order of magnitudegreater.

2.2.14.The resonanceRaman effect

A related phenomenonis that of resonanceRamanscattering . If progressively higher photon[39]

energies are incident on a sample, eventually the 7 dependanceof equation 2.5 breaks down.4

This happens as the energy of the incident photons approaches that of the molecular electronic

levels. TheRaman scattering crosssectionmay increaseby 10 as theelectronic energy level is6

approached, for instance, Hofmann and Moser measured an intensity increase by a factor of[50]

850 in the 813 cm line of KNO as the incident wavelength was changed from 436 nm to-1
2

254nm. At even shorter wavelengthsBarlettaandVeligdan foundthescattering crosssection[51]

of CCl to increaseby 1.6×10 with 248nm incident light.4
4
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Although the Raman scattering crosssection can rise dramatically at resonance, the scattered

radiationmay beconcealedby asimultaneousincreaseinabsorption,or by fluorescenceemission.

Theeffect isnot beneficial to thiswork. By choosing asufficiently short incident wavelength for

resonant Raman scattering from a particular molecule, it is more likely that problems from

fluorescenceof other compounds in our analytewill beencountered. For instance, theelectronic

absorption spectra of toluene and chloroform are in the ultraviolet, and any attempt to[52] [53]

produce Raman spectra from these in a cross-contaminated analyte will certainly suffer from

fluorescencemasking.

2.2.15.Surfaceenhanced Raman scattering (SERS)

Between 1974 and1977 experiments studying theRaman scattering intensity of molecules[54] [55]

adsorbed onto thesurfaceof metal electrodesshowed that theRaman scattering intensity of the

adsorbed moleculecould be increased by as much as 10 times. While, becauseof theproblems6

associated with surfacefouling, this surfaceenhancement effect has not been used in this work,

it isdescribed briefly herefor completeness, andasapotential extension to what has been done.

Garrell haswritten an introduction to thesubject, including analytical applications, andChang[56]

andFurtak edited aconvenient introduction to the theory.[57]

Themodelsused to describetheorigin of SERSmay bebroadly divided between molecular and

electromagnetic descriptions. Molecular theories contend that the polarizabilit y 8 is enhanced,

that moleculesadsorbed onto ametal surfacemay beorientated preferentially with respect to the

incident electric field and that the electronic structure of themoleculemay bealtered such that

the incident light approaches the energy of a modified molecular resonance. Electromagnetic

explanations invoke image fields in themetal substrate, electric field vector enhancements due

to the shape of the substrate (‘ lightening rod’ effects), surfaceplasmons, and charge transfer

between thesubstrateandmolecule. In general, both molecular andelectromagnetic enhancement

mechanismsboth play apart in theenhancement effect, although the relative importanceof the

molecular andelectromagnetic models varies widely from case to case.

Theexperimental resultsareremarkable, both in themagnitudeof theobserved enhancement, and

the wide range of analytes amenable to the technique. Silver, copper, and gold are the most

commonly used substrates , themost universal substratebeing silver. Pyridineadsorbed on to[57]

silver substratesdisplaysan enhancement of up to 10 , approximately constant between 700nm6

and500nm . Theenhancement varies for different adsorbates, andfor each vibrational band[57][58]

of amolecule, and isafunctionof the incident wavelength. Silver substratesdisplay amaximum
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enhancement between 500nm and700nm, whereascopper andgold substratesaremost efficient

in thenear infrared (NIR) .[57]

In the laboratory, many environmentally important classes of molecule have been studied with

SERS. For instance, Alak hasdemonstrated detectionof 10 M concentrations of chlorinated[59] -6

pesticides in aqueous solution in a 4 second integration time. Storey et al have measured[60]

chlorinated hydrocarbons in situ at 10 ppm in ground water, and low ppm sensitivities for

benzeneandnapthalene in groundwater havebeen reported by Carronet al . However, despite[61]

itsattraction for low level measurement, theuseof SERS for in situ analysis is effectively not a

direct spectroscopy as described at the beginning of this chapter, due to the involvement of the

surfacelayer. It requires a carefully prepared probe, which is, by the nature of the technique,

susceptible to fouling.

2.3.Elastic L ight Scattering

Fluorescent emission and Raman scattering can both be described as inelastic processes: the

energy of thescattered photons is not conserved. The light has adifferent frequency (andhence

adifferent wavelength) after the interaction,and it is thischangewhich enables us to deducethe

presenceof an analyte. However, light ismorecommonly scattered without any changein energy:

the frequency of the photons is unchanged, and the process is termed elastic. Elastic light

scattering can been used to measure thesize, density, andshapeof scattering particles , but in[62]

this work it can be the major sourceof noise in the measurement of the inelastically scattered

light; to avoid inelastically scattered light, oneneedsto know whereit iscoming from, andwhere

it is going to.

2.3.1.Rayleigh scattering

When light isscattered by particles that aresufficiently well spaced that thescattering from each

is incoherent, and small enough that the scattered light may be considered to originate from a

single point, then the scattering may be described by the theory of Rayleigh scattering. As in

Raman scattering from molecules, thescattering centres behave individually as electric dipoles,

andthescattering pattern has the text bookdipoledistributionand1/ 9 variationof intensity .4 [38]

Because the scattering from each centre is unrelated to that from the next, the net irradianceat

any point is simply the sum of the irradiances of each scattering centre. All matter will scatter

light by this mechanism.
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(2.18)

2.3.2.Miescattering

The Mie scattering theory includes the size, shape, refractive index, and absorptivity of the

scatterers, andreducesto Rayleigh scattering asaspecial case . It should beused wherethesize[38]

of thescattering centres is larger than > /10, iewhen thescattering within each particlebecomes

thesum of thescattering from coherently radiating dipoles. As thesizeof thescattering centres

increases with respect to the wavelength of the scattered light, the scattering becomes

concentrated in the forward and reverse directions, and the scattering intensity becomes

independent of the scattering wavelength (ie white light scattering). Particles of dust, water

droplets, net curtains, andmaterialswith grossrandom variations of refractive index will scatter

light by thismechanism. For particlesmuch larger than thewavelength of thescattered light, the

macroscopic laws of refraction and Fresnel reflection apply, resulting in mainly forward

scattering.

2.3.3.Fresnel reflections

Fresnel reflection is the term given to the partial reflection of light incident on a boundary

between materials with different refractive indices. Fresnel reflection is a consequenceof the

same electromagnetic equations and boundary conditions as Mie scattering, but applied to

macroscopic situations . The reflectanceand transmittancecoefficients R and T aregiven for[63]

non-magnetic mediaby equations2.18and2.19.Thesubscripts ? and @ refer to thecasesthat the

electric field vector isperpendicular or parallel to theplaneof incidence respectively, i and t are1

the angles of incidenceand transmission with respect to the surfacenormal, n and n are thei t

refractive indices of the incident and transmitting media.
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(2.19)

(2.20)

(2.21)

(2.22)

Theangleof incidence i is related to theangleof transmission t by Snell 's law, equation2.20.

Equations 2.18and 2.19do not apply to films with thicknesses comparable to the coherence

length of the light propagating through them; optical interferencewill modify thereflectanceand

transmittanceat such an interface, ie in thecaseof anti-reflectioncoatings .[64]

2.4.Making Optical Spectroscopic Measurements

The techniques which may be used to resolve different wavelengths of light from one another,

and quantify the energy in each measured spectral band, are briefly described here with their

relativemerits. Light intensity measurements aredescribed in section2.5.

2.4.1.Four ier transform spectrometers

Thisisnot so much aspectroscopic arrangement, rather ageneric meansof processing theoptical

signalswithout a traditional monochromator to analysethe light spectrum. Themethodinvolves

detectionof theoptical signal, viaan interferometer having ascanned path-length difference. A

two-path interferometer acts as an optical filter, having a periodic transmission T( E ), with a

functionof optical frequency E where

Theconstant, k, depends on theoptical path differences in the interferometer. When acomplex

light spectrum I( E ) is passed through an interferometer onto adetector with aspectral response

D( E ). then thedetected signal is S( E ). S( E ) is given by

The function S represents the correlation between the sinusoidal transmission function of the

interferometer and thecombined spectral responses of the input light spectrum and thespectral
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responseof thedetector. Clearly, thecorrelation is best with spectral variations having thesame

(optical-frequency) periodicity as the interferometer. In thesimplest case, where I( J ) is anarrow

line spectrum of constant frequency, the signal S represents a single (sample) point on the

sinusoidal response. If the path-length of the interferometer is now scanned, its periodic

transmission-response function will translate across the frequency band (and also change its

periodversus frequency). Thedetected signal will thereforevary, as thecorrelationbetween the

spectral featuresandtheperiodic interferometer responsevaries. In thesimplest caseof the line

spectrum, thedetected signal will vary sinusoidally as the interferometer isswept. Morecomplex

spectra can beconsidered to consist of a linear additionof aseries of such narrow-linespectra,

each having an appropriate amplitude. For a complex spectral response, the variation of the

detected signal with time, as the interferometer isswept, represents the inverseFourier transform

of theoriginal spectrum. Thespectrum can thereforebe recovered by Fourier transformationof

thetemporal variations in detected signal, resulting when the interferometer is scanned. This is

again ill ustrated by the simple example of the line spectrum, which results in a sinusoidal

temporal response. TheFourier transform of asinusoidal signal hasasinglevalue, corresponding

to thesingle frequency of the linespectrum.

When compared to conventional spectrometers, the Fourier transform system has several

advantages. Thefirst is that it is relatively easy to obtain high spectral resolutionby using a long

‘path’ differenceinterferometer (10cm path differenceat 1 µm wavelength, results in afractional

resolutionof around1 part in 10,000). Thesecondis that asignificant fractionof thesourcelight

is incident on the detector at all times, because the mean transmission of the interferometer is

much higher than that of anarrow bandgrating monochromator, thereby improving theoptical

efficiency. The third is that the interferometer can be designed with a large optical aperture,

giving much higher optical throughput from radiance-limited optical sources. Theadvantagesare

lesssignificant when only moderateresolution isneeded and low-noise(eg CCD) detector arrays

can beused, as thesealso allow parallel detectionof each spectral component.

The main disadvantage is normally the need for a precisely-aligned interferometer, with its

necessary thermal and mechanical stabilit y. Fourier Transform spectroscopy is applicable to a

widevariety of spectroscopic techniques, including transmission, reflectance, fluorescenceand

Raman spectroscopy, as, in all of these cases, it can be used for spectral analysis before the

detectionsystem.
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(2.23)

Figure2.6(a) A ray diagram of light incident on to a blazed diffraction grating. (b) Using a concave grating eliminates

the need for focusing optics.

2.4.2.Dispersive (grating) spectrometers

For use in this project aspectrographbased aroundaholographically ruled concavediffraction

grating from Jobin-Yvon/ISA (section3.2) hasbeen designed andbuilt . Themain resultsrelevant

to its operation are presented here. For more information the reader should consult one of the

many text books dealing with diffractiongrating physics, such as theonewritten by Thorne .[7]

2.4.3.Diff raction grating equations

Referring to figure2.6,theequation relating theangleof incidence i and reflection (diffraction)

r for collimated light of wavelength K on to a planar diffraction grating ruled with apitch (line

spacing) d is

Here m is a positive or negative integer (including zero), and is referred to as the order of the

diffracted beam. Thezeroth order, m=0, represents specular reflection, i=-r. If an order is on the

opposite side of the zeroth order to the incident beam then m is negative, ill ustrated in

figure 2.6(a). The angles i and r are both measured in the same direction, with respect to the

normal of thegrating.

Theinput of aspectrometer isusually aslit , andthe light from thisslit is collimated by lenses or

mirrorsin thespectrometer. Thesefocusing opticscan beeliminated through theuseof aconcave

grating. The angle of diffraction is calculated as before, the angles i and r being measured

between rays incident on to the centre of the grating and the normal to it. The configuration
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(2.24)

ill ustrated in figure2.6(b) is that of Rowland , whoshowed that aconcavegrating can act as its[7]

own collimator. Theentranceslit is on theRowlandcircle, acirclewith adiameter equal to the

radiusof curvatureof thediffractiongrating, and for small apertures thediffracted rays arealso

focused onto theRowlandcircle. Theparticular benefit of thisconfiguration is that the first type

coma of the imageof theentranceslit iszero. By careful control of thegroovespacing other[38] [65]

optical aberrations can becorrected too.

Evidently, from equation 2.23, light of wavelength N can be diffracted at several angles (r),

corresponding to thedifferent orders (m). This is wasteful, andmay contribute to thestray light

within aspectrometer. In fact light can bedirected preferentially into orders at aparticular angle

by blazing thediffractiongrating, as ill ustrated for them=1 casein figure2.6(b). In this case, the

incident andrefracted light areboth almost along thegroovenormal, an arrangement known as

theLittrow configuration . In general, thediffracted light will beconcentrated into any order[7][65]

in which light is specularly reflected from thegroovesurfaces; ie i'=-r'.

For a spectrograph, the angular dispersion of the grating can be found by differentiating

equation2.23,where i is aconstant, to give

For agrating with focal length f the linear dispersion is defined as

(2.25)

where dx is an incremental distance across the focal plane of the detector. From the linear

dispersion the wavelength incident on each part of the detector array, and the resolution of the

spectrometer, may be found(assuming that diffractionat the input slit is negligible).

When perfectly monochromatic light is incident in to aspectrometer through, for instance, aslit ,

an imageof theentranceslit is formed at thedetector. Theminimum dimensionof the image is

diffraction limited by thesizeof thedispersing element, assuming that thewholeof theelement

is ill uminated.For acircular diffractiongrating, of diameter D, thediameter of thecentral portion

of thediffracted imagea, can be foundby considering thegrating as acircular aperture , so[38]

(2.26)

where f is the focal length of thespectrometer and N is thewavelength of thediffracted light. If

the imageof theslit is larger than a, then theresolutionof thespectrometer issimply determined
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by thegeometrical imageof theentranceslit andthe linear dispersionof spectrometer (assuming

that thedetector width is lessthan that of theimage). For the70mmdiameter grating used in this

project thediffraction limited imagesize is5.5µm andso thesystem resolution isdetermined by

our entranceaperture, defined by fibreends of diameter 400µm.

2.4.4. Stray light and ghost lines

An effect which may further limit theperformanceof aspectrometer, especially if low intensity

bandsmust beresolved from much higher intensity ones, isstray light . Theterm encompasses[65]

all spurious light incident onto thedetector, other than that at thewavelength of interest, andcan

bebroadly divided between randomly scattered light and focused stray light. Randomly scattered

light may be a result of dust or imperfections in the optical surfaces or reflections within the

spectrometer housing of optically misaligned light, or light in those orders of diffraction not

directed towards the output. Focused stray light arises from optical aberrations of the focusing

optics in thespectrometer and re-entrant spectra.

Obviously optical misalignment can be avoided, and this includes matching the numerical

aperture of the input light to that of the focusing optics of thespectrometer. Theeffect of other

reflections can be reduced by baffling the spectrometer, which essentially entails erecting

partitionswithin thespectrometer wherever possible, between potential sourcesof stray light, and

theoptical detector. Minimising or correcting for theeffects of optical aberrations is a tradeoff

between optical perfection and size and simplicity, but one should also be aware that even the

best optical componentsarenot perfectly polished, and themoreoptical surfaces are introduced

in to thesystem, thegreater thepotential scattering from surfaces.

