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2. Principles of Optical Spedroscopy

The term ‘spedroscopy’ is applied to a vast range of experimental techniques in which one or
more of the measurable properties of a system are resolved into arange of energies, wavelength,
or other appropriate unit. Examples of the measured property of the system might be the energy
of eledrons emitted from amaterial’ s surface the time delay between light being absorbed and
then re-emitted in the bulk of a sample, or the massto charge ratio of ions. This work is
concerned with optica spedroscopic techniques suitable for remote analysis of liquid analytes
viaopticd-fibres,

In this chapter the techniques of opticd absorption and emisgon spedroscopy, which are the most
appropriate techniques to this goal, are described; the mecdhanisms of elastic scatering and
Fresndl refledion are discussed for their relevanceto cdl design and as posshble sources of opticd
interference then the principles of Fourier transform and grating spedrometers, used to measure
opticd spedra, are described.

2.1.Absor ption Measurements by Transmisgon

The most common form of opticd spedroscopy is absorption (or transmisgon) spedroscopy,
which isameasure of the amourt of light absorbed by (or transmitted through) a sample over a
range of opticd frequencies. In order of increasing phaon energy, the medianisms for the
absorption may be rotational or vibrational transitions of amoleaule (in the microwaveto IR),
overtones of these (IR to visible), or eledronic transitions in atoms or moleaules (in the visible
to UV region).

Whatever the physicd basis of the absorption, the experimentall y measured parameters are rel ated
viathe Bea-Lambert law:

|
A= Iogl{ To] =g(v)cl 2.2)

Acoording to the expresson abowve, the absorbance A is propational to the concentration of the
analyte ¢ and the path length through the sample | (quantitative information), and the molar
absorption coefficient € isafunction of the opticd frequency v (qualitative information). |, is the
intensity of abeam of collimated light before it enters the medium, and | isitsintensity after it
has travelled a length |. While A is parameter that is diredly measured, in most theoreticd
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treagments of underlying physicsit is more convenient to work with the parameter «, which is
expressed in equation 2.2.

o= 1n(10) A

I (2.2

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 nat passthrough the sample. The instruments which
make these measurements are cdled spedrophdometers, and sample holders are avail able to
make measurements over awide range of absorbance such asvery thin cdlsfor highly absorbing
liquids, or long path-length cdls for measurements of gases or we&kly absorbing liquids. Often
the path of thelight isfolded through the cdl, using mirrors or prisms, so that the beam of light
makes multi ple passes through asmall cdl.

2.1.1.Limitations of absorption measurements

Absorption spedroscopy as ameans of quantitative spedroscopic identificaion may be limited
by anumber of factors®. At high concentration, the linea relationship of the Bea-Lambert law
bre&ks down because solute-solute interadions become significant. This can usualy be
compensated for by cdibrating the solution absorbance against reference solutions of known
concentration.

Sampling problems are encourtered for samples of very high absorbanceif insufficient light is
transmitted through the sample to make an acairate measurement. In such cases very thin
transmisgon cdls are used, or tedniques such as evanescent wave spedroscopy, wherelight is
removed from the evanescent field of light undergoing total interna refledion (hence the
aternative name for the technique of attenuated total-internal reflection)!.

In the visible and nea infra-red region (the most convenient part of the spedrum for study over
opticd fibres) absorptionis due to broad, and often we&k, overtones of moleaular vibrations. If
these overlap with strong absorption bands of the solvent, then often no useful information can
be deduced. Water is particularly bad as a solvent in this resped, with many broad overtones
extending into the visible spedrum.

Conwversely, if the solute absorbanceis very low, the task of measuring very low concentration
solutions is hampered by the problem of measuring asmall differences in transmisgon between
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the solution, and the solvent by itself. Shot noise in the colleded light will limit such
measurements.

2.2.Emisson Tedhniques

2.2.1.Fluorescent emisson

The processof fluorescencein acompoundinvolves the phaon-induced excitation of eledrons
to higher energy levels (ie an absorption process, followed by their sportaneous return to alower
energy level, with consequential re-emisson of aphaon.

The re-emitted phaon usually has alower energy than the incident phaon, as energy is often lost
by phononexcitation processes (loss of energy to moleaular vibrations).The lower energy
emissonbandiscdled a Stokes band. A band with higher energy than the incident bean iscdled
an anti-Stokes band.

Many aromatic compounds exhibit fluorescence when excited by UV light, but there are al'so
some compounds and materials (eg catain organic dyes) having high fluorescence efficiency of
opticd re-emisson when excited by lessenergetic phaons (at other, longer wavelengths). The
conversion efficiency is often expressed as a percentage, known as the quantum efficiency n,
which is the percentage of the number of absorbed incident phaons which result in re-emitted
fluorescent phaons.

_ No. of fluorescent photonsxlo(% 2.3

No. of absorbed phaons

Itisessentid to effedively separate the desired fluorescent light from the scatered incident light.
Fortunately, this problem is asgsted by the difference in wavelength arising from the inelastic
nature of the fluorescence process Therefore it is only necessary to provide effedive opticd
filters to remove the incident light from the deteded fluorescencesignal. If several fluorescent
compounds are present, eat having different fluorescent wavelengths, they may be deteded
independently using wavelength-seledive bandpessfilters or a grating spedrometer with a
focd-plane detedor array.

Thesis for PhD — Decenber 1997 16 email : stevenjmackenze@usa. net



Copyright 1998Seven J Mackenzie Remote Spedroscopic Monitoring of Liquids Via Sili ca Optical Fibres

2.2.1.1 Timeresolved fluorescence

This tedhnique takes advantage of the statistica nature of the fluorescence processes. If alarge
number of moleaules are excited by ashort pulse of light to the same excited state, and then begin
to fall badk to their groundstate, then

| =1,exp(-t/t) (2.4
where the fluorescent light intensity | decays exporentially with thetimet after opticd excitation.
I, isthe pe& intensity and T the fluorescent lifetime.

In order to measure t, two basic methods are used. The first (time-domain analysis) involves
measuring the decay function, foll owing short-pulse opticd excitation, and computing the value
of t from this function. The semnd (frequency-domain analysis) uses a source with a
sinusoidally-moduated incident light intensity. Either the frequency variation of the fluorescent
light intensity asthe moduation frequency is varied, or the phase delay between fluorescence and
excitation signals (bath of which are related to the value of t) can be monitored. Because of the
wedk recaved signal, the frequency-domain methods usually use a coherent eledronic detedor
based onamixer circuit. Thisremvers the desired frequency comporent in the deteded signals
correspondng to the original sinusoidal moduation signal. If there are compoundsin the analyte
having distinctly different fluorescent lifetimes, they may be separated using either of the above
time-resolved techniques. Also, the time-resolved techniques are complementary to any method
of separation of signalsin the wavelength domain.

A more typicd fluorescent process consists of the excitation of an eledron, its nonradiative
decg to an intermediate level and subsequent radiative transition badk to the groundstate. In this
casethe nonradiative decyy is aso described by an exporential decay, with its own charaderistic
time constant. Aslong as the non-radiative time constant is much shorter than the radiative time
constant (asit usualy is) equation 2.4remainsvalid.

