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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
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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
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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.
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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).
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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
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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
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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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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''
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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.