A related phenomenon in diffraction grating spectroscopy is that of ghosting, where periodic

errors in the ruling of thegrooves result in spurious maxima in thediffracted spectrum. This is

a problem in ‘ traditionally’ produced gratings, which are fabricated by mechanically ruling a

diamondpoint back and forth acrossthesurfaceof apolished blank. Any periodic variations in

the groove spacing d (figure 2.6, equation 2.23) will result in ghost lines focused on to the

detector.

Ghost lines are eliminated by the use of holographically produced gratings, which have no

periodic ruling errors. Thestray light performanceof aholographically ruled diffractiongratings

is typically a factor of ten better than that of amechanically ruled grating , and in addition, the[65]

ruling pattern can beoptimised to correct for certain geometric aberrationsaswell . Even aperfect
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(2.27)

Figure 2.7Matching the numerical aperture of a fibre to a spectrograph.

(2.28)

(2.29)

diffraction grating will randomly scatter light though, as it is impossible to perfectly polish a

surface. However, by making use of concave diffraction gratings which both collimate the

incident light, andrefocus diffracted light on to thedetector, all other scattering surfaces can be

eliminated from an optical system.

2.4.5. Grating f-number and spectrograph numerical aperture

The light collecting properties of the input aperture of a spectrometer are either quoted as an

f-number (f/#) or anumerical aperture (NA) (figure2.7). The two are related by equation2.27.

An optical fibre is also characterised by its numerical aperture, and if thenumerical apertureof

the fibre is greater than that of the spectrometer then the source NA must be matched to the

acceptanceNA of thespectrometer. This can beachieved with a lens of focal length f as shown

in figure2.7,whereu andv are related to f by

Such matching results in amagnificationof the fibre tip at theentranceslit , given (for paraxial

rays) by
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Figure2.8a) A photodiode in the photovoltaic mode: the open circuit voltage acrossthe deviceterminals ismeasured.

b) In the photoamperic mode the current through the device is measured, and the voltage acrossthe terminals is kept

constant at zero, or a negative value.

2.5.Detector Technologies

The optical intensities across the output plane of the spectrograph must be converted into

electronic signals to be measured. The wavelengths of light used in this work (approximately

700 nm to 900 nm) fall conveniently within the sensitive range of sili con devices . Several[66]

detector configurationswere investigated during thecourseof thiswork, including arrangements

using discretephotodiodes, self-scanning photodiodearrays, andchargecoupled device(CCD)

detectors.

It was foundthat while discrete photodiodes in a transimpedanceconfiguration could offer the

best signal to noisemeasurements in theory, in practicebetter performancewas achieved using

detector array integrated circuits, such as self-scanning photodiodearrays (PDAs).

2.5.1.Discretephotodiodes

Photodiodes are specialised variants of the p-n junction semiconductor diode structure . The[66]

doping of the device is controlled such that the junction region between the p-type and n-type

material isvery lightly doped (eg p- S -n), or not doped at all (p-i-n), so that thedepletion region

of the device is large, and well defined, under reverse bias. Photons that are absorbed by the

material within, or close to, the depletion region generate electron hole pairs, which are swept

apart by the electric field gradient in the depletion region. This generates an electric current,

which is detected by an external electronic circuit. Except in the rare case of multiple-photon

absorption,only photonsof energy greater than thecharacteristic bandgap of thesemiconductor

material will be absorbed, which for sili con devices corresponds to photons of wavelength

1100nm or shorter.

Photodiodes areused in oneof two modes of operation : in thephotovoltaic mode, where the[66]

photodiode isconnected acrossthehigh impedanceterminals of avoltagemeasuring circuit; or
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(2.30)

(2.31)

in thephotoamperic mode, wheretheterminalsof thephotodiodearekept at aconstant voltage,

andcurrent generated by thedeviceismeasured using alow impedancecurrent measuring circuit

(figure2.8). In thephotovoltaic modetheoutput voltageisrelated to theincident light intensity[66]

by equation2.30.

V is theopen circuit voltageacrossthephotodiode, k isBoltzmann’sconstant, T is theabsoluteoc

temperature, q is the electronic charge, I is the small reverse saturation current of Shockley’s0

ideal diodeequation , and I is thephotocurrent generated in thedevice, which is proportional[66]
ph

to the intensity of the light falli ng onto thedevice.

Aswell asbeing non-linear, thevoltageacrossaphotodiodein thephotovoltaic modeis low pass

filtered by thedeviceshunt resistanceandcapacitance, both functions of thevoltageacrossthe

diode, andill -definedparameters. Thephotoampericconfigurationismuchbetter suited toprecise

measurements of light intensity. In this case the closed circuit current I is related to thecc

photocurrent by equation2.31,whereV is the reversebias voltageacrossthediode.b

Thecurrent I isusually measured in an active transimpedanceconfiguration,such as that shown

in figure 2.9,and the voltage output of the circuit can be linear of several orders of magnitude.

For low frequency measurements, it is preferable to user zero reverse bias; then the reverse

leakagecurrent term I disappears. Although I is typically very small , and isoften neglected, the0 0

reverse leakage current and its associated shot noise can be the dominant noise source if the

incident light level is low. If thephotodiode is to beused to measurerapidly varying signals then

it isusually desirablereversebiasit by afew volts. Thismaximisesthedevicequantum efficiency

by maximising the width of the depletion region, and increases the speed of operation of the

deviceby reducing the junctioncapacitance.
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Figure2.9An active transimpedanceampli fier circuit: becausetheterminalsof thephotodiode are both held at the same

potential, thevoltageoutput of the circuit remains linear with respect to the incident light intensity over many ordersof

magnitude. The capacitor ispresent to maintain stabilit y and reducethe voltage noise bandwidth.

In this work optimum signal to noise ratio was required, and so the photodiode was operated

unbiased.Photodiodeswith low shunt capacitancelower thevoltagenoisegain,andmay increase

thecircuit bandwidth.Loopcapacitancemay benecessary to stabili se thecircuit. Theoperational

ampli fier should havean FET input stage, astheinput biascurrentsarethedominant noisesource

for large transimpedance values. The other contribution to the output noise is Johnson (or

thermal) noisefrom thefeedback resistor (thevalueof which defines the transimpedancein this

simplecircuit), and thephotodiode resistance. Johnsonnoise is an unavoidableconsequenceof

thesecondlaw of thermodynamics, and it experiences thesamegain in thecircuit of through the

circuit of figure 2.9 as the photocurrent. However, it can be shown that as long as the

photocurrent produces more than 51.2mV at the output, the shot noise of the photocurrent is

greater than thethermal noiseof theresistor. Thenoiseperformanceof aphotodiode is typically

specified as anoiseequivalent power (NEP), which is defined as theoptical power input to the

system which produces an output equal to that from the noise. As an example, the NEP of one

photodiode in theHamamatsu S3954discretephotodiodearray is quoted as 4×10 W/Hz .-15 ½

Several prototype circuits were built for this work and investigated for suitabilit y.

Transimpedances of up to 10 GW were studied, and the results of this worked are summarised

here: circuits with large transimpedance, above 100 M W become microphonic; the resistors

available add considerably to the measurement noise, especially at low frequency; and large

transimpedances are not useful in the event that there is any optical background in the

measurement, as theampli fier will saturate. In addition thecircuit complexity is proportional to

thenumber of optical elements in any array.
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Figure 2.10A schematic showing the sequential readout of a self-scanning photodiode array via FET switches.

2.5.2.Self-scanning photodiodearr ays

In aself-scanning photodiodearray a linear array of photodiodes isbuilt into thesame integrated

circuit as the electronics required to sequentially read the voltage from each one, as shown in

figure 2.10. Light incident onto the photodiodes creates electron-hole pairs by the same

mechanism asfor discretephotodiodes, but dueto theFET switch, thischarge is not freeto flow

immediately into and external circuit, and instead is integrated on the capacitance of the

photodiode itself. Theaccumulated chargeoneach photodiode in turn isoutput onthevideo line

(figure2.10) by opening theFET switches individually.

Usually theonly signals that need beprovided to thearray area regular clock signal andastart

pulseto trigger thereadout cycleat theendof each integration. Errors in theoutput voltageare

dueto integrationof switching transients, thermal current, andleakagecurrent, aswell astheshot

noise in the full -well charge, the thermal noise of the resistors, and noise due to any readout

electronicsemployed (accentuated by thehigh capacitanceon thevideo line). The former errors

are minimised in devices which use differential output of a set of activephotodiodes, andaset

of dummy photodiodes, identical in construction to theactivediodes, but unexposed to the light.

The performanceof such a deviceoffers littl e room for user optimisation,except in the choice

of readout electronics.

Thedevicesarenot typically cooled, andthemaximum achievablesignal to noiseratio decreases

with longer integration times due to the depletion of the stored charge by thermally excited

electron-holepairsin thephotodiodes. Thedevicequantum efficiency issimilar to that of discrete

sili conphotodiodes. Thesedeviceshaveprimarily foundapplication in optical scanners, but they

are migrating into spectroscopic applications, with some devices designed specifically for

spectroscopy. TheNEPpower for each 25µm×250µm pixel in theEG&G Reticonself-scanning

array, output through the optimum output circuitry as described in the product data sheet, was

calculated from a20secondmeasurement to be3.6×10 W/Hz . This issmaller than that of the-15 ½

discrete photodiode example given in section 2.5.1due to the smaller size of the diode; if the
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output from 144 such pixels is summed, so that the area is equal to that of the diode of

section2.5.1,then theNEP is 4.3×10 W/Hz .-14 ½

2.5.3.Chargecoupled devicedetectors

Chargecoupled device(CCD) optical detectorsareformed from (usually two dimensional) arrays

of metal-insulator-semiconductor capacitors, linked so that thechargestored in each onemay be

transferred to adjacent capacitors by the correct sequenceof bias signals. Charge is created in

each capacitor when photons are absorbed in the semiconductor region of the device, which

creates an electron-holepair. Theelectron-holepair is swept apart by the internal electric field,

and the charge is trapped in the capacitor. The trapped charge can be measured by transferring

it to thearray output node.

Two distinct typesof CCD detectorsaremade, named according to theprocessby which charge

is transferred to theoutput: inter-line transfer (ILT), where thecharge is transferred via lines of

optically-inactive capacitors between each optically-active line; and full -frame transfer (FFT),

where the charge is transferred through the optically-active capacitors. For spectroscopic work

FFT devicesarepreferred,asthewholeof thedeviceareaisoptically active. ILT devicesareused

in video cameras, where interferencebetween one frameand thenext must beavoided.

In spectroscopic applicationsCCDsareusually operated cooled, either by thermo-electric Peltier

coolers, or by liquid nitrogen, so that long integration times arepossible freerelatively from the

build upof thermally excited charge. Thequantum efficiency of CCD detectors is typically lower

than photodiodes, and the dynamic range is lower; however, lower noise readout electronics is

possible than for multiplexed photodiodearrays, andwhen operated at low temperature, they are

thepreferred option for detecting low light levels.

Using a2D CCD it ispossibleto obtain several independent spectrafrom individual inputs to the

spectrograph, eg separate optical fibres. This can be useful to make instantaneous calibrations

against a reference sample for instance. When the input to the spectrograph is via a single

entranceslit, then it is preferable to combine thechargestored in all thepixels of each column,

in aprocesstermed binning, so that theoutput of thedeviceis identical to a linear detector array.

Charge binning increases the signal to noise ratio of the measurement, and is preferable to

external dataaveragingwhen thedevicereadout noiseissignificant . Based onmeasured values[67]

of thethermally accumulated chargeandspectral response, theNEP of theHamamatsu C5809-

0907CCD used in thiswork was1.3×10 W/Hz for each individual pixel, 5×10 W/Hz for-17 ½ -16 ½
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abinned pixel of areaequal to thediodeof section2.5.1.(Thefull datasheet of this Hamamatsu

detector is reproduced in appendix C, and further details aregiven in section3.5.)

Thedynamic rangeof theCCD is limited by thefull well saturation,thenumber of electrons that

can be stored in each capacitor. There are separate limits for the individual optically-active

elements, and for the end of line capacitor, which must hold all the charge from a line of

capacitors.

2.5.4.Electronic interference

As with all low-signal-level analogue circuitry, care must be taken in the design of optical

detector circuits to shield themeasured electrical signals from any potentially interfering signals

from other sources. Such interference may enter the system from power supply connections,

circuit interconnections, or signal interconnections between equipment. In this work, with low

signal frequencies (below 1 MHz), interferenceis coupled into signal paths either by capacitive

or inductivecoupling; it isminimised by shielding andcorrect electrical grounding, as described

in the following paragraphs .[68]

Interferencefrom thepower supply connections can be reduced by using high-frequency bypass

capacitors in conjunction with electrolytic capacitors at the supply pins of each IC used. To

prevent capacitivecoupling of voltages near to thesignal path, thepath should bekept as small

aspossible. Wheresignalsaretransmitted between equipment or separatecircuits, aconducting

shield should encloseboth signal wires, andtheshield should beconnected to groundat oneend

only .[68]

Thegrounding configurationof acircuit can introduceinterferenceby two mechanisms: ground

loops, and largecurrents flowing in groundreturn paths . A groundloopis formed when more[69]

than one path to groundis possible. This configuration forms a looparoundwhich current can

flow, and any varying magnetic field which intersects it will inducecurrent to flow aroundthe

loop.Also, it is unlikely that any two connections to groundwill be at the same potential (for

reasonsoutlined in thenext paragraph), andthispotential differencewil l also impressitself onto

themeasured signal. Thiscan beavoided by using measuring devices with differential inputs: in

thisway groundloopsareavoided, andany other commonmode interferenceat the input to the

measuring circuit is rejected.
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When current flowsto groundthrough a return path of finite resistancetherewill beapotential

differencebetween any two points on it. If parts of acircuit that requirehigh currents share the

same ground return path as the signal voltages, then a voltage is impressed onto the signal

voltage. Thisproblem isavoided by using separategroundreturn paths for digital, analogue, and

high current portions of acircuit. Thesegroundpaths should beconnected together at only one

point in thecircuit, as close to theelectrical supply as possible.

The same care to avoid electrical interferencewas taken for each of the detection techniques

described in theprevious sections of this chapter. In this way electrical interferencewas kept to

a minimum, and in most experiments it was the shot noise of each measurement that was the

dominant sourceof error.

2.6.Conclusions

Thetechniquesapplicable to thequantitativeandqualitativestudy of liquids over optical fibres

have been outlined in this chapter. In this work emission techniques have been chosen over

absorptiontechniquesdueto easeof probeconstruction(singlepoint measurementsarepossible),

and the possibilit y of making non-contact measurements. Most of the work described in the

following chapters has been with fluorescent compounds, but the equipment built has been

optimised for Raman spectroscopy becauseof thespecificity of this technique, andcompatibilit y

with measuring aqueous solutions.

A dispersive spectrograph was designed and built during this work: a dispersive design was

chosen for its mechanical simplicity, as the aim of the work was to build compact portable

instrumentation. A Fourier transform spectrometer, while having certain advantages in a

laboratory setting, was not suitable for this goal. To make optimum use of a dispersive

spectrometer it is vital to make use of ‘ the multiplex advantage’ (the possibilit y of measuring

light intensity at many wavelengths simultaneously), so an array detector was used. Arrays of

discretephotodiodes, self-scanning arrays, andCCD detectors wereall investigated during this

work. For optimum compatibilit y with vertical arrays of fibre, low noisemeasurement, and low

circuit complexity, aCCD detector was interfaced to thespectrograph.