2.2.1.2 Limitations of fluorescent spedroscopy

One of the primary problems of fluorescence spedroscopy is the nonlinea 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
opticd excitation level in the sample and seaondy, at high absorption levels, causes al the
absorption to take placeclose to the paint of entry of light into the sample. (In the latter case,
efficiency of light colledion may beless dueto geometric effeds of the measurement apparatus).
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Other problems can occur, due to a strong dependence of the fluorescent signals on a variety of
environmental parameters. Oxygen usually quenches (ie reduces) fluorescence The pH of a
solution, its temperature and any impurities can al influence the fluorescence lifetime and
intengity. In addition, many fluorescent materials can become bleaded during light absorption.
This phao-bleaching might be reversible if it is merely due to a long fluorescent lifetime
(saturation behaviour); if it is due to anonreversible phao-chemicd readionit may gradually
cause permanent depletion of the fluorophae. As expeded, phao-bleading is most serious at
high illumination levels, but unfortunately intense sources are often required for traceanaysis.

2.2.2.Raman scattering

In this sedion a brief description of the origin of the Raman effed in gases and liquids is
presented, with the important predictions of semi-classcd and quantum descriptions of the
phenomenonof Raman scattering.

2.2.3.Review of the polarizability theory of Raman scattering

Predicted by Adolf Smekal in 1923andfirst observed in 1928by Sir Chandrasekhara Venkata
Raman (who was at the time unaware of Smekal’s prediction), the sportaneous Raman effed is
the basis of an adive branch of analytica spedroscopy. In a modern Raman experiment, laser
light is shore into a sample and the wavelength spedrum of the scatered light is analysed. The
moleaular vibrational frequencies may then be deduced from the wavel ength shifts acquired by
the indlasticaly scattered light. Different moleaules impart their own charaderistic spedra of
wavel ength shifts, from which useful information on the moleaules structure may be deduced.
Quantitative information for compounds in solution may be derived from the intensity of the
inelasticdly scatered light.

2.2.4.Stokes and anti-Stokeslines
The electric dipole moment (vedor) u induced in a moleaule by an externally applied eledric

field, E, is
u= aE (2.5
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For light plane pdarised along an arbitrary x, axisthe eledric field vedor of theincident radiation
isgiven by
E= E,, sin(wt). (2.6

The moleaular pdarizablilit y « isatensor quantity. The tensor matrix (equation2.7) is symmetric
abou its mgjor axis, and so contains only six independent e ements.

a=|a, o, o 2.7

If, for ill ustration, a hypotheticd moleaule with an isotropic paarizability is considered, only the
elements on the major diagonal are non-zero. If the moleaule is vibrating with an angular
frequency w,;,, and the palarizablilit y is afunction of the separation of the nuclei, such that

O = Oy eq™ X e SN0 2.9
where the ‘eq’ subscript indicaes the equilibrium value, and the prime indicaes the first
differential with resped to the deviation from equili brium separation. Then plane polarized
radiationincident onthe moleaule induces an eledric dipae p, which from equation 2.12written
in comporent formis

= (gt %o SN@4pD)E, SiN(wt)

2.9
o= O SOD)+ 0t (0080~ 0,,0) ~ cos((0+ 0,

Theintensity of radiation emitted from such adipdeis propationd to the changein eledric field
(dipale moment) squared, and the oscill ation of the eledric dipde moment contains comporents
(side-bands) with angular frequencies w-w,;, and w+w,,;,,. Quantum medanics shows that these
frequencies may take only discrete values, determined by the massof the atoms in the moleaule
and the nature of the chemica bonds between the atoms. The bands of lower frequency scattered
light are referred to as Stokes li nes, and the bands at a higher frequency (and hence higher energy)
than the exciting light are termed anti-Stokes li nes™?.

Also apparent from equation 2.9is that the intensity of radiated Raman light is determined by the
square of the differentia polarizability o'y, , and will not be observed at al if the vibration does
nat induce a change in the polarizability. Often physicd intuition is sufficient to predict which
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vibrations of a smple moleaule are likely to be Raman adive. More rigorously these can be
determined by group theory™®. Equation 2.9 does not describe the relative intensities of the
Stokes and anti-Stokes bands, which is quantum medanicd in origin (sedion 2.2.8.

2.2.5.Wavenumber (spedroscopist's) units, cm™

Whereas the wavelength of light, A, isthe natural parameter to use when describing the optics of
asystem, it isthe energy difference, E,, between the incident light and the coll eded light that is
of dired relevance in spedroscopy. This energy difference is normally quated either as the
differencein frequency between the incident and scattered phaons (ie E,/h, where h is Plank's
constant), or as awavenumber™ (E,/hc, where ¢ is the speed of light). In Raman spedroscopy
the traditionall y accepted units of wavenumber are cm™. Moleaular vibrational frequencies are
also traditionally quaed in cm™, and to convert a frequency v in Hertz to a frequency in
wavenumbers v; v=vl/c, where c is the sped of light.

It shoud also be naoted that, because A and ¢ are nat linealy related, when rescding a plot of
intensity vs wavelength to one of intensity vs frequency shift (or viceversa), a corredion shoud
be appli ed to the intensity aaossthe graph, so that the integrated area(which represents energy)
under eat peek remains constant. Analogous to changing the variable in an integration®®, to
acarately represent ameasurement in constant divisions of the variable u on a graph against the
variable v multiply the measured values of u by du/dv. (Ancther example of thisis the Plank
radiation curve, which is often plotted against frequency and wavelength®?),

2.2.6.Frequency dependenceof scattered light intensity

Any light (below the frequency of the eledronic resonances) may be used to excite a Raman
spedrum. The scattered radiationis essntially that of an oscill ating eledric dipde€®®, the dipde-
moment of which is given by equation 2.9. The intensity | of radiation at a frequency v emitted

from such a dipale can be shown to obey

| o< w4, (2.10
2.2.7.Depolarization ratio, p,

In aliquid, moleaules are orientated at randam to one-ancther, and the scatering from such a
sample corresponds to the average over all moleaular orientations. The results are expresshblein
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terms of two quantiti es associated with the tensor « (equation 2.7), the mean value « and the
anisotropy vy.

o= (ocxx ot oczz)

1
3

(2.11)
1
'Y2 = —((OCXX— OCW)2+ (OCW— OCZZ)2+ (OCZZ— OCXX)2+ 6(06Xy2+ 06y22+ o 2))

For the case where the pdarizability is not isotropic, v is nonzero, and linealy poarized
radiationis depdarised to some extent after scatering. The depdarizationratiol*? (for polarized
incident light) p, may be derived from o and v,
I 3y2
Pp= == + 2.12
|, 45%+ 4y2
In equation2.12I, and |, are the measured intensiti es of light polarized parall € to the x and z axes
respedively, measured at 90°to the diredion of the incident light, which is pdarized parall € to
the z axis.

Incident light 0

Ogp
»
X

y
Figure 2.1 A sedion from adiagram showing the relative intensity of scattered radiation vs scattering angle, in aliquid

of depolarization ratio, p, = 0.17.

