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Abstract

Diode lasers are a convenient and economical source of near-infrared radiation, which
may usefully be applied to a host of different sensitive detection methods; this thesis
presents novel extensions of these methods, making use of the favourable character-
istics of this type of light source. The first part of this thesis details the development
of an optical feedback cavity-enhanced absorption spectroscopy (OF-CEAS) appa-
ratus, including the development of the optical system, the sample handling, and
the electronics for feedback phase control. A preliminary demonstration of the sys-
tem is reported, presenting the detection of atmospheric water absorptions close
to 1596 nm. Optimisation and application of the OF-CEAS spectrometer are then
demonstrated, after which the spectrometer is applied to the sensitive detection of
carbon dioxide absorptions suitable as a diagnostic aid in identifying Heliobacter
pylori infection. A time-normalised v, value of 5.8 x 10~ %cm~'s"/? was measured
for these spectra.

Further optimisation of the system leads to an ultimate detection sensitivity
of 1.42 x 102 ecm~'sY/2, measured on absorption transitions in acetylene close to
1532 nm. In order further to characterise the performance of the OF-CEAS system,
analogous experiments are presented using the OF-CEAS setup and a standard
diode-laser cavity-enhanced absorption spectroscopy (CEAS) apparatus. Detection
is carried out on the P(6) line of the 14 4 v3 vibrational band of the mixed isotopo-
logue of acetylene, 2C*¥CH,. Direct comparison is made between the sensitivities of

the two methods, and in light of this the suitability of each technique for detection

in different environments is considered.



The well-characterised and consistent frequency scale which is inherent to the
OF-CEAS technique is then applied to a line shape analysis for the presented ab-
sorption spectra. Pressure-broadening coefficients are determined for selected ab-
sorptions in the 14y + 15 band of acetylene. In spite of the low resolution associated
with this technique, this accurate frequency scaling allows observation of subtle line
shape effects such as Dicke collisional narrowing using the data presented in Chap-
ter 3 for the R(60) line in the 3v; + v5 vibrational band of COy. These effects are
quantified through use of a Galatry fit to each absorption spectrum. The statistical
significance associated with the use of such a model, and the physical meaning of
the results, are examined and discussed.

An alternative strategy for increasing the sensitivity of a diode-laser-based gas
monitoring technique lies in moving detection to the mid-infrared region, where
the absorption cross-sections are generally larger. With this motivation, difference
frequency generation is presented, to produce radiation close to 3.5 um which is
then applied to a series of different enhanced spectroscopy techniques. The optimal
sensitivity, of 32 ppb NO, at 45 Torr total sample pressure, was achieved using
wavelength modulation spectroscopy. The different techniques are compared and
possible improvements to them are put forward.

Finally, proof-of-principle work is presented seeking to combine the enhanced
circulating power associated with the optical-feedback-locked techniques and non-
linear optical techniques to move detection to a more favourable spectral region.
Light close to 429 nm is generated by second harmonic generation in a crystal of
potassium niobate, with resonance-enhancement afforded by a feedback V-cavity of
the sort employed in OF-CEAS. The potential of such a system for diode-laser-based
generation of blue and ultraviolet light is demonstrated and discussed, along with

improvements that might be implemented to increase the efficiency of the system.
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Chapter 1

Introduction

Optical detection methods offer a convenient, sensitive and selective tool to under-
stand the composition and environment associated with a gas sample. As such, they
have provoked much fundamental study, and find applications across many fields.
In light of this, the present chapter offers some context for the experimental work
reported in this thesis. Specifically, the motivations for gas phase detection are ex-
amined and the particular advantages associated with lasers for use as probe light
sources are discussed. Diode lasers lend themselves especially well to spectroscopic
measurements; the reasons for this are examined in the context of a description
of this type of light source. The physical basis of absorption spectroscopy is out-
lined, along with a survey of selected other laser-based detection techniques. Other,
non-optical, types of detection technique are then discussed and compared with the
spectroscopic approaches. Finally, a brief examination of noise and the expression

of detection sensitivities precedes an outline of the scope of this thesis.

1.1 Quantitative Detection in the Gas Phase

Accurate monitoring of trace gases is often required in a variety of contexts; in
particular, gas detection techniques have been applied to process monitoring [1—-
3] and to environmental and atmospheric sensing [4-6], as well as monitoring of

biological processes [7] and medical diagnostics [8-10]. Trace gas monitoring is a
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vast area of research [2, 11], and this section serves merely to highlight some pertinent
examples of current techniques and applications.

In the process industry, rapid, sensitive, and selective sensing is necessary to
ensure that quality standards are maintained in the product of a chemical process.
During chemical vapour deposition processes, for instance, used for applying thin
layers of tin oxide onto glass for solar cells and the like, a complex series of reactions
is triggered by the initial heating step, and careful monitoring of this chemical
process is required [3]; the non-invasive nature of optical analysis techniques lends
itself particularly well to such an application.

Atmospheric sensing affords us a greater understanding of the chemistry control-
ling the composition of our surroundings; such fundamentally-motivated detection
work is exemplified by the simultaneous measurements of NoO, CH4, CO, HCI and
NO; carried out as part of the ALTAS-IT mission [12]. Some environmental detec-
tion work also carries an economic motivation: the system demonstrated by Bishop
and Stedman [13] monitors the composition of automobile exhaust, which is used
to determine the environmental score (and thereby, taxation level) associated with
a particular vehicle.

Biological and medical diagnostics applications based upon swift, accurate med-
ical tests such as the Urea Breath Test (UBT) for Heliobacter Pylori infection [10]
exploit all the advantages associated with non-invasive gas analysis methods. All
these applications share a need for rapid, economical detection that is selective, sen-
sitive and robust. The methods introduced in this chapter, and particularly those

developed in the work presented later in this thesis, seek to achieve these aims.

1.2 Lasers in Gas Detection

1.2.1 Lasers

In a generic two-level system there are essentially three types of transition. Ab-

sorption is a transition from the lower energy level to the upper level, where the
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absorbing particle takes up a photon; its rate is proportional to the energy density
(p(E)) of photons incident on the absorber, on the population in the lower level,
N1, and on the Einstein Bjs coefficient. Spontaneous emission is a random process
whereby a particle in the upper level spontaneously emits a photon, and undergoes
a transition to the lower level. Since this process is not driven by incident radiation,
the rate of spontaneous emission is not dependent upon an energy density term, but
merely proportional to the upper level population, Ny, and the Einstein A coeffi-
cient; the resulting emission adopts essentially random phase and direction, but has
a wavelength resonant with the energy gap corresponding to the transition. The
third class of transition is stimulated emission, where the emissive event is driven by
incident radiation; the rate of stimulated emission is proportional to Ny Bgp(E), and
the resulting radiation shares its direction, phase and wavelength with the driving
radiation. It is this type of emission which is the basis of laser action.

If a population inversion can be established within a medium, so that the gain

condition is satisfied:
Mo > M (1.1)
92 g1
where g, 2 are the respective degeneracies of the levels, then the number of stimu-
lated emission events in that medium can exceed the number of absorption events.
As such, coherent radiation consistent with the wavelength, direction and phase
of the initial (spontaneous) stimulating radiation results. This emitted radiation
is then typically amplified through use of an optical resonator (see section 2.1).

Lasers can therefore provide a useful source of intense, coherent radiation ideal for

a spectroscopic experiment.

1.2.2 Absorption Spectroscopy

Absorption spectroscopy is based upon the measurement of the attenuation in the in-
tensity of an electromagnetic (em) probe wave as the associated radiation is passed
through the medium under study. Classically, this can be considered as the in-

duction of electron oscillations in the absorbing medium by the probe em wave,
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inducing dipoles oscillating in resonance with the probe field. Destructive interfer-
ence between the field induced in this way and the probe field leads to a quantifiable
depletion in the probe wave’s intensity: absorption.

The time-dependent electric field associated with an em wave travelling along

the Z-direction has the form [14]:
E(z,t) = Egexp {i(wt — kz)} (1.2)

in which Fjy is the electric field amplitude, w is the angular frequency of the wave,
and k the corresponding wavevector. The wavevector accounts for the effect of the
refractive index, n of the medium through which the probe radiation is passed, and
has the form:

_ 2mn

k== (1.3)

In fact, the refractive index is best considered as a complex quantity, n = n’ —ix;
correspondingly, the complex wavevector along 2, defined in terms of a reference
value kg, becomes k,, = ko(n’ —ir). When this is substituted into equation 1.2, the
real part of the refractive index associates with the phase, and the imaginary part

with the amplitude [15]:
E(z,t) = Eyexp{—korz}exp { — i(wt — kon'z) } (1.4)

The imaginary part of the refractive index determines the level of absorption,
and the real part determines the change in the phase velocity of the probe radiation;
n' is called the chromatic dispersion term.