All theequipment used, designed, andbuilt during this project is described in thenext chapter.
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Figure 3.1 A general configuration of the hardware described in this chapter. Laser excitation light is colli mated and

filtered, so that only light at the laser wavelength ispassed. This light is then coupled to the input port of the optical fibre

switch, where, under thecontrol of thePC, it isdirected alternately to thereferencecell or the sample cell . The reference

cell containsawell characterised solution with similar properties to the sample (propertiessuch as refractive index and

absorption). Some of the light scattered in each of the cells is collected and transmitted by optical fibres to the input of

the spectrograph,where it is dispersed acrossa sili con detector array. The output from the detector array is read into a

PC, where the measured spectrum from the referencecell is continuously subtracted from that of the sample cell .

3. Spectroscopic Hardware and Software Designed and

Constructed for This Work

The equipment used in this work is described in this chapter, with analysis of its performance.

Much of theequipment wasdesigned andbuilt in thecourseof thiswork, along with thesoftware

written to control andautomatethemeasurements. Themathematical descriptionof theoptical-

fibre probes, and description of the cells, is left until chapters 4 and 5, where the different

experimental configurationsaredescribed. In thischapter thecomponentsin thegeneralised setup

ill ustrated in figure3.1areconsidered.

The description begins with theoptical source, and follows thesignal path through thesystem.

Thecontrol, acquisition,andanalysissoftware isdescribed in section3.6,and thebenefits of the

novel reference-cell -signal-subtractionschemearedescribed in section3.7.
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Wavelength,�
/nm

Wavelength of
light shifted by
260 cm  / nm-1

Raman
scattering
eff iciency 

Relative
detector

eff iciency

Relative collection
eff iciency with a

100 mm path length
sample cell

Total
relative

eff iciency

633 644 2.342 0.73 1.198 2.047

670 682 1.858 0.81 1.185 1.784

780
(reference)

796 1.000 1.00 1.000 1.000

810 824 0.87 1.04 0.963 0.872

Table 3.1 Raman scattering and light collection efficienciesusing different incident wavelengths (relative to 780nm).

3.1. Optical Sources

3.1.1. Wavelength selection

Theoptimal excitationwavelength for usefor remoteemissionmonitoringdependsonthegrating

efficiency, detector efficiency, thetransmissioncharacteristicsand length of theoptical fibreused

to carry light to andfrom thesample, andthetransmissioncharacteristicsof theanalyteitself. The

availabilit y of suitablesourcesmay further limit theavailablechoiceof wavelength. In this work

we wish to make use of cheap, compact and high optical power laser diodes. Currently, in the

wavelength rangeboth transmitted over sili caoptical fibres, anddetected using sili condetectors,

devices areavailableat wavelengths centred about 670nm, 780nm and810nm.

A comparisonof theefficiency of spectrographic systems based aroundsources at each of these

wavelengths, along with thecommonHe-Newavelength of 633nm, is presented in table3.1.It

isassumed that light that is inelastically scattered to a longer wavelength is to bemeasured, and

theparametersarechosen to optimisethesystem for Raman light collection.Angel has shown[70]

that thefibreattenuation is insignificant for fibre lengthsof under akilometre, so if short lengths

of optical fibreareused, and theoptical path length through thesample is small , then theusual
�

dependenceof Raman scattering intensity with wavelength is obeyed. However, theanalysis-4

also includes the effect of sample absorption (water) from an optical cell with a path length of

100mm (section5.3).

A further considerationwhich may benecessary, depending on theparticular application, is the

presenceof any fluorescent species in the sample. Any fluorescencefrom a sample is likely to

mask thegenerally much weaker Raman light, and fluorescencecan beavoided by using longer
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wavelength incident light. If it is intended to measure fluorescent light, then thewavelengths of

thesampleabsorptionbandsshould beaprimary consideration in theselectionof theexcitation

wavelength. Such factors can only be evaluated on a sample by sample basis; in this work a

general system was required to demonstrate concepts and fibre-optic sampling techniques. A

wavelength around670nm waschosen in order that Raman scattering in most samples could be

observed at optimum efficiency with a sili con detector (seesection 2.5) without fluorescence

problems. Therearealso many samples that wil l fluorescewhen excited at this wavelength, and

thesewereused when it was convenient.

3.1.2. Semiconductor sources

To meet the dual requirements of high light intensity and monochromaticity in Raman

spectroscopy, laser sourcesarerequired. To meet theconstraints of sizeandcost, semiconductor

sourceswerechosen for integration into thesystem. Whilesmall , easy to drive, andavailableat

convenient wavelengths, semiconductor lasers have several disadvantages: large beam

divergence, fluorescent background,poorly defined polarisation state, a tendency for the laser

wavelength to change(especially with changes in temperature), andmultiplemodeoperation. In

this system it has been possible to work within these limitations.

Both of the semiconductor diode lasers used in this work had maximum output at 676nm, and

had half power pointsat 30ºin thedirectionof maximum beam divergence. By using aspherical

lenses with high numerical apertures of up to 0.5, designed and produced for use with

semiconductor diodelasers, amaximum of 76% of thelight can becoupled from the laser diodes

into multimodeoptical fibre. By collimating thelight from thelaser diode, then passing it through

cheap, narrow-band-pass, dielectric filters, as shown in figure 3.4, much of the fluorescent

backgroundis rejected.

Becauselight from the laser might be reflected or elastically scattered back towards theoptical-

fibre probe, it is important to attenuate any (broadband) fluorescent component of the incident

light, which might interferewith thedetectionof wavelength shifted light from thesample. Care

has been taken in this work to filter the laser sufficiently, as described in section3.1.5.

Theelectric field vector of light from asemiconductor laser alignsitself with thebroad dimension

of theemitting area. While in the180ºcollectiongeometry defined by theoptical probes used in

thiswork is insensitiveto thepolarisationof theincident light (a90ºgeometry would besensitive

to this), the efficiency of the diffraction grating is dependant on the polarisation of the light
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incident onto it. In thiswork wehave relied on the lengths of optical fibrebetween sampleand

diffractiongrating to randomise thepolarisationof the light incident on to thegrating.

Although it ispossible to producesinglemodesemiconductor lasers, for instanceby periodically

modulating the refractive index of the laser cavity, such devices are expensive. Because the

wavelength resolutionof thespectrograph is limited (by thesizeof theoptical-fibres which form

thespectrographinput) to 1.2nm, multiplemodesof thelaser arenot apparent in recorded spectra

(and would never be visible in a typical, spectrally-broad fluorescent spectrum in any case).

Similarly, any drift in thelaser lineisnegligiblecompared with thewidth of thefeaturesrecorded

by the spectrograph, and so although it is possible to eliminate this drift by temperature

stabili sation, this was not necessary in this work.

Theselectionof light sourcewas influenced by applicationspecific constraints of small sizeand

reasonable cost. In this work two semiconductor laser diodes were used extensively, and brief

details of both of these are given in the following sections. Both laser diodes werepowered by

commercial laser diodedrivers, as noted in the text that follows.

3.1.3. SDL 7311 pigtailed laser diode

The more expensive of the two devices was an SDL 7311, from SDL Inc, CA, which was

pigtailed by Point Source, UK. Thediodeoutput was30mW in asinglelongitudinal modeat 676

nm (figure3.2), andtheoutput from thepigtail was21mW. Thepigtail comprised 2 m of 50µm

corediameter step-index optical fibre, terminated with an FC-typeconnector. This arrangement

required further filtering of thelight to removethelaser fluorescence, using thein-lineexpanded-

beam deviceshown in figure3.4a.
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Figure 3.2 Thefiltered output spectrum of thepigtailed SDL 7311 laser diode, measured using an Ando Q6310B optical

spectrum analyser. Thispicture isa composite of two measurements (showing the high and low intensity regions), and

the vertical scale is in dBm. The IRE LDF-670filter wasused (seeappendix D).

Thisdevicewas used in the initial experiments, andwas powered viaan AccessPacific AP811

laser diodedriver.

3.1.4. CorkOpt PC-670-D laser diode

Thisdevicewas purchased unpigtailed, andalso specified to output 30mW at 676nm. Optical

filtering and lenses to couple the light into an FC-terminated optical fibrewerecombined in the

arrangement ill ustrated in figure 3.4b.A maximum transmitted power of 14mW was obtained

through a1 m length of 50µm corefibre, when using theCVI F10-810-4 narrow bandpassfilter.



CorkOpt PC-670D Laser Diode, Through
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Figure 3.3 Theoutput spectrum from theCorkOpt laser diode with a CVI F10-810-4 narrow bandpassfilter, measured

using theAndo Q6310B optical spectrum analyser. a) A themodesin the laser line(which changed relative intensity with

time). b) The fluorescent tail of the laser after filtering.

The spectral profile is shown in figure 3.3; the diode is clearly multimode in operation,with a

total spectral width approaching 1.5nm.

This devicewas powered using an ILX-LightwaveLDX-3412precisioncurrent source.

3.1.5. The filtering optics

For thereasonsgiven in section3.1.2,it is important to filter thelight from asemiconductor laser

if it is hoped to measure the light inelastically scattered by it. Laser filters with a high optical

density (OD, thenegative log to base ten of the transmission) outsideof thepass-bandmust be

used, and in this work all of the laser filters had specified ODs greater than 4. It is necessary to

use dielectric filters, as filters based on coloured glasswill fluoresce. Dielectric filters often

incorporatecoloured glassas asubstrateandadditional blocking element, but fluorescencecan

be avoided in this case by orienting the dielectric stack (recognisable as the shiny side of the

filter) away from the laser. In this way fluorescencefrom thecoloured glasswill beblocked by

thedielectric layer.

It should also benoted that thetransmissionof light through adielectric filter isa functionof the

angle of incidence, which is why the light has been collimated before filtering in this work.

Although dielectric filtersareavailablewith sharp transitionregionswithin a few nm of thepass

band,in thissystem wehavestudied thewavelengths longer than approximately 30nm than the

laser wavelength, andso standard, lessexpensive filters weresufficient.
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Figure 3.4 Thearrangementsused to filter and focus light from semiconductor laser diode sources. All lensesare anti-

reflection coated so that thereflection between 600nm and950nm isbelow 1%. a) In-line filter used with theSDL-7311;

two C170TM-B lenses(Thor Labs, UK) are used. b) Focusing andcoupling arrangement used with the CorkOpt diode;

c) Front view; the FC devicereceptacle accurately holds the optical fibre at the focal position of the lens.

Two filtering andcollimationdevicesweredesigned during thiswork, shown in figure3.4.Both

weremadefrom 2 piecesof aluminium, which were joined together by threeM3 bolts. A rubber

O-ring was clamped between the two halves of theshell , andby individually adjusting thebolt

tensions, the position of theoutput focus could bemoved. Themoulded aspherical lenses used

in thedesign wereanti-reflectioncoated for lessthan 1% reflectionbetween 600nm and950nm,

andweremounted with a0.5mm pitch thread (from Thor-Labs, UK).

The lossthrough the in-line filter device (figure 3.4a) was measured as 0.5 dB, plus the loss

through the filter that was used (seeappendix D). Coupling between the laser diode and the

optical fibrewas measured as 75%, multiplied by the transmissionof theoptical filter used.

3.2. The DiCon Optical Fibre Switch

A DiConoptical fibreswitch, model number S-12-L-62-FC-S, wasused to electro-mechanically

switch incident light between either of two optical-fibreprobes. The insertion loss(measured at

1310nm) waswithin 0.02dB of 1 dB for both ports, crosstalk between theoutput ports lessthan

80 dB, and the switching time below 20 mS. The switch was fitted with FC/PC optical fibre

connectors on1 m of low OH, 62.5µm core, fibreat each port.-

Switching pulseswereprovided in synchronisationwith theCCD framereadout, via thecustom

control electronics andsoftwaredescribed in sections 3.5.1.1and3.6.
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3.3. Optical Fibre Bundles

Several optical fibrebundleconfigurations were investigated during this work, but in each case

a central fibre was used to deliver light to an analyte, and the fibres surrounding it carried any

scattered light to aspectrometer. The theory of such arrangements is discussed in chapter 4.

Somefibrebundlesweremanufactured during thecourseof thework, but thebundlesused in the

experiments described in this thesis werepurchased from Oxford Electronics, UK, because the

typeof large-coreoptical fibreused wasnot availablein theORC. TheOxford bundlescomprised

95µm corefibres, with a100µm cladding diameter, andatotal diameter (including apolyimide

buffer) of 105 µm. The fibres were UV-grade sili ca, with a step index profile, and the NA was

0.22.One end of each bundle was supplied bonded andpolished in an SMA-typeconnector, at

theother endthefibreswereloose. Threesuch bundleswerepurchased,one40fibrebundle, and

two 20 fibrebundles.

The40fibrebundlewasused asastraightforward fibreprobe; micrographs of the tip areshown

in figure3.5.Thecentre fibrewas identified, andthe looseendwasbonded into an FC-typefibre

optic connector then polished to a1 µm finish. Thenumber of fibres from theprobewhich could

usefully beemployed to collect light was limited by the3 mm height of thedetector (described

in section3.5). A 3 mm wide, 110µm deep, groovewas machined in aluminium, and27of the

probefibreswerebonded in to it (seefigure3.6). The fibres werechosen so thoseclosest to the

centre fibrewere included in theslit , except for threefibres suspected of being fractured (due to

their dim appearanceunder themicroscopewhen ill uminated from the looseendof thebundle).

Further, thefibreswerearranged within theslit so that the fibres closest to thecentre fibrewere

closest to thecentreof theslit , so that any slight mis-alignment between theslit and thedetector

affected only the fibres in theouter ring in figure3.5.
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Figure 3.5 The optical fibre bundle was terminated in an SMA-type connector. The probe is shown ill uminated from

above in the left hand photograph, and the collection fibres (ill uminated from the slit ) are shown in the right hand

photograph.The bundle is0.8mmacross.

Figure 3.6 Fibreswerebonded into a2-part ferule. This linear array of fibrescould then be positioned at the input to the

spectrograph,forming an entranceslit . The slit is shown in this figure viewed from the front end (which points into the

spectrograph).

The micrograph in figure 3.7 Shows the optical fibre arrangement in the slit; the fibres are

ill uminated from the probe end.The secondmicrograph of figure 3.5shows the same fibres at

theprobeend,when ill uminated from theslit .

By clamping thetwo partsof theslit shown in figure3.6together with acrocodileclip, thefibres

could bethreaded through theslit in theorder described. The fibres werepushed through so that

they protruded approximately 40mmfrom theslit . Epoxy gluewas then applied to the fibres at

theback andthefront of theslit , andthefibresweregently slid back andforth to spread theglue

insidetheslit . Thegluewasreapplied twice, and then allowed to set. Theslit was then polished

to a 1 µm finish on a rubber polishing mat using the same proceedure as for polishing single

fibres in FC/PC connectors.
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Figure 3.7 Thefibresin theslit , which waspositioned at thespectrographinput. Thefibresareill uminated from theprobe

end in thismicrograph.Not all of the fibreswere photographed, but the packing wasconsistent acrossthe slit .

Figure 3.8 A schematic of thespectrograph.Potential bafflepositionsaremarked 1 to 6; no baffleswereused at positions

5 and6,asthey did not reducestray light. The input (optical fibre, array of fibres, or other source) waspositioned at the

focusof the input colli mator using an XYZ translation stage. The marked bright spotscorrespond to the different orders

of the diffracted light at 676nm (elastically scattered light).