The surfacein figure 2.1 shows the intensity distribution of Raman scattered light in water. Itis
cdculated from equation 2.13(modified from Marshall*? to take into acaourt al pdarisations
of scatered light and standard sphericd coordinates)

0= 045 ((1- p)sin?(0)+ p,) 213

where o represents the differential scatering cross sedion integrated over all moleaular
orientations and o, is the light scatered at 90° by one moleaule.

The unitsof o are sr'* (redprocd steradians).
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2.2.8.Review of the quantum theory of spontaneous Raman scattering

While the classcd pdarizability theory of sedion 2.2.3 does acourt for the inelasticdly
scatered Raman spedra of moleaules, it can not explain even qualitatively why the spedra are
manifest as a series of discrete bands. This is the redm of quantum medhanics*¥, and some
relevant results are presented here with the seledion rules which determine which vibrational
trangitions are all owed, and hence are observed in a Raman spedrum.

2.2.9.Themoleaular potential well and itsallowed states

The qualitative form of the potential well between two nuclei, for instance in a diatomic
moleaule, is shown in figure 2.2%¥, The exad form of this curve is generaly not known, but as
can be seen from the figure, the textbook problem of the parabadlic patential is a reasonable
approximation for the lower energy part of the curve.

Harmonic (parabolic)

N ? ;z approximation
\\ // //

\ /
,/ Molecular potential energy

\
\\ //< along the bond axis

\ V Allowed energy level
N

leq Separation between nuclei, ro
Figure 2.2 The genera form of the internuclea potential along a bond axis, and a parabolic well as assumed in the

Total energy, T

harmonic approximation, and the quantum mechanicaly all owed energies.

The properties of systems governed by a parabdic potential are well covered in any
undergraduate physics compendium(*2. Classcaly, aharmonic oscill ator will vibrate at the same
frequency regardiess of how much energy is stored in its vibrational motion. The quantum
medhanicd analogue of this behaviour is that the all owed energy levels that the system may
occupy are equally spaced in energy as shown in figure 2.2. The al owed energy levelsE, that a
harmonic oscill ator may take are

E,= hv(1/2+ V) V=%0,1,2,.. (2.19

where V isthe vibrational quantum number and v is the (classcd) frequency of vibration.

Typicd moleaular vibrational frequencies studied in a Raman experiment are between
1.5x10" Hz and 1.35<10" Hz, correspondng to energy levels spaced, in the harmonic
approximation, by 1x10%° J to 9x102° J. Transitions between these levels correspondto the
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energy (and frequency) of IR phaons and thisis the basis of IR absorption spedroscopy, where
phaons of energy correspondng to the difference between the energy levels may be absorbed.
The interadion between moleaule and phaonis different for Raman scatering: in this case the
phaton is not absorbed, but forms a short lived (=102 seg) virtua state with the moleaule.
Effedively the entire ladder of al owed energy statesisraised by the energy of the phaon. When
a virtual state decays, the moleaule does not necessarily return to its original energy state

(figure 2.3).
A

Total energy in Eg,————m—————- Transient ladder
the molecular of "virtual states"
vibrational mode,
T Efr——— - - ——— 2% —
2
B — N
i a b c

Es
E A %

2
B sy 2

1

Figure 2.3 Threemoleaules and their vibrational states throughout a scattering process(a) AV =0, Rayleigh scattering
(b) Stokes scattering, AV=1 (c) Anti-Stokes scatering, AV=-1.

The popuation of the Energy levels E,, E,, etc, are governed by a Bose-Einstein distribution?,
and at room temperature the popuation of levels above the groundstate deaeases rapidly, which
acourts for the much wedker intensity of the anti-Stokes bands in a Raman spedrum.

2.2.10.Quantum medhanical seledion rules

The probability of transition R ¥ between two eigenstates of a vibrating moleaule is given by

= Exftpv/*gtpv//dx .19

where x is the internuclea displacanent from equili brium. If « is expanded to a Taylor series,
equation 2.15can be rewritten as

dq

. o 1a0%°a
T2y flpV/lpV”dX+__ [ Xyl ?d__ [y X2y udxs o

where ¢, and the subsequent derivatives are the vaues at mechanicd equili brium. Because .
and . are eigenfunctions of the same Hamiltonian, the first integral in equation 2.16must be
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zero, unlessV' = V" which corresponds to elastic (Rayleigh) scétering of the phaon. The integral
of the seandterm can be shown to be finite only when V' - V" = £1 (for the parabdli ¢ potentia
well approximation), which may be written asin equation 2.17.

AV=+1 (2.17

The higher termsin equation 2.16deaease rapidly due to the fadorial prefador.

Raman scatering intensity is propational to (R,)? and so again, the intensity of the inglasticaly
scatered Raman light is propational to the first differential of the polarizability squared (asin
sedion2.2.9).

2.2.1. Anharmonic effeds

Two types of anharmonicity may be apparent in a vibrational spedroscopy measurement:
medhanical anhamonicity isanharmonicity in the inter-nuclea potential (ie a deviation from the
parabola of figure 2.2); eledrical anhamonicity, arises from the differential poarizability o'
being afunction of position (other than a constant). The result of bath these deviations from the
theory presented abowe is arelaxation of the vibrational seledion rule of equation 2.17 (ie the
third, and subsequent, termsin equation 2.16become significant), all owing transiti ons between
any two vibrational levels, so cdled overtones.

The deviation of the moleaular patentia well from the parabadli c approximation becmes more
pronourced as the amplitude of a vibration moves the constituent atoms further from their
equili brium pasitions (figure 2.2). Thisresultsin the deaeasein the energy level spadng, towards
a continuum, so that transitions that are allowed by equation 2.17,but starting from different
energy levels, will release different energies (whil e the parabdli ¢ approximation predicts that any
transition between adjacent energy levelsis equivalent). At the temperatures of concern in this
work, only the lower vibrational energy levels are occupied.

In thiswork the probabilit y of transitions due to anharmonic effedsis low, and has been ignored.

2.2.12.Rules of thumb in Raman spedroscopy

Only thaose vibrations which result in a change in the paarizabilit y of the moleaule will scater
light inelasticdly, and are said to be Raman adive. Diatomic moleaules always have Raman
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adive vibrations, and in general if a vibration preserves al of the symmetry elements of a
moleaule then the vibration will be Raman adive.

Vibrations which result in particularly large changes in palarizability produce more intense
Raman signals. These are often vibrations of atoms bonded by w-bonds, or large resonancebonds
(eg benzene). Stronger Raman bands are normally expeded from bonds between elementsin the
seaond and subsequent rows of the periodic table (as they have more eledrons), cyclicd
moleaules (such as benzene) and hydrogenic moleaules (thase containing hydrogen).

Liquidswith large intermoleaular interadions (such as those due to hydrogen bondng, in the case
of water) will have broad bands, as the frequency at which amoleaule vibrates will be affeded
by the particular orientation of the moleaule with resped to its neighbous.