Quantitative description of such absorption of light is encapsulated within the

Beer-Lambert law [16]:

—% = exp{—a(w)L} o= No(w) (1.5)

wherein I; and Iy respectively represent the transmitted and incident light intensi-



Introduction 5

ties, L is the absorption path length, and a(w) is the frequency-dependent absorption
coefficient, itself composed of the absorber number density (N) and the frequency-
dependent absorption cross-section, o(w), which is also dependent on the physical
environment in which the absorber is found. For a given transition, the integrated
absorption cross-section is typically quoted; this is the integral of the peak absorp-
tion cross section with respect to frequency (or, more generally, wavenumber) across
the entire transition. As such, it is invariant to changes in line shape, and is a

constant for a given line; it generally takes units of cm?cm~'molec™!.

1.2.2.1 Differential Optical Absorption Spectroscopy (DOAS)

In an atmospheric setting, absorption spectroscopy measurements are somewhat
more complex in implementation, since there are often several species present whose
spectra overlap, the collisional environment may significantly broaden spectral lines,
and scattering by aerosol particles may also complicate the experiment [17]. In
order to be able to identify a particular species, measurements need to be taken
on significantly more than a single spectral line; observation over a broad spectral
region — typically several tens of nm — improves the ability to distinguish between
different absorbing species, and one such approach is differential optical absorption
spectroscopy (DOAS) [17-20].

Scattering contributions to the spectrum typically exhibit a relatively smooth de-
pendence upon wavelength, so that a significantly-structured spectrum viewed over
a broad wavelength-range can straightforwardly be separated from the scattering
signal by a combination of a high-pass filtering method and fitting of a simulation
based upon known absorption cross-sections for the species under study. A back-
ground signal is taken either simply by recording the spectrum of the light source
with the same detector, or by recording a spectrum knowing the absorber concen-
tration within the air sample being studied [17].

This technique is useful for simultaneous monitoring of several atmospheric

species. However, it is generally unsuitable for making local measurements; the
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measurements are of the average absorption, typically over a long path length, and
so no information about the local distribution of absorbers is included [21]. However,
the ability to implement this technique over such long path lengths is what gives
this method its sensitivity [21]; one implementation [18] of DOAS over 20.6 km for
measurement of NOs and other atmospheric species gave an NO, detection limit of
40 pptv in 5 minutes of integration. However, since the technique is implemented
over such long path lengths, this places demands on the minimum power of probe
radiation required; in the NOy detection work of Harder et al. [18], for example, a

1000 W Xe-arc lamp was employed.

1.2.3 Some Other Laser-Based Detection Techniques
1.2.3.1 Laser-Induced Fluorescence (LIF)

Laser-induced fluorescence [22-24] (LIF) is based on a measurement of the sponta-
neous fluorescence spectrum after selective laser excitation of a molecular absorber.
Careful tuning of the excitation wavelength may give rise to emission from a single
upper level, making for a much simpler, clearer fluorescence spectrum compared to
what might be observed after simultaneous emission from several upper states [16].
This technique is therefore inherently background-free, and in use LIF functions as a
useful and highly sensitive form of spectroscopy. Although the detection sensitivity
varies with the absorption cross-section associated with the species being studied,

values on the order of 10 molec cm™3

are not uncommon [5,25]. However, it is not
so universal in application as absorption spectroscopy, since a sample with a flu-
orescent upper state (and an appreciable quantum yield associated with it) is an
obvious prerequisite for LIF measurements. Competing pathways for de-excitation,
such as collisional quenching or pre-dissociation, mean that not every excited elec-
tronic state gives rise to appreciable fluorescence. Additionally, the fluorescence
rates at longer wavelengths are generally much slower, and so this technique is gen-

erally implemented in the ultraviolet or visible spectrum regions. LIF has been

applied to measurements of many small molecules, especially forming the basis of
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many reaction dynamics measurements on nascent species [23,24,26], though the
need for very careful calibration and avoidance of collisional quenching of the sample
present difficulties for its implementation as an atmospheric detection method for

determination of absolute concentrations.

1.2.3.2 Photo-Acoustic Spectroscopy (PAS)

Photo-acoustic spectroscopy exploits the photo-acoustic effect, discovered by Alexan-
der Graham Bell [27]; he found that a thin disc exposed to mechanically-chopped
light emitted sound. This was found to work using sunlight, infrared and ultraviolet
light. A photo-acoustic spectrum essentially comprises a plot of the amplitude of the
sound against the wavelength of the light. Absorption of the em wave increases a
sample’s internal energy, with this energy then being transferred by collisions within
the sample. Since the sample is effectively heated, for a constant-volume sample,
the local pressure must increase. If the radiation source is modulated or pulsed,
then, compressions and rarefactions in the gas are brought about, giving rise to an
acoustic wave that can be detected at a microphone in the sample chamber. The
amplitude of the sound is proportional to the level of heating, which is related to the
degree of absorption of the light. An absorption spectrum can be inferred from a
plot of sound intensity against laser wavelength. This can be a very sensitive form of
spectroscopy, and is capable of measurements in all phases of sample [28,29]. Min-
imum absorption coefficients on the order of 107 cm ™! have been achieved using
this technique [30]. Further enhancement to PAS has also been demonstrated by use
of an appropriately-resonant cell [31]. Disadvantages associated with the use of this
technique are related to its sensitivity to ambient conditions; the temperature, for
example, must be very carefully controlled in order to make an accurate measure-
ment, and the need to place the microphone very close to the sample may present

experimental limitations for the use of flames and strongly heated samples.
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1.2.3.3 Coherent anti-Stokes Raman Spectroscopy (CARS)

Raman Spectroscopy relies upon the inelastic scattering of light incident upon a
molecule, whereby the incident radiation is shifted in energy by an amount consistent
with the internal energy level spacings within the molecule. Raman spectroscopy
can be considered as a two-photon process, proceeding wvia a virtual upper state
[14-16,32]. However, only a small proportion of the incident photons typically
engage in such Raman scattering, and one of the principal difficulties associated
with the technique is separating the very weak Raman signal from the high-intensity
background of Rayleigh-scattered radiation.

Coherent Anti-Stokes Raman Spectroscopy (CARS) seeks to mitigate that dis-
advantage, presenting a multi-photon stimulated Raman technique which produces
mutually-coherent signal waves. Under conditions where the incident radiation and
the resulting Raman-scattered radiation are both at high intensities, the molecules’
simultaneous interactions with two em waves must be considered. Both laser radi-
ation at frequency wy, and Stokes radiation (at the difference frequency wy — wyp,
where w,;;, corresponds to the vibrational transition being probed in the molecule)
are provided, and now interact with the molecule. When subject to both these
waves, a non-linear induced polarisation results, with terms in the (Stokes) differ-
ence frequency wy — wyp, and the (Anti-Stokes) sum frequency wy, + wyp. Provided
that the correct phase matching is achieved, a significant intensity of coherent Anti-
Stokes radiation results. Spectroscopic study based on this principle is still an area
of current interest [33], and the technique finds application to detection problems
in gaseous and liquid phases, including flame thermometry [34], and femtosecond

time-resolved measurements [35].

1.2.3.4 Degenerate Four-Wave Mixing (DFWM)

A related non-linear technique combines three coherent and identical laser beams
to generate a fourth coherent beam of radiation. Degenerate four-wave mixing

(DFWM) [36, 37] involves the crossing of two laser beams at a small angle, producing
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a fringe pattern. This fringe pattern brings about a corresponding modulation, in
space, of the populations of ground and excited states in an absorbing sample. The
third laser beam is then scattered by Bragg diffraction at this effective grating, giving
rise to a signal beam; this signal beam is then detected to produce the absorption
spectrum. The coherent character of the signal light means that detection can
be carried out at some distance from the sample chamber, remotely, and so this
technique lends itself well to hostile environments such as flames and plasmas [25, 36].
Nonetheless, neither implementation of the setup nor analysis of the resulting spectra
to find quantum state populations is straightforward. Furthermore, the signal scales
as the square of the sample concentration, and so DFWM may not be ideally suited
to the detection of trace species. In spite of these difficulties, the technique has been
applied to trace species detection [37], as well as to flame analysis [36], photolysis

products and combustion analysis [38].

1.2.4 Diode Lasers as Spectroscopic Sources

Diode lasers — or semiconductor lasers — are those which have a p-n semiconductor
diode as their active medium [14-16,39]. As current is supplied to the diode in
the forward direction, electrons are transported from the n-section to the p-section,
and “holes” travel in the converse direction. At the p-n junction, the electrons and
holes can recombine radiatively — the electrons fall from the conduction band to
the valence band, and the emitted recombination energy may be released as an em
wave. The line width associated with this (spontaneous) emission is on the order

of several cm™!

, and its wavelength is determined by the band gap (the energy
difference between the valence and conduction bands). The choice of semiconductor
and the concentration of introduced dopants therefore have a strong influence on the
emitted wavelength. A schematic illustration of a semiconductor diode laser system
is shown in Figure 1.1.