Thetwo 20fibrebundleswereused to form abifurcated probe: thecentre fibre from each bundle

was bonded into a FC/PC ferrule and polished flat; the outer fibres from each bundle were

interleaved in the slit , so that 13 fibres from each bundle were bonded into the slit , again with

thoseclosest to thecentre fibreat theprobeendof thebundlespositioned closest to thecentreof

theslit .

3.4. Grating Spectrograph

Thecompromisesmadein thedesign of thespectrograph,morethan any other part of thesystem,

determinedetection limitsandintegrationtimesof any measurementsmadeper milli watt of laser

power. The spectrograph must sufficiently resolve the separate wavelength components of the

light input to it; at thesametimeoptical throughput must besufficient to ensurethat theabsolute

signal level at thedetector ismeasurable in an acceptableperiodof time; in addition, theoptical

signal to noise ratio must be maximised, because detector signal to noise is irrelevant if the

optical signal at thedetector is masked by stray light.
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Figure 3.9 A black cavity at the endof the CCD minimised back reflectionson to the grating.

A dispersive spectrograph design was chosen for this work, as, when coupled with an array

detector, nomovement of thegrating is necessary, and thespectrographcan bemadecompactly

using theminimum number of optical elements. To achieve the required optical signal to noise

ratio, the design was based around a concave holographic diffraction grating. This was a

compromise against the improved efficiency of the mechanically ruled gratings, which are

produced with blazed profile to increase theefficiency of diffraction in to particular orders, but

which suffer from ghost lines due to periodic errors in the ruling process.

3.4.1. Holographic diffraction grating

Thediffractiongrating wasproduced by Jobin-Yvon ISA, anda technical drawing based on that

supplied by ISA isshown in figure3.10,with theassociated dimensions, andother information,

li sted in tables 3.2 to 3.4. The grating is a replica, pressed from a holographically produced

master. The groove spacing is non-linear, to correct for certain optical aberrations, but

400grooves/mm is quoted for use in thegrating equationof section2.4.3.
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Part number 523 00 360

Grating number 43457

Substrate diameter 70 mm

Grating (ruled area) diameter 60 mm

Radius of curvature 211.6 mm

Groove density (and groove pitch, d) 400/mm (d=2.5×10  m)-6

Ghost line intensity <10 %-10

500 nm 650 nm 800 nm

Diffraction Eff iciency 28% 32% 27%

Spectral range 480 nm to 1000 nm

Substrate material ZKN7 glass

Table 3.2 The diffraction grating specifications, compiled from the manufacturersdata.

Figure 3.10 The grating arrangement in monochromator and spectrograph configurations. The input slit is at A; in a

monochromator the output slit is at B, in a multi -channel spectrograph the flat-field output extends25mm, centred on

the point B.

Distance from entrance slit to grating centre, lA 210.87 mm

Distance from grating centre to exit slit , lB 206.77 mm

The deviation between the entrance and exit slits, Dv 15.75º

Diffraction order, m -1

Table 3.3 Monochromator dimensions for the 52300360grating.
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Length of the flat field spectrum 25 mm

Shortest distance between the flat field spectrum and the grating
centre, lH

206.63 mm

Angle between spectrum normal , l , and l , �H B 2.08º

Extreme
parameters:

�
i r Entrance dispersion Flat field dispersion

� *min 474 nm -15.12º 4.09º 11.4 nm/mm 12.1 nm/mm

� *max 1000nm -17.76º -5.47º 11.3 nm/mm 11.9 nm/mm

*NB; �  and �  are for different grating rotations.min max

Table 3.4 Spectrographdimensionsusing the 52300360grating.

(3.1)

When the deviation D between the input slit and the output slit is constant, and the grating isv

rotated so that the angle of incidence i is varied, i is related to wavelength � at the output by

equation3.1

If thegrating is to beused in thespectrographmode, whereall optical componentsarestationary,

then theanglebetween the input slit andthenormal to the flat-field output spectrum is D + � . Av

300nm regionof thespectrum within the range400nm to 1000nm is dispersed acrossthe flat-

field output, selected by rotating thegrating.

3.4.1.1. Grating mount

The mount designed for the grating (shown in figure 3.11) allows rotation of the grating about

itsaxisof bulk cylindrical symmetry, rotationabout theaxisparallel to thegroovesandtangential

to the thinnest part of the grating, and tilt about the axis perpendicular to the grooves and

tangential to the centre of the grating. The grating back plate was attached to the back of the

diffractiongratingusingacrylatebased “super glue”. It wasaligned normal to thegrating grooves.
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Figure 3.11 The grating mount used to position the concave holographic diffraction grating within the spectrograph.

Figure 3.12 The lensand filter arrangement used at the spectrograph input.

3.4.2. Input collimation optics

Figure 3.12 shows the optical arrangement at the spectrograph input. The optical source (eg

optical fibre) is positioned at the focus of the first lens using an XYZ translationstage, and the

collimated light is filtered through 9 mm of long-wave-pass colour glass. The second lens

refocuses the light at a3.5mm × 0.1mm slit , at the focus of theconcavediffractiongrating.

The outer surfaces of the two end filters were coated with the same AR coating as the lenses,

R<0.25% between 670nm and 1000nm, and index matching fluid was put between the inner

filt er surfaces. However, because of the physical slit , any stray light formed within the input

collimator does not degrade the resolution of the spectrograph. Although the NA on the input

collimator was lessthan that of thefibres, it matched thegrating NA, so spectrograph throughput

was not affected. Theabsorbanceof 3 mm thicknessfilters areshown in appendix D.
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3.4.3. Baffles and beam traps

After the light from the input slit strikes thediffractiongrating it is dispersed by thediffraction

grating it isdispersed by threemechanisms: diffraction from thegrating grooves, random scatter,

and diffraction from periodic errors in the groove spacing (ghost lines). Any light that is not

scattered into thedesired diffractionorder will interferewith the input signal if it is subsequently

arrives at theoutput of thespectrograph.

Most of the light scattered away from the detector is properly diffracted according to

equation 2.23, but a significant fraction of it is in the unused orders. The efficiency of the

holographic grating used in thiswork wasapproximately 30% over therange600nm to 900nm,

see table 3.2, that is 70% of the light might possibly arrive at the detector as stray light.

Fortunately, the path of this light is well defined (because the grating is fixed, and the rangeof

input wavelengths iswell defined), and it iseasy to mount bafflesat appropriatepositions within

thespectrograph to shield thedetector from any bright spots on thespectrographwall .

Initially 5 baffles weremounted in thespectrograph,at thenumbered positions in figure3.8.In

order to determine the effect of each one, a 20 mW signal was input directly into the

spectrograph, and the detector output was recorded. Each baffle was removed in turn, and the

detector output measured again. Removing the baffles at positions 1 and 5 made no difference

to thestray light levels, andthey werenot replaced. Including Theremaining bafflesreduced stray

light at 676nm by 3.4%. Most of thestray light landing on thedetector comes directly from the

surfaceof thegrating, as randomly scattered light.

Random light ismore insidious, and impossible to completely eradicatedue to thenatureof the

grating substrate (it is impossible to fabricate a perfect mirror even). However, it is a weak

phenomenon,andonly random scattering of signalsseveral ordersof magnitudegreater than the

signalsunder investigationcan bedetected. As theonly potential sourceof light at this intensity

is the laser, which is blocked by the input filters, this sourceof error is negligible.

Theholographic grating used in thiswork hasnegligibleghosting quoted as1:10 , negligible for10

the purpose of this work, again due to the filtering of light at the laser wavelength at the

spectrograph input.

One further potential source of interference is from reentrant spectra: light incident on the

detector isreflectedby Fresnel reflection,anddependingonthegeometry of thespectrographmay
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Figure 3.13 The arrangement used to measure the spectrograph throughput. The 62.5µm, step-index core fibre was

positioned at the spectrograph input using an XYZ translation stage.

arriveback at thegrating, where it is re-diffracted to adifferent positiononthedetector. This can

be completely eliminated, at the expense of resolution,by tilti ng the diffraction grating so that

thereflected light doesnot arriveat thegrating, although this was not done in this spectrograph.

Reentrant light at the laser wavelength, reflected from theedgeof thedetector packaging, caused

problems in some of the early measurements made with thespectrograph.This was minimised

by inserting thebeam trap shown in figure3.9.

3.4.4. Measured spectrograph performance

Thespectrograph throughput was measured as 25%±3.8% at 633nm, using thearrangement of

figure3.13.Thefibrewas positioned directly at the input to thespectrograph,without the input

optics described in section3.4.2.

3.5. Detector Electronics and Control Hardware

A Hamamatsusili conCCD detector waspositioned at theoutput planeof thespectrograph,which

wascontrolled in synchronisationwith theoptical fibreswitch viacustom hardwareandsoftware.

Theactiveareaof thedetector was 12.5mm long, andcovered aspectral rangeof 150nm.

3.5.1. Hamamatsu CCD detector

The Hamamatsu CCD detector was supplied built in to a package containing a Peltier-type

thermo-electric cooler, and most of the electronics necessary to maintain the cooler at a
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(3.2)

temperatureof 0ºC, andto provide themultipleclock phases to theCCD IC itself. Thedetector

active areawas 12.28×3.07 mm, formed from 512×128, 24 µm-square pixels. Although the

device is a 2-dimensional array, the charge in each column of pixels was binned in each

measurement, so the output was equivalent to that from a linear array of 512 elements, each

3.07mm tall . Complete specifications for thedevicearegiven in thedatasheets reproduced in

appendix C.

Thermally generated electronsdegradethedynamic rangeandsignal to noise ratio in any single

measurement period,from theshot noisecontributionof thethermal noise, andbecausetheCCD

pixelsbecomesaturated by thermally produced charge. Therateof thermal chargeaccumulation

has been measured as 450electrons/pixel/second(averaged over thewholeCCD surface).

Assuming that all of thepixels in acolumn are ill uminated andbinned, thesignal to noise ratio

of thedetector is given by equation3.2.

Theterms in thedenominator are (from left to right) theshot noisedue to the incident light, the

shot noise in the accumulated thermal charge, and the readout noise. E is the irradianceat thein

detector input, A is thepixel area, # is thenumber of pixels in acolumn (equal to 128), 	 is thepix

integration time, S is the detector responsivity, q is the charge of an electron, D is the rate ofd

accumulationof thermal charge, andN is the readout noise in electrons.r

3.5.1.1. Control and readout electronics

The CCD detector head requires a clock signal at a frequency up to 1 MHz, and start pulses to

initiatereadout of theCCD device. Thesesignals weregenerated by aLabPC+ data-acquisition

card (National Instruments, CA) under softwarecontrol (seesection3.6), however, digital buffer

circuitry was required, and a schematic diagram of this is shown in figure 3.14.Power was

supplied to theCCD from 2 OEM-type linear power supplies onespecified for ±15V at 0.72A

and5 V at 2.7A, theother for +24V at 0.45A (part numbers IHBAA-40W andIHA25-0.5from

International Power, CA, supplied by XP Plc, UK). The power supply and buffer circuitry was

built into the same case; all connections to the CCD were via a 15-way D-type connector, and

connection to the LabPC+ card was via a 2 m long, 50-way ribboncable terminated with IDC-

typeconnectors. Theanalogueoutput from theCCD wasrouted directly from the15-way D-type
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Figure 3.14 A schematic diagram of thecontrol andbuffer electronicsused to interfacethe CCD counter to the LabPC+

data acquisition card.

connector to the50-way IDC cableby asoldered connection.A datasheet for theLabPC+ card

is reproduced in appendix C.
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TheCCD output voltagewasmeasured by theLabPC+ analogue-to-digital (ADC) converter. This

has 12-bit resolution, and a minimum conversion time of 12 µS. The ADC has a software

controllablepre-ampli fier gain of upto 100,which allows low-level signals to makebest useof

the 12-bit resolution. The ADC was configured in dual input differential mode (as opposed to

single input earth referenced mode); this reduces interferencefrom external noise sources to a

minimum. Carewastaken to avoid groundlinenoiseby using low inductancegroundpaths, and

isolating thesignal path from electrical earth at all partsof thecircuit. A 1.5m long coaxial cable

wasused to carry theoutput signal between theCCD head andthe15-way D-typeconnector, and

the50-way IDC cablewas shielded with 3 layers of aluminium cooking foil .

3.6. Control Software

Thedataacquisitionsoftwarefor thisproject waswritten using theANSI C-conforming National

Instruments compiler, CVI version 3.1. The operation of the software written to control the

Hamamatsu CCD detector, andthesourcecode, is described in appendix B. An overview of the

operationof thesoftware is given in this section.

Theprogram, called ccdarray.exe, runsunder Microsoft Windows3.1,andcontrolsboth theCCD

array andtheDiConoptical-fibreswitch,which ismoved in synchronisationwith theCCD frame

time. Aswell ascontrolli ng thehardware, thesoftwaremust display therecorded data, andmake

certain system corrections. A relative intensity correctionwith wavelength can beapplied to all

measured spectra. This corrects for detector photo-response non-uniformity, variations in the

detector quantum efficient with wavelength, variations in the grating diffraction efficiency, the

input filtersat thespectrographinput, andthetransmissionof theoptical fibrebundleused in this

work. This correction was derived using a black body source(Optronics Laboratories OL480),

at a temperatureof 1200ºC anda0.0125inch aperture.

All operationof theCCD is controlled via thesoftwarewindow shown in figure3.15.TheFile

menucontrols therecording of data, and thesetting of any system backgroundsubtraction to be

made; the Read_CCD menu is used to start data acquisition, in either single reading, multiple

reading (ieaveraging), or continuosreadingmode; andtheAxesmenucontrols theformat of the

axesused to display thedata. Therangeof theintensity axiscan bevaried,andit may beswitched

between either a logarithmic or a linear scale; CCD column number, wavelength, or frequency

shift from the laser wavelength can bedisplayed on theother axis.
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All the operating parameters of the the LabPC+ card (preampli fier gain) and the CCD (clock

period,start pulselength, and integration length) areset, andcontinuously displayed, onthefront

panel. Software operation is also controlled via the front panel. The System Correctioncontrol

selectsbetween nocorrection,correction for theCCD andgrating efficiency only, or correction

for theentireoptical path from theoptical-fibreprobe to thedetector. TheAverages control sets

the number of averages to be made, in groups of 24. While groups of 24 is arbitrary (it is

convenient to fill amemory array which isalready defined in theccdarray program), it should be

noted that the CCD displays a noise component with a period of 4 readout cycles (see

appendix C), so any averaging should be in multiples of 4.

The Read Mode control selects between normal, background subtracted (which subtracts a

previously stored backgroundfrom each measurement), and reference cell subtracted (which

subtractsspectrafrom areferencecell from asubsequently recorded spectrum from asamplecell ,

in conjunction with the DiCon optical-fibre switch and Oxford Electronics bifurcated fibre-

bundle). The Shots control may be set from 1 to 25, and determines the number of sequential

spectra recorded in each dataset.

Also on the front panel is space to record the data file name, text describing the probe

configuration,and other any comments, which are all saved in the data file. The most recently

acquired spectrum or averageisdisplayed onthegraph,andwhen theaquisition is complete, the

individual spectra in theset can bedisplayed using thearrowsontheDisplayed Spectrumcontrol

(doubleclick it to automatically step through each spectrum).
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Figure 3.15 The interfaceto theCCD Array readout program. Data isacquired andsaved using the menubarsat the top

of the screen. System parameters are entered directly into the boxes in the window. All parameters, the date, and any

comments typed into theappropriateboxesaresaved with thedata. Here the intensity isshown plotted against a logscale

to accentuate the lower peaksand the readout noise.