The intensity of the scatered radiationis propationd to the fourth power of the incident phaon
frequency, and has a spatial distribution as shown in figure 2.1. Typicaly a propartion of order
102 of the incident phatons will be scatered easticdly, and afraction of only 10* of this shifted
in wavelength. As higher frequency radiationis used to increase Rayleigh and Raman scattering
acompromise arises for the best wavelength for Raman analysis, eventuall y the phaon energies
will correspondto el edronic transitions within the sample. A sufficiently high energy phaon may
be absorbed by the moleaule (rather than scattered) and then re-emitted as fluorescence (efter a
charaaeristic fluorescence lifetime much greaer than the 10™ seconds of a scatering event).
Fluorescence bands are spedrall y-broad and typicdly four to six orders of magnitude stronger
than the week Raman lines*4. Fluorescenceis not normally a problem with infrared excitation,
but becomes significant with radiation in the visible to ultra-violet region. Except for rare two
phaon absorption events, fluorescenceis usually of a lower energy than the radiation which
excitesit, and so is seldom a problem in the study of the even wedker anti-Stokes bands.

2.2.13.Absolute intensity measurements

Making absol ute determinations of the amourt of light scatered into the optics of a spedrometer
or interferometer isdifficult. The small intensity of the Raman scatered light, andthe precaitions
taken to rgjed any inelasticdly scatered light, both necesstate careful cdibration with a
referenceradiance standard. In pradice if the absolute value of the scattered radiance must be
found,the intensity of the spedrum is compared with that of a secondary standard 34847,
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Absolute Raman scatering crosssedions foundin this way are tabulated for some gases and
organic liquids in Weber!*?. More recent measurements of liquids (organic and halide ion
solutions) have been made by Eysdl 8148 and the scatering crosssedion of water is measured and
discused by Marshall*?. Fischer*® and co workers have demonstrated for agueous solutions at
concentrations below 1 M, the backgroundRaman spedrum due to the water is unchanged in
shape, although itsintensity may deaease slightly.

The Raman Spectrum of Water
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Perkin-Elmer 1700X Fourier Transform Raman Spectrometer;
200 mW 1064 nm;
40 readings averaged;
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Figure 2.4 Experimentally measured Raman spedum of water, recorded using a commercial Fourier transform

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

It can be seen that the bands of (hydrogen-bonded) water (figure 2.4) are much broader than those
of the two nonpdar solvents (figure 2.5); the rise in Raman scattering intensity towards the laser
line is due to hydrogen bondng. Therising basdlinein figure 2.5is an artifad of the (dispersive)
spedrometer optics, and is believed to be due to fluorescence of the opticd comporents. The
frequency shiftsin figures 2.4 and 2.5are towards lower frequencies, ie Stokes bands are plotted.
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Figure 2.5 The Raman spedra of chloroform and toluene recorded using acommercial dispersive spedrometer equipped

with a CCD camera and double grating prechromator.

In comparing the spedra above, athough the intensity scde of the FT devicecanna be diredly
related to that of the dispersive spedrometer, it may be noted that the scatering crosssedion
(integrated over its width) of the 1002cm™ line of toluene is only 30% greder than that of the
3400cm™ line of watert*Id dthough the pesk scatering crosssedion of the toluene lineis over
an order of magnitude greder.

2.2.14. Theresonance Raman effea

A related phenomenonisthat of resonarce Raman scattering™?. If progressvely higher phaon
energies are incident on a sample, eventually the v* dependance of equation 2.5 bregks down.
This happens as the energy of the incident phaons approades that of the moleaular eledronic
levels. The Raman scatering crosssedion may increase by 10 as the eledronic energy level is
approached, for instance, Hofmann and Moser®® measured an intensity increase by a fador of
850in the 813 cm™ line of KNO, as the incident wavelength was changed from 436 nm to
254nm. At even shorter wavelengths Barletta and Veli gdan®® foundthe scatering crosssedion
of CCl, to increase by 1.6x10" with 248 nm incident li ght.
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Although the Raman scatering crosssedion can rise dramaticdly at resonance, the scatered
radiation may be conceded by asmultaneousincreasein absorption, or by fluorescenceemisson.
The effed isnat beneficial to thiswork. By choasing a sufficiently short incident wavelength for
resonant Raman scatering from a particular moleaule, it is more likely that problems from
fluorescence of other compoundsin our analyte will be encourtered. For instance, the eledronic
absorption spedra of toluene®? and chloroform® are in the ultraviolet, and any attempt to
produce Raman spedra from these in a crosscontaminated analyte will certainly suffer from
fluorescence masking.

2.2.15.Surfaceenhanced Raman scattering (SERS)

Between 1974 and 1977 experiments studying the Raman scatering intensity of moleaules
adsorbed onto the surfaceof metal el edrodes showed that the Raman scatering intensity of the
adsorbed moleaule could be increased by as much as 10° times. Whil e, because of the problems
associated with surfacefouling, this surfaceenhancement effed has not been used in this work,
it is described briefly here for completeness and as apotential extension to what has been dore.
Garrell®@ has written an introduction to the subjed, including analyticd applications, and Chang
and Furtak®” edited a convenient introduction to the theory.

The moddl s used to describe the origin of SERS may be broadly divided between moleaular and
eledromagnetic descriptions. Moleaular theories contend that the palarizability « is enhanced,
that moleaules adsorbed onto a metal surfacemay be orientated preferentiall y with resped to the
incident eledric field and that the eledronic structure of the moleaule may be altered such that
the incident light approaches the energy of a modified moleaular resonance. Eledromagnetic
explanations invoke image fields in the metal substrate, eledric field vedor enhancements due
to the shape of the substrate (‘lightening rod effeds), surfaceplasmons, and charge transfer
between the substrate and moleaule. In general, both moleaular and eledromagnetic enhancement
medhanisms both play a part in the enhancement effed, although the relative importance of the
moleaular and eledromagnetic models varies widely from case to case.

The experimental results are remarkable, bath in the magnitude of the observed enhancement, and
the wide range of analytes amenable to the technique. Silver, copper, and gold are the most
commonly used substrates®”, the most universal substrate being sil ver. Pyridine adsorbed onto
sil ver substrates displays an enhancement of upto 10°, approximately constant between 700 nm
and 500nmP>™%3, The enhancement varies for different adsorbates, and for ead vibrational band

of amoleaule, andis afunction of the incident wavelength. Sil ver substrates display a maximum
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enhancement between 500nm and 700nm, whereas copper and gold substrates are most efficient
in the nea infrared (NIR)®7,

In the laboratory, many environmentally important classes of moleaule have been studied with
SERS. For ingtance, Alak™® has demonstrated detedion of 10° M concentrations of chlorinated
pesticides in agueous solution in a 4 second integration time. Storey et al'®® have measured
chlorinated hydrocarbors in situ at 10 ppm in ground water, and low ppm sensitivities for
benzene and napthalene in groundwater have been reported by Carron et al®¥. However, despite
its attradion for low level measurement, the use of SERS for in situ analysisis effedively not a
dired spedroscopy as described at the beginning of this chapter, due to the involvement of the
surfacelayer. It requires a caefully prepared probe, which is, by the nature of the technique,
susceptible to fouling.