This is an example of a homojunction laser, such as might be constructed from

gallium arsenide. A more efficient laser medium results when layers of different
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Figure 1.1: Simplified representation of a semiconductor diode laser, adapted
from reference [15].

semiconductor materials are used and meet at the diode junction - this is a hetero-
Junction arrangement [40]. Most commonly, a double heterojunction chip is used,
with a thin (typically ~ 2 um) layer of one semiconductor such as GaAs sandwiched
between cladding layers of another, such as AlGaAs; this sort of arrangement bene-
fits from a wave-guiding effect as well as from enhanced carrier confinement owing to
the greater AlGaAs band-gap. In each setup, donor and acceptor concentrations are
present in sufficient concentration to place the Fermi level in the conduction band
for the n-type layer, and in the valence band for the p-type layer. Forward-biassing
of the junction (application of an external potential that renders the p-type layer
more positive, and the n-type layer more negative) modifies the band energies, so
that in a heavily-doped junction the electron concentration in the bottom of the
conduction band may substantially exceed that in the top of the valence band. This
amounts to establishment of a population inversion in the medium, and stimulated
radiative recombination then forms the basis of the laser action.

The laser resonator in such a diode system often simply comprises the polished

faces of the semiconductor crystal. However, the high refractive index of the semi-
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conductor material and the large gain associated with such lasers often mean that
such polishing is not necessary; for example, for gallium arsenide n = 3.2, corre-
sponding to a Fresnel reflectivity of 0.32. Alternatively, a more effective resonator
can be created by engineering a region of periodically-varying refractive index within
a thin layer added to each end of the semiconductor crystal; this is called a Bragg
reflector, and the construction of the Bragg reflector controls the reflected wave-
length. The period of the Bragg reflector region, A, gives rise to a phase condition

called the Bragg condition [15]:

2neffA =mA (16)

where n.sy is the effective value of the refractive index and m is an integer. An
appropriate choice of Bragg period can therefore select a single mode for laser action.
In a distributed Bragg reflector (DBR) laser there may be a region of periodically-
varying n at each end of the crystal, encasing the active medium, or alternatively the
periodic refractive index alternation may be extended throughout the gain medium.
In the latter type of setup, resonant modes of the laser cavity are restricted to
those additionally satisfying the Bragg condition; this is called a distributed feedback
(DFB) laser.

Diode lasers are available over an increasing range of wavelengths, and the
telecommunications industry has driven their efficient and economical construction
in the near-infrared region particularly. Sources in this region are readily available,
compact and robust, with DFB lasers in particular giving a reliably single-mode
output over their tuning range. The selection of the particular frequency emitted by
the diode laser is achieved wvia a series of strategies: firstly, as mentioned above, the
choice of semiconductor and the level of doping are important factors determining
the emitted frequency. Additionally, injecting light from a second laser — injection
locking — may stimulate emission on a particular frequency; use of the resonant light
from an external optical cavity, or the DFB and DBR arrangements present alter-

native methods. A diode laser may be tuned right across its gain profile by placing
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the gain medium within an external cavity. The cavity further comprises a grating
mounted so as to diffract a small amount (typically ~ 15%) of the incident power
into its first-order beam, directed back into the laser medium; this is illustrated
schematically in Figure 1.2. Accordingly, this frequency-filtered feedback drives the
laser emission increasingly monochromatic, and laser line widths as low as 10 kHz
may be achieved [15,40]. External cavity diode lasers (ECDLs) of this type can
achieve tuning across a spectral range up to ~ 100 nm, compared to the one or two
nm typically achieved using a DFB laser. However, slightly more care may need
to be taken with an ECDL to ensure a consistent, single-mode output, whereas the

DFB output is typically very reliably single-mode right across its output range.

Laser Diode Diffraction Grating

[}

Collimator

v
Laser Output

Figure 1.2: Schematic representation of an external cavity diode laser (ECDL).

All of these features of diode lasers, associated with their compactness, robust-
ness, tunability, reliability and economy, make them ideal sources for spectroscopic
detection experiments [41-44]. The work of this thesis seeks to exploit and build
upon these advantages of diode laser radiation sources in the construction of sen-
sitive, selective and robust detectors relevant to a variety of important analytical

challenges.

1.3 Other Analytical Techniques

Other, non-optical, techniques are also in widespread use for gas-phase detection
problems. One of the most commonly-implemented techniques is mass spectrometry

[45], in which the species under study is ionised, typically by a process such as elec-
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tron impact. The ions are accelerated under an electric or magnetic field, whereby
they are sorted by their mass-to-charge ratio, m/z, and then detected, typically ac-
cording to their time-of-flight. Electrospray ionisation allows movement of the ions
already present in a liquid solution into the gas phase, so when combined with an MS
technique it can present a method applicable to solution-phase detection as well as
detection of gaseous species; this technique has been applied to biologically-relevant
solution studies [46], and attracted a Nobel Prize in 2002. Since the species under
investigation is typically fragmented during the ionisation process, the m/z informa-
tion associated with the various fragments can give information about the structure
of the species under study. Mass spectrometry measurements can be exceptionally
sensitive, but are expensive and cumbersome in implementation. Non-covalent in-
teractions within the sample are often disrupted by the ionisation process; indeed,
the mass spectrometry technique’s invasive nature, and the size and expense asso-
ciated with the instrumentation, mean that it does not lend itself well to several
process monitoring applications.

Electrochemistry offers an alternative detection method: electrochemical gas de-
tectors measure the concentration of a sample gas by oxidising or reducing that gas
at an electrode, and measuring the resulting current. Typically, the sensor com-
prises a set of electrodes composed of a precious metal and attached to a porous
membrane, through which the air to be monitored may pass into the electrolyte
(typically a mineral acid) [47]. The magnitude of the resulting current depends on
the concentration of the species being oxidised or reduced. Normally, the sensors
are designed so as to incorporate a diffusion-limited supply of gas to the sensor. An
external circuit maintains the potential difference across the sensor; an equal, op-
posite electrochemical reaction takes place simultaneously at the working electrode
and the counter electrode [48]. Such systems have been applied to gas detection
problems of interest, such as the economical detection of toxic carbon monoxide
in air. However, there may be considerable problems of selectivity associated with

them, and generally only those species which are electrochemically active (and will
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undergo the necessary redox transformation) may be detected [49]. As well as the
problems of selectivity, blocking or poisoning of an electrochemical system may lead
to (sometimes permanent) damage of such a system [47]. Nonetheless, electrochem-
istry may offer an economical approach to some detection problems, and Warburton
[47] reported a steady-state sensitivity of 0.11 wA/ppm of carbon monoxide.

A further class of detection methods lies in chemiluminescence methods [50];
these are based upon bringing about a chemical reaction producing a photochemically-
excited product which fluoresces or phosphoresces, and measuring the intensity of
that luminescence. This technique has successfully been applied to several detection
problems, including the detection of nitrogen oxides [51] and of gaseous isoprene [52];
the latter experiment exhibited an isoprene sensitivity of 400 pptv for a signal-to-
noise ratio of 2 and with a time constant of 5 s. However, the indirect nature of
these measurements means that very careful calibration is necessary before absolute

concentrations of the sample species may be inferred.

1.4 Noise and Detection Sensitivity

The ideal output of a photodetector in an optical detection system is absolutely and
directly proportional to the incident radiation power, and is exactly zero when no
signal is incident on the photodetector. In reality, there is often a non-zero signal
even with no optical input to such a device - this is termed the dark current. Further,
even for an “optimally-constructed” photodetection system, there are fundamental
sources of noise associated with both the dark current and the signal output; the
laser will also, no matter how well constructed, be subject to fundamental noise
which distorts its output.

A first source of noise is inherent to the quantised nature of light; since we
consider the light as a series of discrete photons, the quantum fluctuations in the
photon stream impose a fundamental electrical noise limit on photodetection. If
the stream of photons is randomly-arranged, then we can use Poisson statistics to

describe the number of photons, m, arriving at the detector in a given time interval
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with respect to the mean rate, n [15]:

n exp{—n}

P(m) = (1.7)

m)

Under such a model the noise level is simply given as the square-root of the mean,
n. A term is generally included to describe the quantum efficiency, n, of the pho-
todetector, so that the randomness in the detector output is given as the statistical
fluctuations in a photon stream now described by nn, with an associated noise level
of \/nn. This type of noise, ordinarily called the shot noise, presents a fundamen-
tal limit on the detection sensitivity for an optical monitoring system, associated
directly with the photodetector and not influenced by the signal. The shot-noise-

limited absorbance for a direct absorption measurement is given by [53]:

QGB)I/2 (1.8)

@b = (77

where e is the elementary charge, B is the detector bandwidth, and F, is the incident
power; here, 1 is the detector responsivity, expressed in A W—1. For a typical system
such as those used in this thesis, with £y = 10mW, a bandwidth of (1/27) Hz and
n = 0.95, an a,,;, value on the order of 1079 results.