Hamamatsu C5809 CCD Data. Date: 27.7.1997
Read mode: 1
LabPC+ ADC gain: 1
Integration Time: 2.000160e-01 seconds
No. of averages: 0
System correction: 3
Probe/input arrangement: fibre 2, 4.5mL/L of 600mg/L PB -+4%, 14.9mW
Comments: 5×24 readings in background, laser = 134.2mA
 Wavelength/nm Wavenumber shift Normalised data
 860.660000 3209.005178 -3134.819149 -200555.657909 -179129.950854
 860.370400 3205.094235 1.083672 1.083672 5.727958
 860.080800 3201.180658 -0.308891 -0.308891 7.799513
 859.791200 3197.264445 0.142926 1.286336 7.003382

Figure 3.16 The first 14 rows of a typical data file from the program ccdarray.exe. Threecolumns of data have been

recorded in thisexample; each data set comprises512points, corresponding to the 512CCD columns.

Data is filed by using theFiledata option from theFilemenu,andthe intensity profiles for each

of therecorded spectraissaved in columnsasASCII text, along with other information,asshown

in figure3.16.

Thefirst lineof thedata file is a lineof text which identifies thesourceof the file, and thedate

on which it was recorded. An integer is recorded for the read mode (0=normal, 1=background

subracted, 2=reference cell subtracted), and for the system correction (0=none, 1=CCD and

grating only, 2=undefined, 3=full system correction). If no averaging was performed then the
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Figure 3.17 (Figure 3.1repeated.) A general configuration of the hardware described in thischapter.

number of averages is recorded as0, otherwisethetotal number of readings that areaveraged in

each spectrum is shown.

3.7. Signal Processing Schemes and Reference Cell Subtraction

Of the automatic data conditioning described above, the system correction and background

subtraction schemes are commonly foundin many instrument control packages, supplied with

commercial spectroscopy equipment. Even so, correction for instrumental response is often

omitted in measurements using dispersive equipment , although not in the measurements[71]

presented in this work.

The reference cell subtracted mode is an original element of this system, and its operation and

effects will be described in this section.The technique should allow the detection level of any

impurity to bereduced,by continuously comparing thesignal from theanalyte, in thesamplecell ,

to that from areferencesampleof well known characteristics. This compensates for any drift in

the components of the system, or in the properties of the sample itself, due to environmental

changes. Theeffect of thereferencing issimilar to using a lock-in ampli fier technique, but more

effective, as offset originating in the sample itself (such as any background fluorescence) is

rejected too.Theessential elements of theschemeareshown in figure3.17,which is acopy of

figure3.1,repeated herefor convenience. Although thetechnique is ill ustrated herewith optical-

fibreprobes, it isequally appropriate to useany other methodof light delivery andcollection. It

is, however, particularly convenient to use optical-fibre probes because of the ease with which

they may bepositioned and interfaced with different samples.
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Unfortunately, it was not possibly to evaluate this technique experimentally, due to a cracked

deli very fibre in one of the arms of the bifurcated fibre probe. Time constraints prevented the

reassembly of thebundles for proper evaluation.

3.7.1. Operation

Excitation light is delivered to each cell in turn via the centre fibres of the bifurcated probe

described in section3.3.Theexcitationlight isperiodically switched between thetwo cellsso that

each cell is ill uminated for thesameamount of time. This switching is controlled via the timing

circuitry of the Lab-PC+ card and the CCD buffer circuitry, as shown in figure3.14,so that 32

consecutive readings from the CCD aremade; the first 16with the referenced cell ill uminated,

and the last 16with thesamplecell ill uminated.

Light scattered from thesamplesandcollected by thefibreprobesisdelivered to thespectrograph

via the slit arrangement described in section 4: 13 fibres from each bundle are interleaved in a

vertical array. The light from the fibre is dispersed onto theCCD detector, andmeasured using

the12-bit analogueto digital converter of theLabPC+ card. Becauseduring the finiteswitching

timeof theoptical fibrethereading from theCCD isspurious, thefirst andlast reading from each

cell isdiscarded. Theaverageof the14valid readings from the referencecell is then subtracted

from theaverageof thereadingsfrom thesamplecell , andthisresult isstored asrunning average.

This cycle is repeated as required.

Any offset between the readings from the two cells, which may be caused by extra attenuation

in one port of the optical fibre switch, or differences in the collection efficiencies of the fibre

probes, can be recognised by differences between the intensity of common features in the two

spectra. In thecaseof an aqueoussolution,asuitablereferencemight beoneof theRaman bands

of water, for instance. Such differences may be removed either by scaling the recorded output

from oneof thecellsby asuitableconstant during thedataprocessing (an option which has been

built in to theccdarray program), or by attenuating the light delivered to oneof thecells by some

mechanism.

3.7.2. Effect on the signal to noise ratio.

If the noise in the measurement electronics is negligible, then the effects of increasing the

integration time of the CCD, or averaging many frames from the CCD (and then perhaps

subtracting a previously measured background), are similar to those of a low passfilter at the
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CCD output: high frequency noise is removed from the measured signal. The longer the

measurement timeT, thelower theeffectivefrequency cut-off of themeasurement (approximately

2� /T), and thebetter thesignal to noise ratio.

Alternatively, by constantly subtracting thebackgroundmeasured from areferencesample, which

sharesall thefeaturesandtheenvironment of thesignal from theanalyte, variationsover aperiod

any greater than the time taken to measure one referenced spectrum, t, (32CCD frames for the

equipment asset up in this work) arealso rejected, setting ahigh-passcut-off of approximately

1/t. In this way thesystem behaves as anarrow bandpassfilter, better than thesimple low pass

filtering effect of long integration time and backgroundsubtraction. This could be especially

significant if pink noise, which hasapower spectrum that is inversely proportional to frequency,

is a significant feature of the detector output, such as from aphotodiode in combinationwith a

transimpedanceampli fier.

3.7.3. Possible causes of error

The results from this signal processing scheme may beadversely affected by any detector non-

linearity with optical power. Thiswould beapparent if therewasasignificant differencebetween

the average intensity collected from each sample, perhaps due to a grosscoupling mismatch

between oneprobeandthesample, or becauseof astrong backgroundemissionfrom onesample,

andhencean offset between thesignal measured from the two cells.

3.8. Conclusions

The major items of equipment that have been designed and built , or purchased, for use in this

work have been described in this chapter, as has the software which was written to control the

CCD detector andoptical switching, and to condition themeasured data.

The resolution of the spectrograph is limited by the diameter of the optical fibre cores at the

entranceslit . The optical fibres used in most of the work described were 95 µm core diameter

(105µm outer diameter), limiti ng thewavelength resolution to 1.2nm. Using smaller diameter

corefibre(of thesameouter diameter) would givebetter resolution,but decrease theamount of

light collected by theoptical fibres(seechapter 4). A resolutionof 1.2nm was sufficient for the

characterisation of the system elements described in this thesis. However, when monitoring

analyteswith particularly narrow spectral features (such as Raman lines, which can be lessthan
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1 cm (0.05nm at 700nm)), then a higher signal-to-noise ratio could be achieved with better-1

resolution. The resolution improvement should be achieved using a diffraction grating with a

higher dispersion (which would not alter the optical power incident onto the detector). Better

resolution achieved by using a narrower physical slit in the spectrograph, or by using optical

fibres with a smaller core diameter, results in a lower collected optical power, and no overall

signal-to-noise advantage. A decreased spectral range could be acceptable if specific analytes

wereto bemonitored,with characteristic featureswithin asmall spectral range. (Better resolution

offers noadvantage if thespectral features arebroader than thespectrograph resolution.)

A 676nm semiconductor laser sourcewasused during thiswork so that awiderangeof samples

could bestudied, with emitted light in theregionof optimum responsivity of thesili condetector.

The measured characteristics of the semiconductor lasers used have been presented (the

characteristicsof theoptical filtersused in this work aregiven in appendix D). Thecomponents

in,andtheconstructionof, thespectrographhavebeen described,with themeasured performance

of thesystem. Theoperationof thespectrographdependsoncomputer control, andtheelectronic

and software interfacehas been described (a full software listing, and further details of the

softwareoperating proceduresaregiven in appendix B). Finally, adescriptionof theadvantages

of thenovel dataaveraging techniques availableusing thesoftwareandbifurcated optical-fibre

probes havebeen given.

A selectionof Raman spectrameasured using thespectrographarepresented in appendix E.
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 In this work, and especially in this chapter, the light incident onto, or into, the sample has2

been referred to as theemitted light (becauseit isemitted from theprobe). It may also be termed
excitation light, andother authorsmay then term any subsequently scattered light, aswell as light
that is absorbed and then re-emitted, as emitted light.
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4. Optical-Fibre Probe Designs

Theintensity of Raman scattered light, or thefluorescent light from aweak solutionof an analyte,

isalwaysmuch lessthan the intensity of elastically scattered light. For optimum signal to noise

ratio measurementsof fluorescent or Raman emission thecollectionof any elastically scattered

or reflected light must beavoided. As was mentioned in chapter 2, theelastically scattered light

may often beconcentrated in the forward direction,but fluorescenceandRaman scattered light

isequally intense in theforward andbackward direction. A back-scattering collectiongeometry,

collecting light scattered directly back towards the light source, is therefore the most desirable

arrangement, as the ratio of inelastically scattered light to elastically scattered light that is

collected is raised . This is also a particularly convenient arrangement for any remote2

measurement, as accessto thesample is only required at onepoint.

In thiswork thetheory of fluorescent or scattered light collectionviasingleandmultipleoptical-

fibreprobeshasbeenaddressed. In thischapter mathematical modelsfor such optical-fibreprobes

are derived in terms of the fundamental parameters of the analyte and probe, and shown to be

moreaccurateandcomplete than any previously published models foundby theauthor.

4.1. Review

4.1.1. Single-fibre probes

Only asingleoptical fibre isnecessary to perform extrinsic measurementsof wavelength-shifted,

ie inelastically scattered light (figure 4.1). Probes of this type are small , cheap, and efficient

collectors of scattered light. They are commonly used for fibre-remoted measurements of

fluorescenceandabsorption in theUV-VIS-NIR regions of theelectromagnetic spectrum.



α
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Figure 4.1 a) A single-fibre probe; the overlap between the emission cone and the collection cone is complete. b) A

multiple-fibreprobe; light isonly collected from part of the ill uminated volume, astheemission cone andcollection cone

do not completely overlap, andno light is collected from the region z<z.i

However, thesensitivity of measurementsmadewith asingle-fibreprobecan be limited by back

reflections (Fresnel reflection) from the fibre tip. Polishing the tip of the fibre at an angle can

direct the light reflected at theprobe tip out of theoptical fibre, but collectionof thedistributed

backscatter from the whole length of the fibre is unavoidable. Although a spectrometer with

suitably high stray light rejectionmay beableto removevirtually all of thescattered andreflected

light at the incident wavelength, when a single-fibre probe is used then Raman scatter and

fluorescent light, both originating within thefibrecore, will interferewith weak signals from the

analyte.

Theunwanted fibre fluorescence, which is normally particularly troublesomewith UV or short-

wavelengthvisibleexcitation,islessintensewhenusinghigh OH content (wet) sili ca, UV-grade,
�

fibre. Generationof Raman light within thesili cacannot besimilarly avoided as this broadband

scattering results from the vibrations in the glassitself, although these vibrations are all below

1400 cm . A measured Raman spectrum of pure sili ca glass is shown in figure 4.2. These-1

interfering components can be almost entirely rejected from measurements made through

multiple-optical-fibreprobes by using filters at, or close to, the fibreprobe tip .[72][73]
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Figure 4.2 The(Stokes) Raman spectrum of avitreous(fused) sili cafibre, recorded by Ma , with the low wavenumber[73]

andhighly temperature dependant anti-stokesspectrum shown inset.

4.1.2. Multiple-fibre probes

If separate optical fibres are used to carry light to and from the probe, then the optimum

placement of optical filterscan beused to reject any potentially interfering light. A narrow-band-

passfilter after the emission fibre ensures that only light at the laser wavelength reaches the

analyte. A notch filter (or a long or short-passfilter) before thecollection fibres, or close to the

probetip,can removeany elastically scattered (unshifted) light which could generatefibreRaman

or fluorescencebetween the analyte and the spectrometer. Because much more unshifted light

than shifted isusually collected in aRaman measurement, removing this component can reduce

thestray light within thespectrometer too.

Therearetwo broad classesof multiple-fibreprobe: thosewhereseparatedelivery andcollection

fibresareused in theprobe, and thosewhere the light from thedelivery andcollection fibres is

multiplexed into a (short) length of a single fibre. Probes in the first category are lessefficient

than those in the second,due to the incomplete overlap of their emission and collection cones.

Probes in the secondcategory can have efficiencies approaching those of single-fibre probes.

Light can becoupled in andout of theshort sensor stubviaadielectric colour-separation filter,

which can efficiently reflect light in onebandof wavelengthswhiletransmitting light outsidethat

band. The emission and collection cones then overlap as in a simple single-fibre probe,

unfortunately filter transmissionis typically below 80% if asharp transitionbetween transmitting

and reflecting regions is required.

A further advantage of using bundles of optical fibres to collect light scattered from an analyte

is that a circular light-collection area is easily transformed to match a linear slit at the

spectrographinput. Light isusually most efficiently collected from acircular regionof theanalyte
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Figure 4.3 The overlap between the emission and collection cones may be increased by a) angling the two fibreswith

respect to one another b) angle polishing the tipsof the fibres.

(for instance around a focused spot of excitation light). The resolution of a dispersive

spectrometer (ie one in which the different wavelengths of light are separated by a diffraction

grating or prism) is usually limited by the width of the input slit . By rearranging the collection

fibres as a linear array, all of the light collected from thecircular input aperturecan becoupled

through a spectrometer input slit , with the same f-number as the collection fibres. (This would

be impossible to achieve using conventional optics: either the image of the circular collection

aperturemust bedemagnified, requiring a lower f-number input slit , andpotentially overfilli ng

the internal optics of the spectrograph; or part of the image of the collection aperture must be

discarded, with consequent lossof signal.)

4.1.3. Improving the efficiency of optical-fibre probes

Theamount of light collected by multiple-fibreprobes may be increased either by arranging the

collection fibresat an angle to theemission fibre, or by angle-polishing the tips of theemission

and collection fibres (figure 4.3). An angle of 9º between fibres of NA 0.22will increase the

collected light intensity by about 70% with respect to parallel fibres in aclear colourlessanalyte

of refractive index 1.33.Theoptimum angle increases as the fibreNA, or thesample refractive

index increases .[74]

Aswell as thedifficulty of fabricating such probes accurately andconsistently, theefficiency of

angle-polished probes varies more rapidly with changes in sample refractive index than simple

parallel-fibreprobes. Also, when angled-optical-fibreprobes arecoupled with capill ary cells (as

will bediscussed in chapter 5), becausetheemissionandcollectioncones haveseparateaxes, it

may beimpossible to confinethe light within both theemission andcollectioncones. No results

from angled or angle-polished fibreprobes arepresented in this work.
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4.2. Parallel-Fibre Probe Model

In this sectionamathematical expression for the intensity of the light collected by adual-fibre,

parallel, flat-tipped fibreprobe that is immersed in ascattering analyte is developed. By setting

thefibreseparationto zero, themodel also describesasingle-fibreprobe. Themodel iscompared

to other models from the literature , and shown to be a more complete and more[74][75][76][77][78]

accurate representationof experimental measurements.