2.3.Elastic Light Scattering

Fluorescent emisson and Raman scatering can both be described as inelastic processs: the
energy of the scatered phaonsis not conserved. The light has a different frequency (and hence
adifferent wavelength) after the interadion, andit isthis change which enables us to deducethe
presenceof an analyte. However, light is more commonly scatered withou any change in energy:
the frequency of the phaons is unchanged, and the processis termed elastic. Elastic light
scatering can been used to measure the size, density, and shape of scattering particles®®, but in
this work it can be the magjor source of noise in the measurement of the inelasticdly scatered
light; to avoid indlasticdly scatered light, one neads to know whereit is coming from, and where
it isgoing to.

2.3.1.Rayleigh scattering

When light is scattered by particles that are sufficiently well spacel that the scatering from eath
is incoherent, and small enouwgh that the scatered light may be considered to originate from a
single point, then the scatering may be described by the theory of Rayleigh scatering. Asin
Raman scatering from moleaules, the scattering centres behave individually as eledric dipales,
and the scattering pattern has the text bookdipole distribution and 1/A* variation of intensity®d.
Because the scatering from ead centre is unrelated to that from the next, the net irradiance at
any point is simply the sum of the irradiances of ead scatering centre. All matter will scater
light by this medanism.
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2.3.2.Miescattering

The Mie scatering theory includes the size, shape, refradive index, and absorptivity of the
scaterers, and reduces to Rayleigh scattering as aspedal case™?. It shoud be used where the size
of the scattering centresislarger than A/10, ie when the scattering within ead particle becomes
the sum of the scatering from coherently radiating dipoles. As the size of the scatering centres
increases with resped to the wavelength of the scatered light, the scatering becmmes
concentrated in the forward and reverse diredions, and the scatering intensity bemmes
independent of the scatering wavelength (ie white light scatering). Particles of dust, water
droplets, net curtains, and materials with grossrandam variations of refradive index will scatter
light by this medhanism. For particles much larger than the wavelength of the scatered light, the
maaoscopic laws of refradion and Fresnd refledion apply, resulting in mainly forward
scétering.

2.3.3.Fresnd refledions

Fresnel refledion is the term given to the partia refledion of light incident on a boundiry
between materials with different refradive indices. Fresnel refledion is a consequence of the
same eledromagnetic equations and boundry condtions as Mie scatering, but applied to
maaoscopic situations®¥, The refledance and transmittance coefficients R and T are given for
non-magnetic media by equations 2.18and 2.19.The subscripts and | refer to the cases that the
eedric field vedor is perpendicular or parall € to the plane of incidence' respedively, i andt are
the angles of incidence and transmisson with resped to the surfacenormal, n, and n, are the

refradive indices of the incident and transmitting media.
2

_| mycos(i) - ncos(t)
R n,cos(i) + n,cos(t)
(2.19
T 2n,cos(i) ?
" | n.cos(i)+ncos(t)

The plane of incidenceis the plane in which the incident, refleaed, and transmitted rays all
lie.
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2

R - n,cos(t) - n,cos(i)
" | n.cos(t) + ncos(i)
| . (2.19
T- 2n;, cos(i)
"\ n.cos(t)+n,cos(i)

The angle of incidencei isrelated to the angle of transmissont by Snell's law, equation 2.20.

nsin(i) =nsin(t) (2.20

Equations 2.18and 2.19do nat apply to films with thicknesses comparable to the coherence
length of the light propegating through them; opticd interferencewill modfy the refledance and
transmittance at such an interface iein the case of anti-refledion coatings®?.

2.4.Making Optical Spedroscopic Measurements

The techniques which may be used to resolve different wavelengths of light from one ancther,
and quantify the energy in ead measured spedral band, are briefly described here with their
relative merits. Light intensity measurements are described in sedion 2.5.

2.4.1.Fourier transform spedrometers

Thisisnat so much a spedroscopic arrangement, rather a generic means of processng the opticd
signals withou atraditional monachromator to analyse the light spedrum. The methodinvolves
detedion of the opticd signal, viaan interferometer having a scanned path-length difference A
two-path interferometer ads as an opticd filter, having a periodic transmisgon T(v), with a
function of opticd frequency v where

T(v) = 1+sin(k(v)) (2.29)

The constant, k, depends onthe opticd path differences in the interferometer. When a complex
light spedrum I(v) is passed through an interferometer onto a detedor with a spedral respornse
D(v). then the deteded signal is Sv). Yv) isgiven by

Sv) = f 1(v) T(v)-D(v)-dv (2.22

V=Vmax

The function S represents the correlation between the sinusoidal transmisson function of the
interferometer and the combined spedral resporses of the inpu li ght spedrum and the spedral
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resporee of the detedor. Clealy, the correlation is best with spedral variations having the same
(opticd-frequency) periodicity as the interferometer. In the simplest case, where [(v) isanarrow
line spedrum of constant frequency, the signal S represents a single (sample) point on the
sinusoidal resporse. If the path-length of the interferometer is now scanned, its periodic
transmisgonresporse function will translate aaoss the frequency band (and aso change its
period versus frequency). The deteded signal will therefore vary, as the correlation between the
spedral fedures and the periodic interferometer resporse varies. In the simplest case of theline
spedrum, the deteded signal will vary sinusoidally as the interferometer is swept. More complex
Spedra can be considered to consist of alinea addition of a series of such narrow-line spedra,
ead having an appropriate amplitude. For a complex spedral resporse, the variation of the
deteded signal with time, as the interferometer is swept, represents the inverse Fourier transform
of the origina spectrum. The spedrum can therefore be recovered by Fourier transformation of
thetemporal variationsin deteded signal, resulting when the interferometer is scanned. Thisis
again ill ustrated by the simple example of the line spedrum, which results in a sinusoida
tempora resporse. The Fourier transform of asinusoida signal has asingle value, correspondng
to the single frequency of the line spedrum.

When compared to conventional spedrometers, the Fourier transform system has several
advantages. Thefirst isthat it is relatively easy to obtain high spedral resolution by using along
‘path’ differenceinterferometer (10 cm path differenceat 1 um wavelength, resultsin afradiona
resolution of around1 part in 10,000. The secondisthat asignificant fradion of the sourcelight
is incident on the detedor at al times, becaise the mean transmisson of the interferometer is
much higher than that of a narrow band grating monachromator, thereby improving the opticd
efficiency. The third is that the interferometer can be designed with a large opticd aperture,
giving much higher opticd throughpu from radiance-limited opticd sources. The advantages are
lesssignificant when only moderate resolutionis needed and low-noise (eg CCD) detedor arrays
can be used, as these also al ow parall el detedion of eat spedral comporent.

The main disadvantage is normally the need for a predsely-aligned interferometer, with its
necessary thermal and mecdhanicd stability. Fourier Transform spedroscopy is appliceble to a
wide variety of spedroscopic techniques, including transmisson, refledance, fluorescence and
Raman spedroscopy, as, in al of these cases, it can be used for spedra analysis before the
detedion system.
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2.4.2.Dispersive (grating) spedrometers

For usein this projed a spedrograph based arounda holographicdly ruled concave diffradion
grating from Johin-Yvor/ISA (sedion 3.2) has been designed and built. The main results relevant
to its operation are presented here. For more information the reader shoud consult one of the
many text books dedi ng with diffradion grating physics, such as the one written by Thorne”.