A further type of signal-independent noise associated with an optical detection
technique is the Johnson noise [15,54]. This is a white noise source associated with
thermal excitation of electrons within elements of the detector and pre-amplifier,
bringing about charge gradients that can generate noise on the electrical output
signal. Statistical thermodynamics tells us that (except at the very lowest temper-
atures and highest signal frequencies) the average thermal energy associated with
each degree of freedom of a system in equilibrium is %kBT, and the energy stored
in a capacitor is described in terms of its capacitance, C', and the supplied voltage,
V, as %CVZ. Accordingly, the noise voltage, Vi,ise, associated with a single degree
of freedom is then:

RN |
#XV >—2@T (1.9)

noise
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Simply by invoking Ohm’s Law, we can find the corresponding Johnson noise current:

kgT
<[3ohnson> = <Vnzoise>R72 = % (11())

In such a case, the bandwidth is the number of degrees of freedom, given by Af =

(4CR)™!, allowing us to rewrite expression 1.10 as [40]:

4ksT A
<I3ohnson> = BTJC (111)

The Johnson noise may be associated with the photodetector, or with the circuit
that processes its output, or both. Its importance with respect to the shot noise is
determined by the photon flux. For a typical photodiode of the sort employed in
this thesis, C' = 22 pF and the load resistance, R, is 1 M€). A circuit bandwidth of
~ 11kHz results, and the value for the corresponding Johnson noise photocurrent,
<[J0hns(m>, is therefore ~ 10711 A.

Additionally, though, noise arises on the intensity of the laser output; temper-
ature variation, acoustic vibration and other technical sources may contribute, and
quantum noise associated with resonator losses is also important. Phase noise as-
sociated with the laser — which gives rise to the lower limit on its line width, and
is discussed in more detail in section 3.2.1 — is also coupled to intensity noise. In
general, an optical field oscillating at frequency v incident on a detector at power P

generates an output current of:

_enP(t)
 hv

I(t) (1.12)

wherein e is the electron charge, and 7 again denotes the quantum efficiency asso-
ciated with the detector. Excess laser noise generally shows an inverse relationship
with the lasing frequency, I, o< 1/f, and is therefore known as “1/f-noise”, or
sometimes “pink noise” [55].

The total signal-to-noise is generally presented as a root-mean-square value, com-
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bining the squares of the noise photocurrents additively [54]:

S _ <I§'@'gnal> (113)

N <Igohnson> + <I§h0t> T <112/f

The limit of detection for a given absorption spectroscopy experiment, also called
the sensitivity, is determined by the total magnitude of noise sources in the signal
and the detection over the timescale of the measurement. To consider the detection
limit associated with different setups in a readily-comparable way, the notion of
noise-equivalent absorbance (NEA) is useful. The noise-equivalent absorbance is the
value of aLL associated with a signal-to-noise ratio of one; any addition of absorber
above this level will produce a signal that emerges from the baseline noise. This is
usually normalised to an acquisition time of one second, simply by multiplying by the
square-root of the total acquisition time associated with a particular measurement.

Implicit in this analysis is the assumption that continued averaging will always
improve the noise level; this is true for the white noise contributions, but after a
certain amount of time longer-timescale drifts become important, and the excess
noise will reach a limiting value. In spite of this, for modest acquisition times the
concept of noise-equivalent signal is a useful and general one, which will be adopted
in this thesis. The sensitivity for each technique will generally be presented as an
Qmin Value, giving the minimum detectable absorption coefficient, again associated
with S/N = 1. This is ordinarily presented in its acquisition-time-reduced form, in

units of em1s!/2,

1.5 Overview of this Thesis

In the following chapter, a broad account of optical cavities and their application to
absorption spectroscopy is presented, taking in some of the background physics, as
well as a survey of some of the different implementations of optical cavities within

enhanced spectroscopic methods. Chapter 3 presents the development of an opti-
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cal feedback cavity-enhanced absorption spectrometer (OF-CEAS); the nature and
effect of optical feedback to a diode laser is described, along with the resulting contri-
butions to the laser line width and frequency. The development of the spectrometer,
including the mechanisms for control of the level and phase of the optical feedback,
is detailed and illustrated, along with the data treatment routine. Finally, a suc-
cessful first application of the OF-CEAS device to sensitive measurements of water
and carbon dioxide absorptions near 1.596 um is demonstrated, and the detection
sensitivity of the system is quantified and discussed.

Chapter 4 extends and applies the work of Chapter 3; as well as enhanced sensi-
tivity, the OF-CEAS method offers a well-defined inherent frequency calibration in
all resulting spectra, and these two benefits are exploited in line shape measurements
on acetylene absorptions close to 1.532 um. Both the sensitivity and the line shape
measurements are contrasted with measurements presented using a simple CEAS
setup without optical locking, offering a verification of the OF-CEAS line shape
measurements, as well as a direct appraisal of the increased sensitivity brought by
the optical locking in the OF-CEAS. The accuracy of the method is demonstrated
on measurements of collisional broadening and narrowing effects on the acetylene
and carbon dioxide absorptions already encountered.

The fifth chapter of this thesis presents work on an alternative strategy for en-
hanced spectroscopic measurements, through generation of mid-infrared radiation to
allow access to stronger transitions in nitrogen dioxide. The mid-infrared radiation
produced by difference frequency generation (DFG) in a non-linear crystal is applied
to detection of NO, in single-pass absorption, wavelength modulation and cavity-
enhanced spectroscopic techniques. The relative merits of these different methods
within an NOy detection setup are discussed and compared in light of the presented
data.

Finally, Chapter 6 contains work towards the combination of the advantages
of non-linear optical techniques for generation of more spectroscopically-convenient

wavelengths of light with the benefits of the optical locking exploited in the OF-
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CEAS system. Proof-of-principle experiments showing the viability of an optically-
locked, resonator-enhanced second harmonic generation (SHG) setup are shown;
others’” approaches to enhanced SHG are discussed, and the present setup compared
to them. In light of this work, the prospects for a full implementation of such a

system for generation of blue and ultraviolet light are considered.



Chapter 2

Optical Cavities in Spectroscopy

This chapter presents a broad survey of how optical cavities are used in spectroscopy
and the properties that make them appropriate for enhancement of the signal in an
absorption spectroscopy measurement. Firstly, the concept of an optical cavity, or
resonator, is introduced alongside some of the underlying physics: a discussion of
the form of the transmitted light signal, its evolution with time, and its depen-
dence upon the configuration of the cavity setup are examined. The application
of cavity-enhancement to an absorption spectroscopy experiment is described and
exemplified, with reference to research from this group and the published work of
others. Finally, a survey of the different absorption spectroscopy techniques in-
volving cavity-enhancement is presented, taking in the earliest temporal ring-down
measurements, up to the most complex methods involving optical and electronic

locking, and heterodyne techniques.

2.1 Optical Cavities: Fundamentals

An optical cavity — sometimes termed an optical resonator — in its simplest form
comprises two or more reflective surfaces. Light is directed at the rear of at least
one of these surfaces, which are mutually aligned so that the light is repeatedly
reflected between them; the light propagates within a closed path. Throughout this

continuous multi-passing process, some of the light escapes the cavity by leaking out

20
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through the surfaces at each reflection. In a typical experimental realisation, the
reflective surfaces are specially-optimised high-reflectivity mirrors, and the radiation
source is a laser; some of the relevant properties of these components are discussed
in sections 2.2.1 and 2.2.2.

The simplest type of optical cavity — the Fabry-Pérot étalon — comprises two
plane mirrors with negligible losses, aligned completely parallel to one another. In
a real experiment, confinement of the beam within the optical cavity is ordinarily
achieved by using at least one spherical mirror, and the influence of the surfaces’
curvatures on the transmitted light signal is examined at section 2.1.4. Nonetheless,
the idealised results of the theory for the planar Fabry-Pérot resonator [56] are useful
in describing optical cavities more generally, and in the next section we adopt this

model to describe the cavity transmission.

2.1.1 The Transmitted Light Signal

Figure 2.1 shows successive electric field amplitudes alternately transmitted and
reflected by such an étalon, assuming that the two mirrors are mutually spaced by

a distance ¢, and have equal reflectivities.

n/
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Eqott'r? exp{—ié} Eott'r® exp{—4id}

Figure 2.1: Simplified representation of a Fabry-Pérot étalon, showing the trans-
mitted electric field amplitudes.
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Consecutive transmitted waves have an optical path difference of 2nf cos 6, where
n is the refractive index referring to the medium between the mirrors. The total
phase difference between the same pair of waves, including a phase change on re-
flection of 7, is given by:

0 =2kl cosf + 2n (2.1)

wherein £ is the wavevector relating to the medium. As such, the total transmitted

complex electric field amplitude is given by a geometric progression:

E; = Eott’ + Eott'r® exp{—id} + Eott'r* exp{—2i6} + ...
1 —r2exp{—id}

where Ej is the incident electric field amplitude, » and ¢ denote the reflection and
transmission coefficients on travelling from refractive index n to n’, and ' and ¢’
are the corresponding coefficients in the opposite direction. The total transmitted

intensity is then simply given by:

Io|tt'|?
|1 — r2exp{—id}|?

[t X ‘Et|2 = (23)

Letting |t'| = T and |rr'| = R, and assuming negligible mirror losses so that
R+ T =1, we can now express an Airy function to describe the variation in the
transmitted light intensity with the phase difference, itself a function of the mirror

spacing (equation 2.1):

= (1 o geten) 2

This function describes the transmitted intensity through the idealised Fabry-
Pérot étalon, though it holds for an optical cavity that is injected with a perfect,
coherent light source. The resulting comb-like transmission is shown in Figure 2.2

for a series of values of R.
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Figure 2.2: Plot of the idealised cavity transmission against the phase difference
between successive waves, modelled using the Airy function (equation 2.4). The
transmission is plotted for different values of the mirror reflectivity, illustrating
the change in mode shape as the cavity finesse is increased.