The system modelled is shown in figure 4.4: parallel, flat-tipped, step-index fibres are aligned

with their endfaces lying in theplanez=0, andseparated by adistanceD between the fibreaxes.

Thecollection fibrehascoreradius r and numerical apertureNA ; theemission fibrehas radiusc c

r and numerical aperture NA . The region of spacewhere z>0 is fill ed with an absorbing andm m

scattering sampleof refractive index n. By setting thefibreseparation to 0, andmaking the fibre

parameters for collection and emission fibres identical, the model also describes a single-fibre

probe.

Themodel isbased onray optics, rather than on fibremodes, which is appropriate for the large-

core, multimodefibresunder consideration.Scattering isassumed to be isotropic, which is valid

for fluorescent light, and within 5% for Raman scattered light as long as
�

+
�

<13ºNAm NAc

(
�

+
�

are as marked on figure 4.4,where eg
�

=asin(NA /n)). Fresnel reflection at theNAm NAc NAm m

probe tip has been ignored, but for a probe immersed in water this only amounts to a small

fractionof apercent. There isalso asmall approximation involved in the inclusionof theanalyte

absorbanceat the emission wavelength, � , which introduces lessthan 1% error as long as them

product � r <0.01.m 0

It should be noted that this theory takes no account of leaky fibre modes. In the context of this

model, leaky modescompriserayswhich donot passthrough thefibreaxis, which makean angle

to it greater than that required for total internal refection,but which, because of the cylindrical

shape of the fibre, meet the core cladding interfacebeyondthe critical angle, and are therefore

reflected . Such rays are not fully guided, but can propagate over thousands of metres. This[79]

meansthat themodel is strictly valid only when thecollection fibre length is greater than a few

kilometres, or is a short length of graded-index-core fibre, where the leaky modes increase the

effective fibre NA to that of a step index fibre with no leaky modes. Only light originating just

outside the collection cone, or in regions 1, 3, or 4 in figure 4.4 can excite leaky modes. The



zi � D � rc � rm

tan � NAc � tan � NAm
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Figure 4.4 Theprobecomprisesparallel, step-index, multimodefibres. Light from theemission fibre, of radius r , formsm

a cone of light having an angle � to the fibre axis (the emission cone). Light scattered within a cone of angle �NAm NAc

incident on to the core of the collection fibre (the collection cone) will be transmitted by the collection fibre, provided

that it iswithin the collection fibre numerical aperture, andnot absorbed before reaching the collection fibre.

relativecontributionof leaky modesto the light collected is seen to besmall when this model is

compared to experimental data (section4.3).

Becauseonly light originating in the intersectionbetween theemissionand thecollectioncones

is collected, shown hatched in figure 4.4, there exists a distance z before which no light isi

collected, wherez is given by equation4.1.i

(4.1)

Thetwo quantities that areof interest when evaluating theperformanceof an optical-fibreprobe

are the collected light intensity per unit length from aplaneof differential thicknessdz parallel

to thefibre tips, dP(z), and the integral of dP(z) from the fibre tips to adepth z in thescattering

medium, P(z). Both of thesequantitiesarenormalised with respect to theemission intensity, and

thescatterer number density andscattering crosssection.The first of these, dP(z), is termed the

differential efficiency of the probe; it can be used to find the region from which most of the

scattered light is collected (at the maximum of the differential efficiency, where dP(z)=0). If a

planar sample isunder investigation theoptimum separationbetween probeandsample is at the

valueof zwheredP(z)=0. Thesecondquantity, P(z), is referred to as theefficiencyof theprobe;

it is the total intensity of light collected from theanalytebetween the fibre tip andadepth z.



dPdV(r, � ,z) 	 ETE(r,z) 
 n� 
 � 
 Tc(r, � ,z) 
 
 (r, � ,z) 
 dV(r, � )

rNAm 	 rm � z
 tan( � NAm)

rNAc 	 rc � z
 tan( � NAc)
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(4.2)

(4.3)

Therest of thissection(4.2) describes thedetailsof thenumerical integrations made to calculate

dP(z) andP(z). Any reader who is only interested in the results of those integrations may move

ahead to section 4.3, where the mathematical predictions are compared with experimentally

measured values.

Three coordinate systems are used in the model: two circular-cylindrical sets, (r, � , z) and

(r', � ', z'), which sharethecylindrical axesof theemission fibreandcollection fibre respectively,

andaspherical-polar set, ( � , � , � ), centred onthedifferential scattering volumedV(r, � , z). The

intensity of light which is scattered from a differential volume element dV(r, � , z), and then

accepted by thecollection fibre, is dP (r, � , z), given by equation4.2.dV

E is thetotal intensity of the light emitted from theprobetip; E(r, z) is thenormalised irradianceT

of that light in theplanez, acrossthecollectioncone, which is symmetric with respect to � , and

includesany absorptionat the incident wavelength; n is thenumber density of scatterersper unit�
volume; � is thescattering crosssectionof each scatterer; T (r, � , z) is theaverage transmissionc

at the collected wavelength between dV(r, � , z) and the collection fibre tip; 
 (r, � , z) is the

collection solid angle from the scattering volume, ie the solid angle within which scattered

photonswill beacceptedby thecollectionfibre, (which doesnot necessarily encompassthewhole

of thecollectionfibresurface); anddV(r, � ) is thevolumeof thecylinder of differential thickness

dz from which thescattering originates. Morecompleteexpressions for each of thesequantities

will begiven shortly.

To finddP(z), dP (r, � , z) must benormalised (by dividing out theconstantsn , � , andE ), anddv � T

integrated over the z plane. Because light is only scattered from within the emission cone, and

only collected from thecollectioncone, the integral need only bemadewithin theoverlap region

between thesetwo cones. If z<z (from equation4.1), then there is nooverlap, anddP(z) is zero;i

when z>z, theoverlap region falls into oneof theclasses ill ustrated in figure4.5,depending oni

the emission and collection fibre core radii and numerical apertures, the fibre spacing, and the

distancez from theplanez to thefibre tips. Thecircular crosssection through theemissioncone

has a radius r (z), and through the collection cone the radius is r (z), both as given inNAm NAc

equation4.3.



dP1(z) � 2 �r2(z)

r1(z)

�
�

(r,z)

0

dPdV(r, � ,z) � rd� drdz

dP2(z) � 2 �r1(z)

0

� �
0

dPdV(r, � ,z) � rd� drdz
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Figure 4.5 Planes of constant z through the region of overlap between the emission cone and the collection cone: the

shaded regionsrepresent theareaof the integration to finddP(z), in certain casessubdivided into dP anddP , to simpli fy1 2

the integration. The integrations in each case are over the variables r and � (as marked in part g). The cases a to g are

descried mathematically in table 4.1.

(4.4)

The areas of integration on these planes, ie the overlap of emission and collection cones, are

shown shaded in figure 4.5. Previous workers have either performed the integration of

dP (r, � , z) over the whole of the collection cone , using a step function to discriminatedv
[74]

between the regions within and without the emission cone, or havedefined theboundaries and

performed theintegral in rectangular Cartesian coordinates . Thefirst methodprecludes theuse[75]

of efficient numerical algorithms, and neither method makes full use of the symmetry of the

system to reducethecalculation time, particularly in thecaseof asingle-fibreprobe, where the

problem is fully symmetric about thez axis.

Depending ontheoverlap between thecollectionandemissioncones, thelimitsof theintegration

can most easily be defined if the integration is foundas thesum of two parts, dP + dP . These1 2

integrals aregiven in equation4.4,andareshown shaded in figure4.5.



�
(r,z) � acos

D 2 � r 2 � r 2
NAc

2Dr
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(4.5)

Case Condition Integral Limits

a r � D & r � D+r &NAc NAm NAc

r � rNAc NAm

dP1 r =D-r , r =r1 c 2 NAm

b r >D & r <D+r &NAc NAc NAm

r � rNAc NAm

dP + dP1 2 r =r -D, r =r1 NAc 2 NAm

c r � r +DNAc NAm dP2 r =r1 NAm

d r � D & r � D+r &NAc NAm NAc

r <rNAc NAm

dP1 r =D-r , r =r1 c 2 NAm

e r >D & r <D+r &NAc NAm NAc

r <rNAc NAm

dP + dP1 2 r =r -D, r =r1 NAc 2 NAm

f r >D+r & r � D &NAm NAc NAc

r <rNAc NAm

dP1 r =D-r , r =D+r1 NAc 2 NAc

g r >D+r & r >D &NAm NAc NAc

r <rNAc NAm

dP + dP1 2 r =r -D, r =r +D1 c 2 c

Table 4.1 The limitsof equation 4.4,for the cases ill ustrated in figure 4.5.

In the equations of 4.4, the differential element dV has been described in circular-cylindrical

coordinatesby theproduct rd
�

drdz. Theelement dP is integrated over
�

andthen r; there isnodV

integration over dz at this stage. The factor 2 is introduced because the inner integral, which is

symmetrical about
�

=0, is only over half of theoverlap region (from 0 to � , instead of from - �
to � ). Thefunction

�
(r,z), which is theupper limit of

�
in the integral dP , is foundby applying1

the cosine rule to the triangle formed by D, r (z), and r (seefigure 4.5g), and is given in[80]
NAc

equation4.5.

For thecaseof asingle-fibreprobe, whereD=0, then dP (r,
�

, z) is fully symmetric with
�

, anddV

only dP of equation4.4isrequired to computethe integral, so the inner integral may bereplaced2

by the constant factor � . (For the double fibre case this symmetry is broken by the factors 
(r,

�
, z) andT (r,

�
, z) in dP (r,

�
, z)). Theother limitsof the integrals, given in table4.1,arec dV

determined by theoverlap between theemissionandcollectioncones, as shown on figure4.5.
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(4.6)

The exact form of the function E(r, z), the normalised irradianceacrosstheemissioncone, has

been shown by Plaza to beof littl esignificanceto theresult of the integrationsof equation4.4,[74]

and other workers have taken it as constant across the emission cone. In this work, exact[76]

expressionshavebeen used for all other quantities, andthere isnoadditional penalty in using an

accurateexpression for E(r, z). However, two small approximations aremade in theexpression

used to describe E(r, z) in equation 4.2: an approximation for the exact form of the irradiance

distribution, and for theabsorptionbetween the fibre tip and thescattering volumedV(r, ) , z).

It can been shown by a simple ray analysis that, if light is coupled into an optical fibre through

a small spot at the centre of the end-face, then the power within the core, and therefore at the

probetip, followsa1/r distribution . Away from thefibre tip the intensity distributiondepends[81]

on the angular distribution at the input of the fibre, but is distorted by any scattering andmode

conversionwithin thefibre, andany sampleabsorption.Equation4.6hasbeen chosen to describe

thenormalised irradiancewhen thefibre is ill uminated by adiode laser source. This equation is

compared with theexperimentally measured irradiancefrom an optical fibre later, in figure4.7.

In equation4.6thefactor N scales the functionso that at, in theabsenceof absorption (or at the

fibre tip), the total power acrossthe emission cone is 1; w (termed the beam width parameter

here) determines thewidth of theGaussian. Sampleabsorptionat thewavelength emitted from

the probe is accounted for by the term in the exponential, & , the sample absorbance at them

incident wavelength. Thisassumes that all light originates from thecentreof the fibre, which is

obviously false; however, it isagoodapproximationmorethan afew fibreradii from thetip, and

the pathlength is in error by at most r & , when z=0. The error in E(r, z) associated with this0 m

approximationwill thereforebewell below 1% as long as theproduct r & <0.01.0 m

The two further non-constant parameters in dP (r, ) , z), T (r, ) , z) and * (r, ) , z), are bothdv c

themselves integrals, expressed in the spherical polar coordinates centred on dV(r, ) , z). For

computational convenience it is best to combine these quantities into the single expression

* (r, ) , z). The integral is within a similar boundary to that of equation 4.4, in this case theTc

intersection between the collection fibre core and the crosssection at z=0 of a cone of light of
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(4.7)

Region Inequality Integral Limits

Outside r'<r' +rNAc c None Not applicable

1 r'+r' 9 rNAc c

+
Tm2 2 = 21 NAc

2 r'=0 & r' >rNA c

+
Tm2 2 =atan(r /z')1 c

3 r'>r & r'+r' >r & r'>r' -rc NAc c NAc c

+
+

+
Tm1 Tm2 2 =atan(r -r' /z'), 2 = 21 c  2 NAc

4 r' 9 r' +r & r' : r & r' : r' -rNAc c c NAc c

& z'>0

+
Tm1 2 =atan(r'-r /z'), 2 = 21 c 2 NAc

5 r'>0 & r'<r & r' 9 r -rc NAc c

+
+

+
Tm1 Tm2 2 =atan(r -r' /z'), 2 =atan(r +r' /z')1 c  2 c  

6 r' : r' & r'<r' -rNAc NAc c

+
Tm1 2 =atan(r -r' /z'), 2 =atan(r +r' /z')1 c  2 c  

Table 4.2 The limits for the integrations of equation 4.7: the solid angle is limited by the numerical aperture of the

collection fibre, or the physical sizeof the fibre, or both, depending on the position of the scattering volume dV(r, ; z)

in thecollection cone. Thepartsof equation 4.7required for each position relative to the collection fibre, and the limits

of the integration, aregiven in this table. Theregion numbersare those marked in figure 4.4,and refer to the position of

the scattering volume dV(r, ; z).

(4.8)

half-cone angle 2 with its apex at the scattering element dV. Again, as in equation 4.4, theNAc

integral of equation4.7 is given in two parts.

For scattering volumesat theprobetip thecollectionNA is limited by theNA of the fibre. Away

from thefibre tip, thesolid angle isdetermined by theboundary of the integration (as defined by

the limits listed in table4.2): closeto thefibre tip, thismay beset by thefibreNA, or by the fibre

NA on one side and the physical edge of the collection fibre on the other. Further from the

collection fibre, the boundary of the integration is determined only by the physical size of the

collection fibre core, and then the approximation for the collection solid angle and sample

transmissionof equation4.8may bemade, where r is the radius of thecollection fibrecore.c



z < = z

r < = ((D > r cos( ? ))2 @ (r sin( ? ))2)
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(4.9)

Figure 4.6 A schematic of thescanned-detector arrangement used to measure the irradianceacrossa plane normal to the

axisof the emission cone.

Although this approximation has not been used in any of the calculations presented here, it is

conceptually useful, as thefall of A with increasing distancez is explicit. It is this rapid fall inTc

collection solid angle that the light-guiding sample cells of chapter 5 attempt to counter, thus

greatly enhancing thecollectionefficiency.

The coordinates r' and z' in equation 4.7 and table 4.2 describe the position of the scattering

element dV with respect to the circular-cylindrical coordinates centred on the collection fibre.

Thesecoordinatesarerelated to circular cylindrical coordinatescentred on theemission fibre tip

(ie thecoordinatesof dV(r, ? , z)) by thetransformsof equation4.9.Theseexpressions should be

used asthearguments to equation4.7 in equation4.2.Thedistancer' =ztan( B ), referred toNAc NAc

in table4.7,is theradius of theconeof angle B from thescattering element dV(r, ? , z) at theNAc

collection fibre tip (ie theconeof light that is within thecollection fibreNA).