2.4.3.Diffraction grating equations

Referring to figure 2.6, the equation relating the angle of incidencei and refledion (diffradion)
r for collimated light of wavelength A onto a planar diffradion grating ruled with a pitch (line
spaang) dis

mA= d(sin(i) +sin(r)). (2.23

Here mis a positive or negative integer (including zero), andis referred to as the order of the
diffraced bean. The zeroth order, m=0, represents speaular refledion, i=-r. If an order isonthe
oppcsite side of the zeroth order to the incident beam then m is negative, ill ustrated in
figure 2.6(@). The anglesi and r are both measured in the same diredion, with resped to the
normal of the grating.

Concave
Ay oo “~~-.__grating

Slit

) b \‘\Rpwland circle .-~ ’

a -
Figure 2.6 (a) A ray diagram of light incident on to a blazed diffradion grating. (b) Using a concave grating eli minates

the need for focusing optics.

Theinpu of aspedrometer isusualy adlit, andthe light from this dlit is collim ated by lenses or
mirrorsin the spedrometer. These focusing optics can be eliminated through the use of aconcave
grating. The angle of diffradion is cdculated 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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ill ustrated in figure 2.6(b) is that of Rowland”, who shawed that a concave grating can ad asits
own collimator. The entrancedlit isonthe Rowlandcircle, acircle with adiameter equal to the
radius of curvature of the diffradion grating, and for small apertures the diffraded rays are also
focused onto the Rowland circle. The particular benefit of this configurationisthat the first type
coma®¥ of the image of the entrancedlit is zero. By careful control of the groove spadng® other
opticd aberrations can be correded too.

Evidently, from equation 2.23, light of wavelength A can be diffraded at severa angles (r),
correspondng to the different orders (m). Thisiswasteful, and may contribute to the stray li ght
within a spedrometer. In fad light can be direded preferentiall y into orders at a particular angle
by blazing the diffradion grating, asill ustrated for the m=1 casein figure 2.6(b). In this case, the
incident and refraded light are both almost along the groove normal, an arrangement known as
the Littrow configurationt®3, In general, the diffraded light will be concentrated into any order
inwhich light is speaularly refleded from the groove surfaces; iei'=-r'.

For a spedrograph, the anguar dispersion of the grating can be found by differentiating
equation 2.23,wherei isaconstant, to give

ar__m 2.2
di  dcos(n) (229
For agrating with focd length f the linear dispersionis defined as
dri__f 2.2
dx dr/dh (229

where dx is an incremental distance aaoss the focd plane of the detedor. From the linea
dispersion the wavelength incident on ead part of the detedor array, and the resolution of the
spedrometer, may be found(assuming that diffradion at the inpu dlit is negligible).

When perfedly monochromatic light isincident in to a spedrometer through, for instance, a dit,
an image of the entrancedlit isformed at the detedor. The minimum dimension of theimage is
diffradionlimited by the size of the dispersing element, assuming that the whole of the element
isilluminated. For acircular diffradion grating, of diameter D, the diameter of the central portion
of the diffracted image a, can be foundby considering the grating as a circular aperture’®?, so

2fA
a=122——
5 (2.2

wheref isthefocd length of the spedrometer and A is the wavelength of the diffraced light. If
the image of the dlit islarger than a, then the resolution of the spedrometer is simply determined
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by the geometricd image of the entrancedlit andthe linea dispersion of spedrometer (assuming
that the detedor width islessthan that of theimage). For the 70 mm diameter grating used in this
projed the diffradion limited image sizeis 5.5 pum and so the system resolution is determined by
our entrance aperture, defined by fibre ends of diameter 400 um.

2.4.4. Stray light and ghost lines

An effed which may further limit the performance of a spedrometer, espedally if low intensity
bands must be resolved from much higher intensity ones, is stray light!®¥. The term encompasses
al spuriouslight incident on to the detedor, other than that at the wavel ength of interest, and can
be broadly divided between randamly scattered light and focused stray light. Randamly scatered
light may be aresult of dust or imperfedions in the opticd surfaces or refledions within the
spedrometer houwsing of opticdly misaligned light, or light in those orders of diffradion not
direded towards the output. Focused stray light arises from opticd aberrations of the focusing
optics in the spedrometer and re-entrant spedra

Obviously opticd misalignment can be avoided, and this includes matching the numericd
aperture of theinpu light to that of the focusing optics of the spedrometer. The effed of other
refledions can be reduced by baffling the spedrometer, which esentialy entails ereding
partiti ons within the spedrometer wherever passble, between patential sources of stray light, and
the opticd detedor. Minimising or correding for the effeds of opticd aberrationsis atrade off
between opticd perfedion and size and simplicity, but one shoud aso be aware that even the
best opticd comporents are nat perfedly pdished, and the more opticd surfaces are introduced
in to the system, the greaer the potential scatering from surfaces.

A related phenomenonin diffradion grating spedroscopy is that of ghosting, where periodic
errors in the ruling of the grooves result in spurious maximain the diffraded spedrum. Thisis
aproblem in ‘traditionally’ produced gratings, which are fabricated by mecdianicdly ruling a
diamondpaint bad and forth acossthe surfaceof a padlished blank. Any periodic variationsin
the groove spadng d (figure 2.6, equation 2.23 will result in ghost lines focused on to the
detedor.

Ghost lines are eliminated by the use of haographicdly produced gratings, which have no
periodic ruling errors. The stray light performance of ahadographicdly ruled diffradion gratings
istypicdly afador of ten better than that of amechanicaly ruled grating™®?, and in addition, the
ruli ng pattern can be optimised to corred for certain geometric aberrations aswell. Even a perfed
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diffradion grating will randamly scater light though, as it is impossble to perfedly pdish a
surface. However, by making use of concave diffradion gratings which both collimate the
incident light, and refocus diffraded light on to the detedor, all other scatering surfaces can be
eliminated from an opticd system.

2.4.5. Grating f-number and spedrograph numerical aperture

The light colleding properties of the input aperture of a spedrometer are either quaed as an
f-number (f/#) or anumericd aperture (NA) (figure 2.7). The two are related by equation 2.27.

1
A=——. 2.2
o(fi#) (2.2

u A \" R

Omax
Optical fibre O
Entrance slit
Lens

Figure 2.7 Matching the numerica aperture of afibre to a spedrograph.

An opticd fibre is also charaderised by its numerica aperture, and if the numericd aperture of
the fibre is greder than that of the spedrometer then the source NA must be matched to the
acceptance NA of the spedrometer. This can be achieved with alens of focd length f as shown
infigure 2.7, where u andv are related to f by

u=f| 1+ —tan(ﬂﬁb)
tan(0, )

(2.28
tan(0,__,)
v=f] 1+ ——
tan(8y,,)

Such matching resultsin a magnification of the fibretip at the entrance dlit, given (for paraxial
rays) by

0.
M,= o (2.29
max
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2.5.Detedor Tednologes

The opticd intensities aaoss the output plane of the spedrograph must be converted into
eledronic signals to be measured. The wavelengths of light used in this work (approximately
700 nm to 900 nm) fall conveniently within the sensiti ve range of sili con devices®®. Several
detedor configurations were investigated during the course of thiswork, including arrangements
using discrete phaodiodes, self-scanning phaodiode arrays, and charge couped device (CCD)
detedors.