The transmission function is essentially composed of a series of equally-spaced
maxima. At each of these points, an integer number of wavelengths of the light
fit within the cavity round-trip length, ensuring constructive interference between
successive passes of the light; the light is said to be in resonance with the cavity.
Accordingly, a substantially-enhanced transmission is seen at these points, and these
are the cavity modes. The spacing between consecutive longitudinal modes of the
cavity in frequency space is described by a single value, called the free spectral range
(FSR). For light within an optical cavity of two mirrors separated by a distance L,
travelling along a cavity round-trip of 2L through a medium with refractive index

n at the speed of light, ¢, the free spectral range is then:

C
AI/FSR = %—LHZ (25)



Optical Cavities in Spectroscopy 24

2.1.2 Finesse, Quality and Mode Width

The resonance characteristics of a particular optical cavity can be described in terms
of the number of round-trips within the cavity that each photon makes before it has
an escape probability of 1/e; this quantity, b, is sometimes informally referred to
as the bounce number. It is the reciprocal of the sum of the coefficients describing
all the loss processes within the cavity. As such, for our simple two-mirror cavity

example,
1 1

b: —
"+ Li+15+ Ly 2—Ry— Ry

(2.6)

In the optical cavity with a round-trip of length 2L and equal mirror reflectivities
Ry = Ry, = R, the b-value then simply becomes (2 — 2R)™!, and the effective path
length travelled by a photon within the cavity is correspondingly L.y = L/(1 —
R). This ability to trap a photon within the cavity is also related to the width of
the resulting mode. We can rationalise that by considering the effect of a small
perturbation in the laser frequency. In a cavity which is more effective at trapping
each photon for longer on average — i.e. one characterised by more reflective mirrors —
then a given perturbation to the laser frequency will give rise to a greater difference in
the photon’s total path length in that cavity. As such, the cavity with more reflective
mirrors satisfies the constructive interference condition for the modes over a smaller
distribution of frequencies, and so the mode width is reduced. The cavity’s ability
to support constructive interference over a long photon path length is quantified by

the cavity finesse, F"-

o VR

== (2.7)

For a low-loss cavity, the modes have a generally Lorentzian form, with a full

width at half-maximum (FWHM) given by:

A _ Avrsr  Avpsr
VEWHM = Ia = Tonb

(2.8)

A related quantity is the cavity’s quality factor, Q); it quantifies the ability of the
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cavity to build up and store energy. It has the following form:

v (2.9)

AVFWHM

This is a quantity not often referred to in the optics literature, except to make

comparisons with similar electronic devices, where its use is more common.

2.1.3 Describing the Beam Path Within the Cavity

Laser radiation is typically inadequately described by treating the radiation as a
plane wave; rather, the model of a Gaussian beam is more appropriate. A plane
electromagnetic wave characterised by an angular frequency of w and travelling along

the 2 axis has the following complex field amplitude [14]:
E = Eylcos(wt — kz) + isin(wt — kz)] (2.10)

where Ej is a constant. A Gaussian beam, however, is one in which the field ampli-
tude, A(z,vy, z), decays away from the propagation axis with a Gaussian distribution
along any perpendicular direction. It adopts the same general mathematical form
as the plane wave, but with the constant Fy replaced by the Gaussian amplitude
term, A(z,vy,z). The relative intensity distribution in the zy plane for a given dis-
placement along the propagation axis, 7, is determined by finding AA*. As we shall
see in section 2.1.5, the zero-order intensity distribution in this plane corresponds
with the TEMy, mode, the highest-intensity mode of a simple two-mirror optical

cavity. For such a mode, the amplitude can be written as:

Az, y, ) = exp { - Z{P(Z) + %] } (2.11)

In this expression, P(z) is a phase factor, k is the wavevector, given by 27/\, and

q(z) is the complex radius of curvature. Commonly, this latter value is expressed as
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a function of the phase front curvature, R(z), and the corresponding spot size, w(z):

LR (2.12)

1
qg R Tw?

Correspondingly, the relative intensity distribution is then given by:

AA*:eXp{—%(xz—l—f)} :exp{—z—rz} (2.13)

w
where w describes the radial distance from the beam centre to the point at which
the field amplitude has decayed to 1/e times its maximal value, and therefore the
intensity has fallen to Iy/e?. A Gaussian beam always has a minimum spot size
associated with it - this is typically denoted wq, and is called the beam waist. At the
beam waist, the curvature of the radiation wavefront is on the point of swapping
from positive to negative (or vice versa), and so at this point the complex radius
of curvature, R(z), is infinite; as such, the Gaussian is pseudo-parallel at the beam
waist. Far from the beam waist, the wavefront is more spherical in character; these
near- and far-field regimes are separated by a notional distance termed the Rayleigh
range [39]. Denoted zg, it is the distance along the propagation axis between the
beam waist and the point at which the beam radius has increased by a factor of /2.
It takes the value:
w3

To return to our two-mirror optical cavity, if we consider a pair of concave mirrors
with equal radii of curvature r separated by a distance L, we can write the Rayleigh
range in terms of a stability parameter, g, with g = 1— L/r. The stability parameter
is introduced more fully in the following section. The Rayleigh range in our cavity
is found to be:

21_ 2 1
2 9U=9) s 149 g (2.15)

(29 — 2¢°)? 4(1—g)?

Further ray-tracing matrix analysis yields the following expressions for the beam
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waist, wg, and spot size at each mirror, w; = wsy:

LXx | 1
wp = —- +9 and w

T\ 41—g) T V1—g?

(2.16)

For the 1596 nm V-shaped cavity used in Chapter 3, for example, this leads to

a beam waist of 0.47 mm, and a spot size on each mirror of 0.93 mm.

2.1.4 Optical Stability

We have seen in section 2.1.3, and specifically in equations 2.16, that the spatial
distribution of a resonant mode in a simple two-mirror optical cavity extends sub-
stantially away from the cavity axis (which is the vector connecting the mirrors’
centres). In order for the cavity to be resonant, the beam has to be trapped be-
tween the mirrors for many passes. For mirrors of finite size, some of the beam
energy is not trapped in this way, and is lost from the resonator. These diffraction
losses are larger for higher-order transverse modes (which are subject to a fuller
description in section 2.1.5).

The ability of a given resonator to maintain such confinement of the light by
periodic refocussing of the intra-cavity beam manifests itself in the requirement
for optical stability [54,57]. Except for the fact that the light path folds back upon
itself, reflection at a curved cavity mirror is equivalent in geometric optics to passing
through a lens with a focal length f = r/2, where r is now the radius of curvature of
each of the two mirrors, which we take to be identical. If the mirrors are separated by
a distance L, then, we can consider the resonator as a lens-equivalent waveguide, and
form an appropriate ABCD-type matrix (see Appendix A) for a single pass through
the cavity, describing the initial and one-pass vectors in terms of a displacement

(dp1) and angle () from the optical symmetry axis.

dy 10\ (1 LY\ {do
= (2.17)
0, —2/r 1) \0 1 0
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and therefore:

dy (1 L dy (2.18)

01 =2 12 \46,

Appendix B details the analysis that derives an overall stability condition from

this expression. The stability condition takes the general form:
0<L<2r (2.19)

for a symmetrical two-mirror cavity. The equivalent analysis for the unsymmetrical

case produces the following more general condition [11]:
0<giga <1 (220)

where g; is the stability parameter for mirror ¢, given by 1— L/r;. These constraints

are an important point of reference in cavity design.

2.1.5 Transverse Modes

The modes of an optical cavity are properly described as solutions to a three-
dimensional wave equation. In full, the frequencies of the modes of a two-mirror
optical cavity of length L, with the two mirrors’ g-parameters being simply ¢; and

g2, can be expressed as [11, 58]:

c n+m-+1

Vg = 5L q+ — arccos v/g1 g (2.21)

where ¢ is the longitudinal mode index, and m and n specify the number of optical
nodes in the two directions perpendicular to the propagation axis. Two modes with
the same m and n, but consecutive ¢, values (longitudinal modes) are separated by
one free spectral range of the cavity. Modes of the same ¢, but differing in their values
of m and/or n, are termed the transverse modes of the cavity, and are generally

denoted TEM,,,, modes. Figure 2.3 shows some typical spatial distributions of light
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exiting an optical cavity after resonating in different TEM,,,, modes; these images
were taken using an infrared camera to observe the transmission through the V-

shaped cavity introduced in Chapter 3.

Figure 2.3: Cavity transmission measured using an infrared camera, showing the
spatial distributions corresponding to different TEM,,,, modes of the V-shaped
optical cavity introduced in Chapter 3.