Theexpressions given in equations 4.2to 4.7havebeen evaluated as numerical integrals using

theMathcad 6 Plus software from Adept Scientific, UK.

4.3. Theoretical Predictions and Experimental comparison

4.3.1. Measurement of the irradiance across the emission cone, E(r, z)

The expression for the normalised irradianceacrossthe emission cone E(r, z), the normalised

collection efficiency per metre dP(z), and the total light collection efficiency (from a depth z)

P(z), have each been compared with measured values. To measure the irradiance across the

emission cone the arrangement shown in figure 4.6 was used. A 1 m long section of 62.5µm

core, step index, optical fibre was cleaved at each end. Light from a CorkOpt laser diode was
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Figure 4.7 The intensity acrossthe output from a pigtailed diode laser. Measurement noise is largely due to optical

interferencebetween themodesof propagation through the50µm core fibre. Theprediction of equation 4.6for the cases

w=1, 2, 4, and8 isalso plotted.

coupled into it via the arrangement described in section 3.1, figure 3.4,using an FC-type bare

fibre adaptor. A large areasili con photodiode, mounted behind a 7 mm diameter aperture was

scanned perpendicular to theemissionconeaxis at adistanceof 184mm from the fibre tip. The

detector was moved in 12.5mm steps along both orthogonal axes.

Although to thenaked eyethespot appeared circular, equation4.6wasfitted to themeasured data

andtwo valuesof w, 4.3 and2.8,were foundfor theorthogonal datasets. Themeasured data is

plotted against equation4.6with different valuesof w in figure4.7.In theuseof equation4.6 in

this chapter, a value of w=4 has been used unlessstated otherwise. As is shown in figure 4.16

(section4.4), changing this valueby ±2 makes littl edifferenceto the functions dP(z) andP(z).

4.3.2. Measurement of differential fibre probe collection efficiency, dP(z)

Two series of experiments were made to measure dP(z) and P(z); the fibre separation D, the

solution absorbance C and C , and the refractive index n of the scattering medium werem c

independently varied. In thefirst of theexperiments dP(z) was measured directly, by measuring

the light scattered andcollected from asheet of PTFE; in thesecondP(z) was measured from a

depth z of a fluorescent solution.

To ensure that the fibre separation D was accurately controlled, 22 fibres with 125 µm outer

diameter werepermanently bonded into a3 mmtall , 140µm wide, aluminium slit , andpolished

to a1 µm finish, by thesamemethodas described in chapter 3. Oneendof theslit was defined

asthetop,andthefibresnumbered sequentially from 1 to 22.Optical fibres, numbers2, 3,6,and

15,wereused ascollection fibres in theseexperiments, fibrenumber 1 being theemission fibre
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Figure 4.8 22 fibres were bonded into a slit and polished to a 1 µm finish. The measured axial separationsD between

the emission fibre (marked 1 in this figure) and the collection fibres (marked 2, 3, 6, and 15) were 125µm, 235µm,

602µm, and1684µm respectively. The slit waspositioned vertically in the experiments.

Figure 4.9 A schematic of thearrangement used to measuredP(z) directly from theelastic scattering from a screen made

from PTFE tape.

in each case. Theslit wasphotographed,andthedistancesbetween each fibrecentre to thecentre

of fibrenumber 1 weremeasured from this, as ill ustrated in figure4.8.(Measured dimensionsare

±5 µm.)

In each experiment theslit washeld vertical by acrocodileclip andmounted ona thumb-screw-

operated translation stage, which had a Vernier scale marked with minor divisions of 0.2 mm.

Themaximum translationwas 19mm, and thezero positionwas obtained by gently butting the

end of the slit against the target using the thumb screw. The random error in the distances read

from the Vernier scale is estimated as ±0.05 mm; systematic error is discussed with each

experiment.

Thearrangement of figure4.9was used to measuredP(z) directly. A screen madeof PTFE tape

was mounted perpendicular to the array of fibres, and the thumb screw of the translation stage

wasused to butt thefibreagainst thescreen. By observing thescreen from behind,thesystematic

error in the position of the fibres with respect to the screen was estimated as ±0.05mm. The

thicknessof thePTFE tapewasmeasured threetimeswith amicrometer, andavalueof 65±5 µm

was obtained.
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Figure 4.10 Thecalculated differential collection efficiency dP (z) (left handaxis) isplotted against the measured value

(right handaxis), measured using the arrangement of figure 4.9.

All thefibreendswerecleaved, fibre1 was inserted into abarefibreadapter, and11 mW of light

was coupled into it from the 676nm CorkOpt laser diode, using the arrangement of chapter 3,

figure 3.4. The light scattered from the screen into the collection fibre was measured with an

optical power meter from Newport (model 835 with detector head model 818). An offset of

57 nW in the measured intensity has been subtracted from the measured power, no adjustment

has been made to the z data. Making the measurement in air (refractive index n=1) produces

larger emission and collection cones than when the probe is immersed in a liquid analyte; the

coneangleof 15.5ºsimulates a fibreof NA=0.36immersed in water.

The measured data is plotted against the calculated differential collection efficiency in

figure 4.10.The non-zero values of the measured data at low z, where the collection should be

zero,aredueto multiplescattering acrossthePTFE tape. Thepositionof thepeak in dP(z) agrees

exactly with themeasured data, although theshapeof thecurve formed by themeasured data is

slightly broader than the predicted values, possibly due to the contribution from leaky modes

excited from scattering close to theprobe tip.
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Figure 4.11 A schematic of the arrangement used to measure P(z).

4.3.3. Measurement of fibre probe collection efficiency, P(z)

For the measurement of P(z) the same arrangement was used to position the probe, which was

immersed in an aqueoussolutionof thefluorescent dyeBasic Blue3, asshown in figure4.9.The

dyewas supplied as apowder, labelled ‘330% Panacryl Blue5G’ (PB5G), from Holli day Dyes

andChemicals, UK. The330% indicates that thedyewas pure, andnot diluted with any binder

compounds. A 600mg/L ±4% aqueous solution was prepared by mixing 0.12±0.005g of the

powder into 200mL of deionised water, measured from a100mL pipette. All further solutions

of thedyewerederived from this, using amicropipette to measurethesolution into 1 L volumes

of deionised water measured, from a 500 mL volumetric flask. The total error in the

concentrationsquoted aredetermined by theerror in weighing thepowder, ±4%, but the relative

error between solutions is lessthan this.

The optical absorption of a 3.6 mg/L solution of the dye in a 10 mm path length cuvette was

measured using aPerkin-Elmer Lambda9 spectrophotometer, with acuvetteof deionised water

in thereferencebeam. Thetotal absorbanceof thePB5G solutionswascalculated using literature

valuesfor theabsorptionof purewater . Theabsorbanceof each solution isquoted with each[82][83]

of thepresented measurements.

The fibre probe was mounted perpendicular to the polished faceof a 20 mm wide and 90 mm

long FK5 glassblock, which was immersed in thesolution,shown in figure4.9.TheglassFK5

wasused becauseof itslow refractiveindex of n=1.48; theFresnel reflectionbetween theglass[84]
r

andtheaqueoussolution isbelow 0.3%. Thepositionwherez=0 wasagain determined by gently

butting the probe against the glass substrate using the thumb screw, but due to the greater

difficulty in observing theprobe, asystematic error of 0.2mm was estimated for z in this case.

The fluorescent spectra from solutions of four different concentrations (ie different sample

absorption), andwith thefour collectionfibres, weretaken by positioning thecollectionfibreend
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Figure 4.12 Thecalculated differential collection efficiency dP (z) (left handaxis) andcollection efficiency P(z) (right

handaxis) areplotted against themeasured data(arbitrary scaling), measured from adepth zof aqueousBasic Blue3 dye.

The fibre spacing in each case is125µm, the sample absorbancesare asnoted in the figure.

at the input of the grating spectrograph using a Melles Griot fibre chuck mounted on an XYZ

translation stage. The position of the fibre tip with respect to the input had been optimised by

pointing theslit at theroom lights, andadjusting thepositionof the fibre tip until themaximum

resolution and intensity was achieved. From the measurement of P(z), the gradient of the line

between each pair of measured pointshasbeen taken,which givesdP(z). No gradientshavebeen

measured for thecase D =0.88m D =2.4m , as thedata is of toopoor quality.m c
-1 -1

For theconstant fibreseparationcase, P(z) wasmeasured in samplesof total absorbance( D + D )m c

3.3cm to 383cm . A systematic offset in z isapparent between thepredicted and themeasured-1 -1

values of P(z) and dP(z), consistent with the estimated systematic error. The calculated

differential collectionefficiency dP(z) in thecaseof thehighest absorptionsolution( D =379m )m
-1

appearsnarrower than that derived from themeasured data. This is thought to bedueto increased

collectionfrom closeto thefibretip,dueto multiplescattering in thishigh concentrationsolution,

andthe increased significanceof leaky fibremodes, excited by emission from close to the to the

probetip in high absorbancesolutions. It isapparent from figure4.12that absorptioneffects are

negligibleas long as z ·( D + D )<100,wherez is thepositionof themaximum in dP(z).max c m max
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Figure 4.13 Thecalculated differential collection efficiency dP (z) (left handaxis) andcollection efficiency P(z) (right

handaxis) areplotted against themeasured data(arbitrary scaling), measured from adepth zof aqueousBasic Blue3 dye.

Thesolution absorbanceat the emission andcollection wavelength respectively is E = 40m and E =2.6m , the fibrem c
-1 -1

spacingsD are asnoted in the figure. Two independently measured data setsare plotted for the case D=1684µm.

Themeasured datain figure4.13,which showsthevariationof P(z) anddP(z) with D, in identical

solutions, show similar agreement with thecalculated dP(z) andP(z) curves.

Thedatapresented so far havebeen normalised, andscaled to arbitrary axes. As a further check

on the validity of the equations derived in this chapter, an absolute power measurement was

made. The1002cm Raman lineof puretoluenewasmeasured, andthe integrated power within-1

it compared to themodel prediction,with the1002cm scattering crosssection taken from the-1

literature .[45]

To make this comparison,a careful measurement of the spectrum from a NIR LED was made,

immediately followed by the measurement of the toluene Raman spectrum. The following

measurementsweremadein awindowlesslaboratory, with all room lights, indicator bulbs, and

LEDs switched off or covered.

As isdescribed in chapter 3, ablack body spectral intensity responsecorrection is applied by the

spectrographsoftwareto each measured spectrum, but theoutput is in arbitrary units. In order to
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Figure 4.14 a) The irradianceacrossthe beam from the LED was measured using the LAPD. b) An optical fibre was

positioned so as to accept 9.8×10 mW of light at 810nm.-13

convert theCCD output voltageto an optical power, theintegrated power in themeasured feature

must be compared with a measurement from a source of known power. The arrangement of

figure4.14was used to makesuch acomparison.

Theirradiancefrom aNIR LED (TEMT484,from Farnell , UK) wasmeasured through an 810nm

narrow band passfilter (F10-810-4, CVI, USA) using the large areaphotodiode (described in

chapter 3), positioned 254 mm from the tip of the LED. The parallel fibre array was then

positioned the same distancefrom the LED, and the freeend of fibrenumber 2 was positioned

at the spectrograph input. The settings on the spectrograph readout software (described in

chapter 3) weregain=20,andintegrationtime=0.8seconds(clock speed=24,start pulselength=3,

integrationcycles=22222). A dark reading, theaverageof 2400readings with the laser switched

off, wasautomatically subtracted from each measurement. A measurement of theLED spectrum

comprising 240readingswasrecorded, shown plotted against the right handaxis in figure4.15.

Fibre number 1 was then ill uminated with the CorkOpt diode laser, and 3.76mW of light at

676 nm was measured at the probe tip using the large areaphotodiode. The parallel fibre array

was immersed 2-3 mmbelow thesurfaceof a3 mL (30mm deep) cuvette, full of pure toluene,

andaRaman spectrum wasrecorded astheaverageof 2400measurements, shown in figure4.15.

Themeasured power of theRaman light collected from tolueneagreeswithin 13% with thevalue

predicted by theequations presented in this chapter.
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Figure 4.15 The Raman spectrum of pure toluene (plotted against the left hand axis), measured through a parallel-

identical-fibreprobe: r =r =62.5µm, NA =NA =0.267, D=125µm. The recorded output from the filtered LED isshownm c m c

(plotted against theright handaxis). The integrated power (shown shaded) collected from the LED was9.0×10 W, and-13 

by comparison, the integrated power in the 1002 cm toluene Raman line that was collected (shown shaded) was-1

1.5×10 W, within 13% of the expected value.-14

4.4. Further Predictions, and Comparison with Other Work

In this section, the model developed earlier in this chapter is applied to representative

arrangements of emission and collection fibres. The predictions of the model are presented as

graphsof thedifferential quantity dP(z), plotted against the left handaxis of thegraphs, and the

integral of thisquantity from 0 to z, P(z), against the right handaxis. Thecases arenot intended

to serveasan exhaustivecatalogueof possibleconfigurations, but to ill ustrate theeffects of the

model parameters on the light collectionefficiency of aparallel-fibreprobe.

To make this discussion as general as possible, in this section all light collection is assumed to

befrom samples with zero absorbance. With zero solutionabsorbance, if the linear dimensions

r , r , and D of a probe are all scaled by a factor F, then differential collection efficiency ism c

transformed as dP(z/F), and thecollectionefficiency as F·P(z/F).

4.4.1. The effect of the beam width parameter, w

In figure4.16theeffect of thebeam width parameter w is shown to beof most significancefor

asingle-fibreprobe, wheretheeffect of increasing w (iemoretightly confining theemission light

within theemissioncone, seefigure4.7), is to increasetheamount of light gathered by theprobe.

For the case of parallel optical-fibre probes, the effect is lessmarked: the total amount of light
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Figure 4.16 The beam width parameter w varied from 1 to 8 for identical-fibre probeswith the given fibre separations

D. The NA of the fibres is0.2,the core radius is50µm; the solution hasa refractive index n=1.33,andan absorbance

of zero.

gathered isagain greater for the larger valuesof w, but themaximum in dP(z) moves away from

theprobetip, resulting in lesslight being collected from the region immediately adjacent to the

probe.

4.4.2. The effect of the fibre numerical aperture, NA

Theeffect of simultaneously varying theNA of both theemissionandcollection fibres is shown

in figure 4.17; the light collection increases approximately in direct proportion to the fibreNA.

In this model the distribution of light acrossthe emission cone is scaled with the fibreNA, and

so asmaller emission fibreNA hasatighter distributionof emitted light, similar to increasing the

beam width parameter. Theeffect of changing just thecollectionfibreNA isshown in figure4.18,

along with thealternativecaseof varying only theemission fibreNA.
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Figure 4.17 Thecollection andemission fibreNA isvaried from 0.1to 0.4for identical-fibre probeswith the given fibre

separationsD. Thebeam width parameter w is4, thecoreradius is50µm; thesolution hasarefractive index n=1.33,and

an absorbanceof zero.

Figure 4.18 Theeffect of varying either theemission or collection fibreNA; thecollection or emission fibre NA is varied

from 0.1to 0.4for otherwise identical-fibreprobeswith fibre separationsD=125µm. The beam width parameter w is4,

the core radius is50µm; the solution hasa refractive index n=1.33,andan absorbanceof zero.