It was foundthat whil e discrete phaodiodes in a transimpedance configuration could offer the
best signal to noise measurements in theory, in pradice better performance was acieved using
detedor array integrated circuits, such as self-scanning phaodiode arrays (PDAS).

2.5.1.Discrete photodiodes

Photodiodes are spedali sed variants of the p-n junction semiconductor diode structure®®. The
dopng of the deviceis controlled such that the junction region between the p-type and n-type
material isvery lightly doped (eg p-m-n), or not doped at al (p-i-n), so that the depletion region
of the deviceis large, and well defined, under reverse bias. Photons that are absorbed by the
material within, or close to, the depletion region generate eledron hae pairs, which are swept
apart by the eledric field gradient in the depletion region. This generates an eledric current,
which is deteded by an external eledronic circuit. Except in the rare case of multiple-phaon
absorption, only phaons of energy greaer than the charaderistic band gap of the semiconductor
material will be absorbed, which for silicon devices corresponds to phaons of wavelength
1100nm or shorter.

a b V
4 ©

Figure2.84) A photodiode in the photovdtaic mode: the open circuit vol-tage aaossthe deviceterminalsis measured.

bias

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

constant at zero, or a negative value.

Phatodiodes are used in one of two modes of operatiornf®®: in the phaovoltaic mode, where the
phaodiode is conreded aaossthe high impedance terminals of a voltage measuring circuit; or
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in the phaoamperic mode, where the terminals of the phatodiode are kept at a constant voltage,
and current generated by the deviceis measured using alow impedance current measuring circuit
(figure 2.8). In the phatovaltaic mode the output voltage is related to the incident light intensity®®
by equation 2.30.

I
Voczﬂm Phyg (2.30
a {lo

V,. isthe open circuit voltage aaossthe phaodiode, kis Boltzmann's constant, T is the absolute
temperature, q is the eledronic charge, |, isthe small reverse saturation current of Shockley’'s
ided diode equation’®®, and I is the phaocurrent generated in the device, which is propational
to the intensity of the light falli ng onto the device

Aswedll asbeing nortlinea, the voltage aaossaphaodi ode in the phaovadtaic modeislow pass
filtered by the device shurt resistance and cgpadtance, both functions of the voltage aaossthe
diode, andill -defined parameters. The phaoamperic configurationis much better suited to predse
measurements of light intensity. In this case the closed circuit current I, is related to the
phaocurrent by equation 2.31,where V, is the reverse bias voltage acossthe diode.

-qV
BNESD

The current | is usualy measured in an adive transimpedance configuration, such as that shown

in figure 2.9, and the voltage output of the circuit can be linea of several orders of magnitude.
For low frequency measurements, it is preferable to user zero reverse bias; then the reverse
legkage current term |, disappeas. Although 1, istypicaly very small, and is often negleded, the
reverse leskage current and its associated shot noise can be the dominant noise source if the
incident light level islow. If the phaodiode isto be used to measure rapidly varying signals then
it isusually desirablereverse biasit by afew volts. This maximises the device quantum efficiency
by maximising the width of the depletion region, and increases the speed of operation of the
deviceby reducing the junction cgpadtance
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A
A

Figure 2.9 An adive transimpedanceamplifier circuit: because the terminals of the photodiode are both held at the same
potential, the voltage output of the circuit remains linea with resped to the incident light intensity over many orders of

magnitude. The capadtor is present to maintain stability and reduce the voltage noise bandwidth.

In this work optimum signal to noise ratio was required, and so the phaodiode was operated
unhiased. Phatodiodes with low shurt cgpadtancelower the voltage noise gain, and may increase
the circuit bandwidth. Loop cgpadtance may be necessary to stabili se the circuit. The operational
amplifier shoud havean FET inpu stage, asthe inpu bias currents are the dominant noise source
for large transimpedance values. The other contribution to the output noise is Johrson (or
thermal) naise from the feadbadk resistor (the value of which defines the transimpedancein this
simple circuit), and the phaodiode resistance Johrson naise is an unavoidabl e consequence of
the secondlaw of thermodynamics, and it experiences the same gain in the circuit of through the
circuit of figure 2.9 as the phaocurrent. However, it can be shown that as long as the
phaocurrent produces more than 51.2mV at the output, the shot noise of the phaocurrent is
greder than the thermal noise of the resistor. The noise performance of aphaodiodeistypicaly
spedfied as anoise equivaent power (NEP), which is defined as the opticd power inpu to the
system which produces an output equal to that from the noise. As an example, the NEP of one
phaodiode in the Hamamatsu S3954discrete phaodiode array is quated as 4x10*° W/Hz”.

Several prototype circuits were built for this work and investigated for suitability.
Transimpedances of upto 10 GQ were studied, and the results of this worked are summarised
here: circuits with large transimpedance, above 100 MQ beacome microphonc; the resistors
avail able add considerably to the measurement noise, espedally at low frequency; and large
transimpedances are not useful in the event that there is any opticd badkground in the
measurement, as the amplifier will saturate. In addition the circuit complexity is propationa to
the number of opticd elementsin any array.
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2.5.2.Sdf-scanning photodiode arr ays

In asaf-scanning phaodode array alinea array of phaodiodesis built into the same integrated
circuit as the eledronics required to sequentially read the voltage from ead one, as shown in
figure 2.10. Light incident onto the phaodiodes creaes eledron-hole pairs by the same
medhanism as for discrete phaodiodes, but due to the FET switch, this chargeis nat freeto flow
immediately into and external circuit, and insteal is integrated on the cgpadtance of the
phaodode itsalf. The acamulated charge on ead phaodiode in turn is output onthe video line
(figure 2.10 by opening the FET switches individually.

Start .
Clock 1~ Shift Register ﬂg n g r‘]’f
I I [T 1
» Video
= = - ﬁ
R
Wyl ey2 WyN I v
£

Figure 2.10A schematic showing the sequential readout of a self-scanning photodidde array viaFET switches.

Usually the only signals that need be provided to the array are aregular clock signal and a start
pulseto trigger the readou cycle at the end of ead integration. Errorsin the output voltage are
dueto integration of switching transients, thermal current, and leskage current, as well asthe shat
noise in the full-well charge, the thermal noise of the resistors, and noise due to any readou
eledronics employed (accentuated by the high cgpadtance onthe video line). The former errors
are minimised in devices which use differential output of a set of adive phaodiodes, and a set
of dummy phaod odes, identicd in construction to the adive diodes, but unexposed to the light.
The performance of such a device offers littl e room for user optimisation, except in the choice
of readou eledronics.