We can describe the origin of these transverse modes at different frequencies by
considering the phase shift. The light coupled into a Gaussian mode of the optical
cavity acquires a phase shift along its propagation direction, relative to that of a
plane wave with the same frequency. This is called the Gouy effect [59-61], and the
Gouy phase shift can be quantified as a function of the displacement from the beam

waist along the propagation axis, z, and the Rayleigh range, zp:

dc.00(2) = — arctan (i) (2.22)

ZR

Setting the phase shift at the beam waist to be zero, at the respective far field
limits on either side of the beam waist (i.e. the points at which z >> zg), we can

see that this phase shift approaches 4(7/2) radians. Accordingly, the total Gouy
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phase shift on passing from the far field on one side of the beam waist, through the
focus and out toward the other far field is 7 radians [61].
The Gouy phase shift undergone by a higher-order Gaussian beam is different to

that in the zero-order case; for the TEM,,,, mode, it is given by:

Pcmn(2) = (M +n+ 1)dg0(2) (2.23)

The total phase difference that results between mirrors 1 and 2 of our cavity is the
sum of the simple effect due to the displacement along the distance separating the

mirrors, and the Gouy shift:

2w L

Gtot.mn (22 — 21) = N (m+n+ 1){oco0(22) — dco0(21)} (2.24)

Accordingly, the different phase shifts for different TEM,,,, modes correspond

with their resonating at different frequencies.

2.2 Optical Cavities: Implementation

2.2.1 The Light Source

The line width associated with a laser — like its time-integrated analogue, the band
width — has a minimum value associated with phase noise in the laser medium. This
minimum is called the Schawlow-Townes limit, and it is described and quantified
more fully in Chapter 3. The amplitude of the laser radiation suffers fluctuations
associated with its quantised nature; the light is emitted in discrete quantum “pack-

2

ets”, and the quantum fluctuations associated are called the shot noise [54,58, 62—

64]. The spectral density associated with this noise is [54, 58]:

S(f) = 2Ihv (2.25)
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where I is an average laser intensity, hv is the energy associated with a laser photon,
and f is the shot frequency. Typically, shot noise only becomes obvious at the highest
frequencies, where technical noise sources are generally less evident. The absolute
limit of detection for a cavity-enhanced absorption spectroscopy setup, then, is set
by the magnitude of this shot noise. Shot-noise limited detection in the cavity-

enhanced context represents the situation where [11, 58]:

r (2Bhv\Y?

Under these conditions, (L), the minimum detectable absorbance, is equivalent
in amplitude to the shot noise; F' is the finesse of the cavity, B is the detection
bandwidth and 7 is the quantum efficiency associated with the detector; hv is again
the photon energy, and P the incident power. The bandwidth of the laser over the
course of a cavity transmission measurement also has a strong influence on accuracy
of analysis of the resulting spectra, and therefore on the detection sensitivity of a
cavity-enhanced technique. Most fundamentally, applicability of the Beer-Lambert
Law (equation 1.5) to describe molecular absorption relies upon the assumption of
monochromatic light. The reflectivity of the each of the mirror surfaces also has a
strong dependence upon the incident light’s frequency. A broader distribution of
incident light — corresponding to a laser source with a greater bandwidth — means a
larger spread of associated effective reflectivities, making the calibration of a mea-
surement of the cavity transmission more difficult.

In the case of temporal measurements (see section 2.3.1), if on each pass the
light is not very close to equally attenuated, then a single exponential function
will not accurately fit the resulting ring-down trace, and an accurate absorption
cross-section cannot easily be inferred. Generally, if the laser bandwidth associated
with the duration of a measurement is broader than, or similar to, the width of
the absorption transition, then bandwidth effects become detrimental to the ability
accurately to detect the absorber [62,64—67]; the measurement of a ring-down trace

may under such circumstances be dominated by the slow decay associated with the
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wings of the absorption, rather than the absorption at the line centre.

2.2.2 Cavity Mirrors

The reflective surfaces comprising the optical cavity are typically distinct and specially-
engineered mirror substrates. Mirrors are usually characterised by their reflectivity
and transmission at a given wavelength, A\, and particularly by the complex field-
amplitude reflection and transmission coefficients, respectively r and ¢. Ordinarily,
it is the corresponding real intensity coefficients, R = |r|* and T' = |¢|?, that are of
most use, and it is to these that reference is generally made in this thesis. In the
notional case of a perfect mirror, there are no losses of light, and so conservation of
energy implies that R+ T = 1. Of course, no real mirror satisfies this ideal picture;
some of the incident light is absorbed by the mirror substrate, whose surface also
has a finite roughness which brings about some scattering. All such losses for a
given mirror are generally accounted for in a single intensity loss coefficient, L, so
that:

R+T+L=1 (2.27)

Typical mirrors for a visible or infrared optical cavity experiment comprise a
highly polished substrate coated with several very thin layers of reflective material,
this material may be a metal (usually aluminium, silver or gold), or — especially for
the highest reflectivities — a dielectric material such as silicon dioxide or a metal
oxide [62]. Often, the layers of dielectric material are arranged to be alternately
high-n and low-n; the reflection and transmission properties of such an arrangement
vary with radiation wavelength in a straightforwardly-controllable way, by varying
the thickness and refractive index of the dielectric layers. On interaction with such
a mirror surface, the radiation generates many new waves by partial reflection and
transmission at each of the boundaries between the layers, and the reflected wave
results from interference between these [39]. Parts-per-million (ppm) losses are
now common for well-engineered optical cavity mirrors in the visible and infrared

regions; the very highest reflectivities now approach R ~ 0.999999, for mirrors
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with surface roughness close to the atomic scale [62]. However, such extremely
reflective mirrors are exceedingly expensive and would be liable to degradation,
making them unsuitable for implementation in a robust detection instrument. In
detection applications, mirrors with reflectivities between 0.999 and 0.9999 are more
common.

Typically, in an optical cavity experiment, the rear face of the mirrors (and
indeed, the faces of many of the other optics) are anti-reflection (AR-) coated. This
is to minimise the appearance of unwanted étalons between pairs of optics adding
structured noise to the eventual measured absorption spectrum. Like the reflecting
surface itself, the AR-coating comprises application of a thin dielectric layer to
the desired optical surface. In this case, though, only a single layer is used, of
a material whose refractive index is intermediate to that of air and that of the
substrate. This results in the first two reflected rays cancelling out each other’s
amplitude by destructive interference, and all the incident energy being disposed

into the transmitted ray.

2.2.3 Non-Linear Cavity Configurations

So far in this discussion of the background optics and resonator physics, we have
mostly considered the simplest case of an optical cavity composed of two mirrors
aligned to face one another, forming a linear resonator. In terms of implementation
and theory, this is often the simplest configuration to adopt. Sometimes, particu-
lar requirements for reduced, or frequency-selected, optical feedback motivate the
adoption of a non-linear cavity arrangement. Figure 2.4 shows two such cavity
arrangements for a three-mirror resonator.

In each of Figure 2.4(a) and Figure 2.4(b), the dark blue arrows show the direc-
tion of the incident and cavity-resonant light; the red arrows show the direction of
the transmitted light, and the light blue arrow shows the reflected beam at the fold-
ing mirror of the V-cavity. It can be seen from Figure 2.4(a) that there is no path

that the incident light can follow that will result in intensity being fed back along
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(a) Ring resonator (b) V-shaped resonator

Figure 2.4: Schematic illustration of two different three-mirror resonators, con-
figured respectively in (a) a ring arrangement for minimal feedback and (b) a
V-shape for cavity-selected feedback.

the original light path in the counter-propagating direction. Small imperfections on
the mirror surfaces may in fact bring about the build up of some light propagat-
ing in the contrary direction, but a ring resonator is broadly associated with the
elimination of feedback.

A V-shaped cavity can be used for frequency-selected feedback [68]. By inspec-
tion of Figure 2.4(b), it can be seen that the only light that feeds back along the
incident light beam is the light which is resonant within the V-cavity. A cavity of
this general configuration has been adopted for optical self-locking, and will form the
basis of the optical feedback cavity-enhanced absorption spectroscopy work reported

in chapters 3, 4 and 6 of this thesis.

2.2.4 Mode Matching

Radiation is coupled into an optical cavity when the laser mode and a cavity mode
are in resonance. It has been demonstrated in section 2.1.5 that there is a spatial
distribution associated with the cavity mode in the directions perpendicular to the
cavity axis. Carefully matching this distribution and the shape of the incident
light beam increases the power of radiation that couples into that cavity mode [65].
Specifically, the size of the beam is often telescoped using a pair of lenses to a size

at or just over the mirror spot size wi, calculated using expression 2.16. As well
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Figure 2.5: Schematic illustration of the simplest possible mode-matching
scheme for a linear cavity.

as optimising the beam size, for the best coupling into the mode the light path
should ideally mimic the divergence characteristics of the cavity mode. A general
arrangement of the simplest possible form of mode-matching — use of a single convex
lens — is illustrated in Figure 2.5, showing the beam waist and mirror spot size [58].

To achieve the best coupling efficiencies, the intensity profile of the incident
radiation should further be matched to the Gaussian distribution associated with
the cavity mode being injected. If a diode laser is being employed as the light source,
then this beam-shaping process is especially important; ordinarily, the intensity
distribution from such a laser is far from Gaussian [58]. The beam shape is typically
altered by passing it through a pair of anamorphic prisms.