4.4.3. Many-fibre probes

Themodel that hasbeen developed in thischapter isnow applied to threehypothetical many-fibre

probe configurations, ill ustrated in figure 4.19.Such probes are efficient means of delivering

scattered light to aspectrometer, becausethecollection fibrescan bearranged as acolumn at the
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Figure 4.19 Threehypothetical many-fibre probe configurations; the single emission fibre is shown shaded, and the

collection fibres are shown white, andnumbered according to their distancefrom the centre of the emission fibre. The

drawingsare not to scale.

Probe

Total collection

fibre radius

(core+ cladding),

r tcI

SeparationD between emission fibreandcollection fibres ×

number of collection fibres at that separation

1 2 3 4 5

1

×3 ×2*

Not applicable Not

applicable

Not

applicable

2

×4 ×4 ×4

4.11r tc

=496µm

×1*

Not

applicable

3

50µm

2r tc

=100µm

×6 ×6

4r tc

=200µm

×6 ×12

6r tc

=300µm

×2*

Thenumber of useful collection fibres is limited by the3.2mm detector height. Thecollection* I
fibrecore radius r =r -5 µm.c tc

Table 4.3 TheseparationsD between emission andcollection fibresfor probeconfigurations1 to 3 in figure 4.19,where

the emission fibre radius isconstant at 100µm.

spectrometer input, effectively transforming the circular crosssectionof thecollectionvolume

to aslit without sacrificing optical throughput.
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Figure 4.20 The collection efficiency of parallel fibre probes (dP(z) and P(z)) for the fibre spacings of the probes

ill ustrated in figure 4.19,given in table 4.3.The emission fibre radius in each case is100µm.

The probes considered here are designed within the constraints that the total emission fibre

diameter is100µm (which is thesmallest diameter of fibre that it is practical to work with), and

that thesum of thediametersof thecollection fibres isnomorethat 3.2mm(to match a1/4 inch

high detector).Theseparationsbetween thenumbered fibres and theemission fibres are listed in

table4.3.

All the fibres in each probe are assumed to have a cladding of 5 µm thickness, a numerical

apertureof 0.2,andto be immersed in an absorption freeliquid of refractive index of 1.33.The

beam width parameter w=4.Predictionsfor fibresof each spacing aregraphed in figure4.20.The

contributionsof each collection fibre in thethreeprobesareadded together, andpresented in the

final (bottom right) graphof figure4.20.

The increase in collectionefficiency is slower than linear with collection fibrediameter, and in

circumstances where the spectrograph input aperture was smaller than the collection fibre

diameter (or the imageof that diameter), then thesmaller diameters could bepreferable.

To contrast with the results of figure 4.20, the data from probes of the same configurations,

subject to the same total height limit , but each made with identical collection fibres has been
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Probe Total emission fibre radius

(core+ cladding) , r†
tm

SeparationD between emission fibreandcollection

fibres × number of fibres at that separation*

1 (2/ L 3)×323µm

=373µm

×3

(5/ L 3)×323µm

=933µm

×2

2 ( L 2-1)×232µm

=133.9µm

L 2×232µm

=457µm

×4

(1+L 3)×323µm

=883µm

×1

3

323µm

2×323µm

=646µm

×5

Not applicable

Thenumber of useful collection fibres is limited by the3.2mm detector height. Theemission* †

fibrecore radius r =r -5 µm.m tm

Table 4.4 TheseparationsD between emission andcollection fibres for probe configurations1 to 3. The collection fibre

radius isconstant at 323µm.

Figure 4.21 The collection efficiency of parallel fibre probes (dP(z) and P(z)) for the fibre spacings of the probes

ill ustrated in figure 4.19,given in table 4.4.The collection fibre radius in each case is323µm.

calculated. In this case the collection fibre radii are all 323µm radius, and the emission fibre

radius is varied to fit theprobeconfiguration.
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Again, it is theprobe1 configuration that is themost efficient, but theeffect is lesspronounced,

and all threeconfigurations are equally efficient in collecting scattered light from the region

closest to the probe tip. In this case the fibrearrangement at the input to thespectrometer from

each probeis identical, andso noconfigurationhasan advantage in thecase that the input slit is

smaller than the collection fibre diameter. From these results, it is seen that the most efficient

probedesign in that in which theemission fibre is as small as possible. This is due to thehigher

irradiance(iehigher concentrationof power) acrosstheoutput beam from thesmaller fibre, and

thesmaller separationD between thecentreof theemissionandcollection fibre.

4.5. Conclusions

In this chapter a complete descriptive model of the most common and generally applicable

configuration for optical-fibre sensors has been developed. It has been shown to be capable of

accuratequantitativepredictions, aswell asqualitatively describing theperformanceof parallel-

optical-fibre probes, and has been tested over a wide range of sample absorbances and fibre

separations, as well as with different sample refractive index or fibre numerical aperture. No

previousstudiesof thisproblem by other workers that havegiven any consideration to absorbing

samples were foundin the literature, andnoneperformed as extensiveor well controlled study

of theeffect of theaxial separationbetween theemissionandcollectionoptical fibres. Also, no

other work hascompared theabsolutecollectionefficiency of theoptical-fibreprobeswith theory.

In this work the absolute collection efficiency was foundto agreewithin experimental error to

a literaturevalueof theRaman scattering crosssectionof toluene.

For example, themost completestudy of thetheory of parallel-fibreprobes in the literature, that

of Cooney and his coworkers , showed a discrepancy of 0.21mm (a 15% error) between the[75]

predicted andmeasured locationof themaximum in dP for a200µm coreflat tipped probewith

220µm seperation.The results from this work (figure 4.10), although measured with 62.5µm

core fibres, weremeasured using essentially thesamemethod,andshow exact correspondence

with prediction within the 0.05 mm resolution of the experiments, over a range of fibre

separations of 125µm to 602µm.

The model developed in this work has been expressed in the coordinate system defined by the

symmetry of theproblem, which hasallowed straight forward evaluationof theequations by the

MathCadsoftware. Other workershavedefined theproblem inCartesiancoordinates, or used step
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functions to define the limits of the numerical integrations. Using coordinates with the same

symmetry as theproblem allows moreefficient numerical algorithms to beused to evaluate the

integrals.

Theparticular form of theirradiancedistributionused in themodel hasbeen shown to beof most

importancefor single-fibreprobes, where theoverlap between theemissionandcollectioncone

iscomplete, andmost of thecollected light originates from the regionadjacent to theprobe tip.

For thecaseof parallel-fibreprobes, no light is collected from the region immediately adjacent

to theprobetip, andtheform of dP(z) isdetermined moreby the increase in overlap between the

emissionandcollectionconesthan by thedistributionof light acrossthem. This is in agreement

with other authors, although themodel for theirradiancedescribed in thiswork ismorecomplete.

The effect of solution absorbance has been shown to be negligible while the product

z ·( M + M )<100, where z is the position of the maximum in dP(z). With this result themax c m max

absorbance may be neglected for many solutions of interest, speeding calculation time. The

omissionof leaky modes from theanalysis has not resulted in a largedeviationbetween theory

andexperiment, however, it may bedesirableto includeleaky modesin amorecompleteanalysis.

Thiscould beachieved by making theupper limit of N in equation4.7a functionof thedistance

between thepoint at which a ray strikes thecollection fibreand thecentreof the fibreend face.

This isnot a trivial problem, andmight considerably increase the timerequired to calculate the

numerical integrals.

Finall y, it has been shown that for efficient collection of light from a scattering sample from a

multiple-fibreprobe, theemission fibreradiusshould beas small as possible, and thecollection

fibrecoreradius should beas largeas possible, within theconstraints of thespectrograph input

slit width.
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6. Conclusions

Techniques of remote spectroscopy via sili caoptical fibres have been described in this thesis,

with consideration to both theapplied and theoretical challenges.

A modular, compact, and sensitive spectrograph has been designed and built , and optical fibre

probes, andcompatiblesampling arrangements, havebeen mathematically modelled andstudied

experimentally. Dedicated computer control softwarefor instrument control, datacollection,and

signal processing hasbeen written. By combining each of theelements investigated in this work,

a complete system for monitoring a wide range of fluorescent or Raman-active liquid samples

could bebuilt . In addition,any of theelements (such as the light guiding cells, or thecontinuous

background subtraction signal processing scheme) could be integrated within alternative

monitoring instrumentation.

Analytes have been studied using inelastic scattering (including fluorescent emission)

spectroscopy, rather than by absorption techniques, dueto theeaseof probeconstruction,relative

immunity to elastic scattering (turbidity), and the possibilit y of making non-contact

measurements. Theequipment was optimised to measureover awidespectral range rather than

with ahigh spectral resolutionto enableawiderangeof analytes to bestudied. When monitoring

analyteswith particularly narrow spectral features (such as Raman lines, which can be lessthan

1 cm (0.05 nm at 700nm)), then a higher signal-to-noise ratio could be achieved by using a-1

diffractiongrating with agreater dispersion.Thedecreased spectral rangecould beacceptable if

specific analyteswereto bemonitored, with characteristic featureswithin asmall spectral range.

(Using agrating with ahigher dispersionwould offer noadvantage if thespectral features were

broader than thespectrograph resolution.)

A 676 nm semiconductor laser was chosen as an excitation source, so that a wide range of

samplescould bestudied in awavelength rangeof optimum detectionefficiency (determined by

the detector array responsivity and diffraction grating efficiency) and low aqueous sample

absorbance (the absorbance of water increases rapidly beyond 800 nm). The dispersive

spectrographdesign was based aroundaconcaveholographic diffractiongrating, with asili con

CCD detector cooled to 0ºC. Thiscombinationensureslow stray light levels, high sensitivity, and

optimum signal to noise ratio.
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Thespectrographwasoperated under computer control to allow theuseof novel dataaveraging

techniques. This involved writing custom software and using a switched sample-channel and

reference-channel optical fibreprobe, to provide thepossibilit y of improving thesignal to noise

ratio beyond that possible by signal averaging alone. (By continuously subtracting a current

background reading, low-frequency noise within the system can be removed from each

measurement; this would not be the case if a previously recorded background signal was

subtracted.)

Themathematicsof light collection from aparallel-optical-fibreprobehas been developed, and

the derived mathematical model applied to a number of common optical-fibre-probe

configurations. These model predictions were shown to be accurate within experimental

uncertainty: in particular, moreaccurate than themodelsput forward previously in the literature,

most recently by ZhuandYappert , andby Cooney . Themodel isapplicable to single fibre[77][78] [75]

probes, aswell asmultiple-fibreprobes formed from dissimilar optical fibres. It has been shown

to be capable of accurate quantitative predictions, as well as qualitatively describing the

performanceof optical-fibreprobes, andhasbeen tested over awiderangeof sampleabsorbances

and fibre separations, as well as with different sample refractive indices or fibre numerical

aperture.

Noneof thepreviousstudiesof theproblem foundin the literaturehavegiven any consideration

to absorbing samples, or havedescribed such an extensiveor well controlled study of theeffect

of theaxial separationbetween theemissionandcollectionoptical fibres. Therewasalso nowork

which directly compared themathematical predictionof theabsolutecollectionefficiency of the

optical fibre probes with measured values. By using a literature value of the Raman scattering

cross section of toluene, the measured collected light intensity was found to agree within

experimental error to thepredictionof themodel described in this thesis.

Themathematical model to describecoupling optical-fibreprobes to cylindrical light-guides has

also been tested against experimental results, using four distinct types of light guide. This model

hasalso been shown to beboth valid through awide rangeof experimental measurements, and

also morecomplete than other published models, which either rely onsimplistic descriptions of

theoptical-fibreprobeused to collect light from thecell , or MonteCarlo simulations .[88] [86]

The surfacequality of low-index-polymer-clading light guides has been shown to becritical to

their performance as spectroscopic cells. More investigation to perfect the deposition of

consistently smooth layers of Teflon-AF is needed, but the work described in this thesis has
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indicated the potential of the material as a cladding for low-refractive-index-liquid core

waveguides. In particular, Teflon-AF fluoropolymer hasbeen shown to form aflexibleandstable

layer when deposited onto aPTFE substrate. In addition, theuseof such astructure to enhance

the light collectionefficiency from a fluorescent emissionmeasurement has been modelled and

demonstrated.

Themost efficient andbest performing of the light-guiding configurations that were investigated

in thiswork wasthefalli ng analytestream. It wasconvenient to couple thefalli ng analytestream

to an optical fibreprobe, andahigh light confinement isachievablewith any liquid,not just those

with refractive index greater than 1.47.Surfacefouling problemsareminimised, asareproblems

with theanalysis of reactiveor corrosive liquids.

A signal enhancement of 9 times was measured in this work. Further enhancement to the

apparatus, such as better vibration isolation, could potentially increase this value by at least a

further factor of ten.

6.1. Possibilities for Future Work

Thepossibiliti es for further applicationof this work areas numerous as thenumber of analytes

that are amenable to optical spectroscopic analysis. Some specific suggestions for the further

development of this work, and in the light of theexperienceandknowledgegained from it, are

madehere.

Thereferencedcell subtractionsoftwarehasnot been fully evaluated,dueto problemswith cracks

in the particularly fragile optical fibres used in the probe bundles; time did not permit the

reassembly of the bifurcated bundle for proper evaluation. Fuller investigation and analysis is

warranted to demonstrate the drift reduction and S/N ratio enhancement achievable using this

technique, which will dependon the typeof optical detector used. Theparticular configuration

described in this thesis relies on alternate measurements between the referencecell and signal

cell . An immediatesaving in measurement timecould bemade if theCCD detector was used in

an imaging mode, so that thesignalsfrom thetwo cellscould bemeasured concurrently. Thiswas

not possible during this work because the CCD detector was hard-wired in a 1-dimensional

configuration (all of thepixels in each column aresummed together).
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Although experimental measurements haveshown that theparallel-fibre-probe light-collection

model is accurate within experimental error in its predictionof the regionof spacefrom which

most light is collected, there are slight deviations between the mathematical predictions and

experimental results (figure 4.10). This deviation is ascribed to leaky fibre modes, and the

inclusionof thesemodeswould makethemathematical model complete. Thiscould beachieved

by making the upper limit of
�

in equation 4.7 a function of the distancebetween the point at

which a ray strikes the collection fibre and the centre of the fibre end face. This is a complex

problem, and is likely to considerably increase the time required to calculate the numerical

integrals.

The parallel-fibre-probe model predicts the region of spacefrom which most light will be

collected by an optical fibre probe. This information is valuablewhen coupling indicator films

with optical fibreprobes, as theoptimum position for theoptically active layer can be identified

without any experimental trial anderror.

Further investigation of the methods of depositing Teflon-AF on to the internal surfaceof

capill ary tubing to achieve asmooth polymer layer would bevaluable, becausesuch alight guide

would form amoreefficient samplecell . An alternative technique, of pulli ng a tubeof the low-

index polymer by asimilar technique to that used for pulli ng sili cacapill ary tubewas ruled out

during this work on cost grounds, however, this approach may be appropriate if this work was

to be taken further. PTFE tubing has already been pulled in such amanner at theORC.

Work towards stabili sing the water jet could yield an order of magnitude improvement in

collectionefficiencieswheretheanalyteabsorbancedoesnot limit theamount of light collected.

Thiswork isdevelopmental, but neverthelessvaluable, if it was hoped to apply the technique in

amore routinemanner.
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