The devicesare nat typicdly coded, and the maximum achievable signal to nase ratio deaeases
with longer integration times due to the depletion of the stored charge by thermally excited
eledron-hde pairsinthe phaododes. The devicequantum efficiency issimil ar to that of discrete
silicon phaodiodes. These devices have primarily foundapplicaionin opticd scanners, but they
are migrating into spedroscopic applications, with some devices designed spedaficdly for
spedroscopy. The NEP power for ead 25 umx250um pixel in the EG& G Reticon self-scanning
array, output through the optimum output circuitry as described in the product data shed, was

cdculated from a 20 second measurement to be 3.6x10%° W/HZ” Thisis smaller than that of the
discrete phaodiode example given in sedion 2.5.1due to the small er size of the diode; if the
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output from 144 such pixels is summed, so that the areais equal to that of the diode of
sedion 2.5.1,then the NEP is 4.3x10* W/HZ".

2.5.3.Charge coupled devicedetedors

Charge couded device(CCD) opticd detedors are formed from (usualy two dimensiona) arrays
of metal-insulator-semicondictor cgpadtors, linked so that the charge stored in ead one may be
transferred to adjacent cgpadtors by the corred sequence of bias signals. Chargeis creded in
ead cgpadtor when phaons are absorbed in the semicondictor region of the device, which
creates an eledron-hale pair. The eledron-hole pair is swept apart by the internal eledric field,
and the charge is trapped in the cgpadtor. The trapped charge can be measured by transferring
it to the array output nock.

Two distinct types of CCD detedors are made, named acarding to the processby which charge
istransferred to the output: inter-line transfer (ILT), where the charge is transferred via li nes of
opticdly-inadive cgpaators between eadt opticdly-adive line; and full -frame transfer (FFT),
where the charge is transferred through the opticdl y-adive cgpadtors. For spedroscopic work
FFT devicesare preferred, asthe whade of the deviceareais opticdly adive. ILT devices are used
in video cameras, where interference between one frame and the next must be avoided.

In spedroscopic applicaions CCDs are usually operated coded, either by thermo-eledric Peltier
coders, or by liquid nitrogen, so that long integration times are possble freerelatively from the
build up of thermall y excited charge. The quantum efficiency of CCD detedorsistypicdly lower
than phaodiodes, and the dynamic range is lower; however, lower noise readou eledronicsis
possble than for multi plexed phaodiode arrays, and when operated at |ow temperature, they are
the preferred option for deteding low light levels.

Usinga2D CCD it ispossble to obtain severa independent spedrafrom individual inpusto the
spedrograph, eg separate opticd fibres. This can be useful to make instantaneous cdibrations
against a reference sample for instance When the inpu to the spedrograph is via a single
entrancedlit, then it is preferable to combine the charge stored in al the pixels of ead column,
in aprocesstermed binning, so that the output of the deviceisidenticd to alinea detedor array.
Charge binning increases the signa to noise ratio of the measurement, and is preferable to
external dataaveraging when the devicereadou noiseis significant!®”. Based on measured values
of the thermally acaumulated charge and spedral resporse, the NEP of the Hamamatsu C5809
0907CCD used in thiswork was 1.3x10"" W/HZz" for ead individual pixel, 5x10%° W/HZz" for
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abinned pixel of areaequal to the diode of sedion 2.5.1.(Thefull data shed of this Hamamatsu
detedor isreproduced in appendix C, and further detail s are given in sedion 3.5)

The dynamic range of the CCD islimited by the full well saturation, the number of e edrons that
can be stored in ead cgpadtor. There are separate limits for the individual opticdly-adive
elements, and for the end of line cgpadtor, which must hold al the charge from a line of

cgoadtors.

2.5.4.Eledronic interference

As with all low-signal-level analogue circuitry, cae must be taken in the design of opticd
detedor circuitsto shield the measured eledricd signas from any potentialy interfering signals
from other sources. Such interference may enter the system from power supdy conredions,
circuit interconredions, or signa interconnedions between equipment. In this work, with low
signa frequencies (below 1 MH2), interferenceis couped into signal paths either by capadtive
or inductive couding; it is minimised by shielding and correa eledricd groundng, as described
in the foll owing paragraphs'®®.

Interferencefrom the power supdy conredions can be reduced by using high-frequency bypass
cgpadtors in conjunction with eledrolytic cgpadtors at the suppy pins of ead IC used. To
prevent cgpadtive couding of voltages nea to the signal path, the path shoud be kept as small

as posshle. Where signals are transmitted between equipment or separate circuits, a condwcting
shield shoud enclose bath signal wires, and the shield shoud be conreded to groundat one end
only!®d,

The groundng configuration of acircuit can introduce interference by two mechanisms. ground
loops, and large currents flowing in groundreturn paths®?. A groundloopis formed when more
than one path to groundis possble. This configuration forms aloop aroundwhich current can
flow, and any varying magnetic field which interseds it will induce current to flow aroundthe
loop. Also, it is unlikely that any two connedions to groundwill be at the same patentia (for
reasons outlined in the next paragraph), and this potential differencewill also impressitself onto
the measured signal. This can be avoided by using measuring devices with differential inpus: in
this way groundloops are avoided, and any other common mode interferenceat the inpu to the
measuring circuit isreeded.
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When current flows to groundthrough areturn path of finite resistancethere will be a potential
difference between any two pointsonit. If parts of acircuit that require high currents share the
same ground return path as the signal voltages, then a voltage is impressed onto the signal
voltage. This problem is avoided by using separate groundreturn paths for digital, analogue, and
high current portions of a circuit. These groundpaths shoud be conreded together at only one
point in the circuit, as close to the eledricd suppy as possble.

The same care to avoid eledricd interference was taken for ead of the detedion techniques
described in the previous sedions of this chapter. In thisway eledricd interferencewas kept to
a minimum, and in most experiments it was the shot noise of eat measurement that was the
dominant source of error.

2.6.Conclusions

The techniques appli cable to the quantitative and qualit ative study of liquids over opticd fibres
have been outlined in this chapter. In this work emisgon tedhniques have been chaosen over
absorption techniques due to ease of probe construction (single paint measurements are passble),
and the paosshility of making noncontad measurements. Most of the work described in the
following chapters has been with fluorescent compounds, but the equipment built has been
optimised for Raman spedroscopy becaiuse of the spedficity of thistednique, and compatibilit y
with measuring agueous solutions.

A dispersive spedrograph was designed and built during this work: a dispersive design was
chosen for its medhanicd simplicity, as the am of the work was to build compad portable
instrumentation. A Fourier transform spedrometer, while having certain advantages in a
laboratory setting, was not suitable for this goal. To make optimum use of a dispersive
spedrometer it is vital to make use of ‘the multi plex advantage' (the possbility of measuring
light intensity at many wavelengths simultaneously), so an array detedor was used. Arrays of
discrete phaodiodes, self-scanning arrays, and CCD detedors were all investigated during this
work. For optimum compatibilit y with verticd arrays of fibre, low noise measurement, and low
circuit complexity, a CCD detedor was interfacel to the spedrograph.

All the equipment used, designed, and built during this projed is described in the next chapter.
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