A full analysis of the light trajectory by ray transfer matrix analysis and con-
sequent re-arrangement of beam-telescoping optics can allow access to very high
coupling efficiencies. A single ABCD-type ray-transfer matrix can be determined
describing the focussing at the lens and a cavity mirror, and the displacements
through free space along the distance dyc + L/2, where dr¢ is the separation be-
tween the mode-matching lens and the cavity mirror. Invoking the ABCD law of
Gaussian beam propagation (equation A.9), the problem can then be solved for the
best values of d o and f, the focal length of the mode-matching lens, to achieve

optimal mode matching.



Optical Cavities in Spectroscopy 36

2.3 Experimental methods

2.3.1 Temporal Evolution: Ring-Down Spectroscopy

The average path length travelled by a photon within the optical cavity can straight-
forwardly be related to the time which it spends trapped between the mirrors. For
the two-mirror example, the photon lifetime, 7, is the time spent by a photon in

the empty cavity until it has a 1/e probability of escaping, and is given by:

L

~G=5 (2.28)

To

This quantity can be measured experimentally by applying a short pulse of light to
an optical cavity, and measuring the decay in the transmitted light intensity at one
of the mode frequencies; the resulting decay is exponential with time, and 7 is the
amount of time taken to reach a light intensity of 1/e of the initial level. This time
is most commonly known as the cavity ring-down time.

Cavity ring-down measurements have been the subject of a series of excellent re-
views [6, 11,17, 25, 58,62, 65,69-71], and the theory of cavity ring-down spectroscopy
has been considered by others [63,72,73]. In this section, the approach elucidated
by Mazurenka et al. [11] and Wheeler et al. [25] is broadly adopted. For a pulsed
laser source exciting the same two-mirror cavity taken as our example above at an
incident intensity s, the transmitted single-pass intensity measured by a detector

after the second cavity mirror will be given by:
Iy = T? exp{—aL} s (2.29)

where exp{—aL} is a simple Beer-Lambert term for the one-pass absorbance through
the medium contained between the two cavity mirrors, with a the corresponding
frequency-dependent absorption coefficient. The transmitted intensity at the nth
round-trip, then, is described by a geometric progression with initial term [, and

common ratio R? exp{—2aL}. The total transmitted intensity after n round-trips
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within the cavity is therefore:

I, = I[R* exp{—2nalL}

(2.30)
= lpexp{—2n(—In R+ L)}
Since the time taken to complete n round-trips within the cavity is simply:
2In
t=—— 2.31
: (231)
equation 2.30 can now be re-written fully in terms of time:
ct
I(t) :IOexp{ — Z(—lnR+aL)} (2.32)
From this form of the decay, we can now extract the ring-down time:
L L
T = ~ (2.33)

o(-ImR+al) (1 -R)+all

where, for conditions of high reflectivity (R — 1) we can use the approximation
that In R ~ (R—1). By comparing this expression for the ring-down time with that
when there is no absorber present (equation 2.28), an estimate of the absorption
coefficient, and therefore of the absorber concentration, can be obtained. Either the
mirror reflectivity must be known precisely, or an absorption-free measurement of
the cavity ring-down time needs therefore to be made in order to calibrate cavity
ring-down measurements of absorbing species. Indeed, the value of 7y provides a
convenient way accurately to calibrate the mirror reflectivity, and it was with this
purpose originally in mind that the technique was born [25,70, 73, 74].

Cavity ring-down spectroscopy experiments (CRDS) rely on such a measurement
of the temporal evolution of the light intensity escaping an optical cavity when the
light source is abruptly switched off. Specifically, the ring-down time, defined at
equations 2.28 and 2.33 above, is measured with and without the absorbing medium

present, and then using both these values the absorption coefficient can be extracted
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[58]:

a(u):1<i— ! ) (2.34)

c T(v)  T()

Coincidence of a single mode of the laser with a single mode of the optical
cavity yields a single proper exponential decay trace. If the laser is emitting over a
broad frequency distribution, or if more than one mode of the optical cavity is being
excited, then a multi-exponential decay trace results, with each mode corresponding
to a subtly different ring-down time [11,58,62,70]. The light that is resonant with
each of these modes may also interfere, further complicating the transmitted time-
dependent light signal. For CRDS measurements, then, it is especially important
that the cavity transmission be considered when designing the cavity. A simulation
of the expected cavity output, based on equation 2.21, will indicate the spacing
between consecutive modes and therefore aid the design of a cavity where consecutive
modes are well spaced so that a ring-down trace is less likely to involve contributions
from more than one mode.

The original CRDS experiments employed a pulsed laser source, which brings
advantages in that the laser naturally switches off the light source, and this pulsing
can easily be implemented in such a way as to achieve a rapidly-extinguished light
intensity. In an implementation of CRDS, if a cw laser is being used rather than
a pulsed source, then a fast optical switch is required in order to extinguish the
cavity-resonant light rapidly; as such, the light needs either rapidly to be switched
off altogether [75], or to be moved swiftly out of resonance [76] with the cavity.
In either case, the action must be sufficiently fast that substantial excitation of
other modes — which might otherwise complicate the resulting ring-down trace — is
avoided. Typically, for a continuous wave (cw-) laser source, this is achieved through
use of an acousto-optic modulator (AOM). This device exploits the acousto-optic
effect within certain crystalline materials, whereby the compressions and rarefactions
induced in the solid structure when a sound wave is passed through it create an
effective diffraction grating. Typically, the cavity ring-down experiment is set up

and aligned to the first-order diffracted beam, with the AOM activated. Then,
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when the AOM is triggered to switch off, the diffraction process abruptly ends,
and so no light is directed into the optical cavity. Alternatively, a Pockels cell can
be used; both realisations of an optical switch come with the additional benefit of
contributing to the optical isolation of the laser from unwanted retro-reflections.
Correspondingly, the detection apparatus must be fast enough fully and accurately
to detect the change in the transmitted light intensity when the light source is
switched off; typically, an amplified photodiode or photomultiplier tube can fulfil
this task. Triggering is then usually set up in such a way that when light is coupled
into the most intense low-order TEM mode (ordinarily TEMy) above a certain
threshold intensity level, a trigger signal is sent to deactivate the AOM or other
optical switch, and the resulting ring-down trace is then recorded [58, 77].

A typical cw-CRDS arrangement is depicted schematically in Figure 2.6. FEs-
sentially, it comprises a laser source and optical isolator, a fast optical switch, an
optical cavity encasing the absorbing sample, and detection apparatus. In order to
run the experiment, some sort of wavelength-monitoring and trigger apparatus are
required. The nature of the laser source has been discussed at section 2.2.1; the
optical isolator is present simply to reduce or eliminate unwanted feedback to the
laser. The effects of feedback to the laser are discussed more fully in Chapter 3, and
so here we concern ourselves principally with the triggering, wavelength-stepping,
and detection apparatus.

To bring about resonance between the laser and the optical cavity, accidental
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Figure 2.6: Generalised arrangement for a typical cavity ring-down spectroscopy
arrangement.
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resonance when the cavity is dithered slightly — either by deliberate vibration or by
inevitable instabilities in the optical components of the experiment — can be relied
upon [73]. However, for the majority of applications a more controlled approach is
required [78], comprising scanning of the cavity length using a piezo-electric trans-
ducer [75,79] over a distance at least equal to A/2.

An example of a ring-down trace from an empty cavity of length 29 cm, using a
cw laser at a wavelength of 1560 nm, is shown in Figure 2.7. The single exponential
fit is shown, and results in a ring-down time of 0.54 4+ 0.01 us, corresponding to a

geometric mean mirror reflectivity of 0.9985.
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Figure 2.7: Ring-down trace for a 25 cm empty optical cavity illuminated close
to 760 nm, and single exponential fit.

cw-CRDS is ideally suited to the use of narrow-band diode lasers, which bring
all the advantages identified in Chapter 1. The use of cw diode lasers does have
some disadvantages, particularly associated with the inherent lack of direct control
over the time at which a ring-down event is to occur [58, 75] — but it has proved to
be a useful and well-applied technique in atmospheric detection problems [80-87],

as well as in plasma diagnostics [88-94] and more fundamental spectroscopic work
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[95-98], regularly demonstrating minimum detectable absorptions on the scale of

min ~ 1072 cm ™! and sometimes smaller.

2.3.2 Time-Integrated Cavity-Enhanced Spectroscopies

One of the disadvantages associated with making temporal measurements with a
cavity ring-down technique lies in the demand that it makes on the speed of the
photodetector and the optical switch. The requirement for rapid components to meet
these demands, and the need to step the laser consistently, rapidly and accurately
across the spectral region being measured add considerably to the expense and
complexity of this experimental technique. In order to obviate the need for these
more complex experimental components, there exists a family of techniques based
on measuring the time-integrated cavity output, known as integrated cavity output
spectroscopy (ICOS) [99], or cavity-enhanced absorption spectroscopy (CEAS) [100];
the latter term will generally be adopted for this group of techniques throughout
this thesis.

Within a standard CEAS setup, rather than aligning the cavity for preferential
excitation of a particular mode, the alignment is altered so that light may be cou-
pled into many higher-order modes right across the relevant spectral region. Instead
of a clean, periodic cavity mode structure, CEAS typically aims for a highly con-
gested mode structure with a consistent average transmission across the spectrum,
so that upon averaging the spectral baseline appears smooth. The laser is scanned
repeatedly across the spectral region being probed, and the relatively narrow-band
laser radiation couples into several modes of the cavity during the scan, by acci-
dental coincidence of the laser frequency and the centre of a mode of the cavity
[65,100,101]. Addition of mechanical instability to the system scrambles the cavity
length, thereby randomising, and increasing the density of, accessible modes across
a scan. As this procedure is repeated across the same region, a different series of
these “accidental” resonances is accessed each time, and the “gaps” in the mode

structure are filled in with each extra scan, giving rise to a smooth baseline after
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averaging [100].

Interpretation of the resulting signals is predicated on the idea that the trans-
mitted intensity through the cavity, with or without the presence of an absorb-
ing medium between the mirrors, is directly proportional to the ring-down time
[11,58,65,100,101]. Engeln et al. [100] first showed this to be the case at a re-
stricted set of slow laser scan rates. Zalicki and Zare [102] derived a full and exact
expression for the time-dependence of the ringing-up process, but Engeln et al. [100]
assumed a block function for the laser spectrum, with a width greatly in excess of
the cavity bandwidth, and convolved that laser spectrum with an Airy function, like
that at equation 2.4, describing the cavity transmission. They calculated profiles
describing the time evolution of the light intensity escaping the cavity, and then
showed that the time-integrated transmitted intensity increased, to a good approxi-
mation, linearly at the slow scan rates they used. Engeln et al. [100] also noted that
the profile of a cavity mode is well described by a Lorentzian function whose width
is proportional to the total cavity losses (i.e. oc 77!), and whose intensity (peak
height) is proportional to the square of the ring-down time. As such, the total area
underneath the peak (related directly to the absorption coefficient) is expected to
show the overall linear 7-dependence.

The work of Bakowski et al. [101] showed that this linear relationship holds more
generally, developing a theoretical description that included rapid scanning rates.
By considering the cavity as a Fabry-Pérot system that is equivalent to a scan-
ning interferometer [101,103-105], they show that the time-dependent transmitted

amplitude can be written as:
A(t) = Z R (1 — R)exp{—(2n — 1)aL/2} exp{i¢n(t)} (2.35)
n=1

in which R is the reflectivity of the mirrors (assumed equal for the two mirrors,
or replaced by the geometric mean of the two reflectivities if they differ), « is the
absorption coefficient, which is considered to be invariant across the laser bandwidth,

and ¢ is time.
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The corresponding time-dependent intensity of the cavity-transmitted light is
then given by the square modulus of A;(t). Bakowski et al. [101] showed that such
a model gives excellent agreement with experiment for a series of very different laser
scan rates; this agreement is illustrated in Figure 2.8, reproduced from their article
[101]. They then integrated the simulated time-dependent transmission, and showed
that the resulting values scaled linearly with the ring-down time across the whole
range of laser scan rates. In the limit of a truly monochromatic laser spectrum and

a slow laser scan, the simple Airy function for the cavity transmission results [101].
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Figure 2.8: Transmission of an optical cavity showing (a) experimental results
when scanning the cavity length, (b) experimental results when scanning the
laser, and (c) theoretical results achieved by treating the cavity as a scanning
interferometer. All three data sets are for an equal frequency scan rate close to
40 GHzs™!, and the experimental data were taken using an ECDL close to 1750
nm in a 1 m cavity of finesse 10500. Reproduced from the work of Bakowski et
al. [101].

This observation that the time-integrated intensity of light transmitted through

the cavity is proportional to the ring-down time leads directly to the following form
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for the absorption signal:
Iy—1 oL
I 1-R

(2.36)

wherein [ and [, are the respective signals with and without absorber, and « is
the frequency-dependent absorption coefficient. This is the most generally-adopted
form for describing the signal in a CEAS experiment, and is the expression which
will be adopted for all of the CEAS spectra presented in this thesis, except where
it is indicated otherwise.

Equation 2.36 has been arrived at by a series of alternative derivations and
justifications. In the work of Fiedler et al. [106] (and also, later, in the review of
Mazurenka et al. [11]) the fractional transmission was considered as a product of
reflections (each giving rise to a term in 1 — R) and single-pass absorptions (1 — A),
relating the transmitted light ([4q,s) to the incident light (I;,) through:

Liyans = Im(1 = R)’(1 = A) ) R™(1— A)*" (2.37)
n=0

The sum term can then be cast as the infinite sum of a geometric progression
with initial term 1 and common ratio R*(1 — A)?, and we can therefore rewrite

equation 2.37 as:
(1—R)*(1—A4)
1 — R?(1— A)?

Lirans = 1; (2.38)

The ratio between ;4 in the presence of absorber, and ;45,5 0 Without absorber
present (i.e. when A = 0) is then found, substituting the Beer-Lambert expression
of exp{—alL} for (1 — A). This yields the following expression for the CEAS signal,

applicable for any values of R or A:

Touto _ 1 — R?exp{—2alL} (2.39)
1wt (1 — R?)exp{—al} )

From this expression, with experimental data for I;,4,s and Ijqns0 and a value for
R, the absorption coefficient (and therefore the absorber concentration, knowing the

relevant cross-section) can be determined.
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O’Keefe et al. [99] adopted a similar derivation to that presented by Mazurenka
et al. [11], but in the final steps invoked assumptions of high R and low A in order
to solve an integral rather than finding the infinite sum of a geometric progression.

In that case, the resulting expression that was used to present the CEAS signal is:

Tiranso InR— oL
lyans  In R exp{—alL}

(2.40)

A steady-state approach considering the circulating power in an off-axis CEAS
experiment was adopted by Paul et al. [107], yielding the following expression,

without including any assumptions about the alignment of the incident light.

[trans,O o 1— ReXp{_&L}
[trans B 1-— R

(2.41)

In the limits of high mirror reflectivity (R — 1) and low absorbance (o — 0), this
expression reduces to the form of the CEAS signal derived above, and expressed at
equation 2.36.

CEAS therefore offers a robust technique which is generally more straightfor-
wardly implemented than CRDS; the need for a trigger circuit, a fast optical switch,
and a consistent frequency-stepping mechanism across a spectral feature is elim-
inated. The requirements for precise alignment and mechanical stability that a
CRDS experiment requires are completely dispensed with in the CEAS case; in-
deed, a substantial “misalignment” and mechanical instability may often lead to an
improved CEAS signal.

Employing CEAS, similar sensitivities have been achieved to those found using
the CRDS method, and CEAS is a technique that has found many applications.
By way of examples, recent papers have related to several different applications of
the technique, including high resolution spectroscopy [108-113], atmospheric sensing
[107,114-116], plasma [101] and flame [117] diagnostics, and medical sensing [118].

An experimental realisation of a simple CEAS set-up, along with a comparison of

its performance with that of an optically-locked CEAS technique (see section 2.4.2,
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is addressed in Chapter 4.

2.3.3 Polarisation-Based Cavity Methods

Additional information about the nature of an absorber can be extracted from the
results of a cavity ring-down experiment if the polarisation of the probe light is con-
trolled, and compared quantitatively with the polarisation of the cavity output light
[65,71]. Engeln et al. [100,119], for instance, demonstrated work on the b «— X
overtone magnetic dipole transition in O, close to 628 nm. On applying a magnetic
field, Zeeman splitting removes the degeneracy of the levels with different M ; quan-
tum numbers; the differential response of the different M ;-states to light polarised
perpendicular and parallel to the applied magnetic field gives rise to polarisation-
dependent absorption on these transitions. This in turn gives rise to an effective
rotation of the plane of polarisation — an effect known as magnetic dichroism — which
can be measured by comparing the cavity-transmitted signals in the two orthogonal
polarisation directions. The work of Engeln [100,119] gave a minimum detectable

! and a minimum detectable rotation of the po-

absorption close to 3 x 107% cm™
larisation of 1078 radianscm™!. This is a system of considerable sensitivity; indeed,
Miiller et al. [120, 121] successfully adapted polarisation-dependent ring-down spec-

troscopy for application to the measurement of molecular chirality.

2.3.4 Cavity-Induced Phase Shifts

Another interesting variant on the cavity ring-down method is phase-shift CRDS
(PS-CRDS) [122-125]. This technique is based on the cavity-attenuated phase shift
measurements of Herbelin et al. [74,126], and was proposed by Engeln et al. [122].
It involves a measurement of the phase-shift acquired by a sinusoidally-modulated
cw laser beam, both for an empty cavity and for one with absorber present, and
inferring the sample concentration from a comparison of these two measurements.
The modulation is typically achieved using a mechanical chopper disc; this is the

simplest arrangement, and is generally adequate for modulations up to ~ 100 kHz.
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An AOM or an electro-optic modulator (EOM) is typically used to apply a faster
modulation.

The modulated laser output can be written as:
I(v,t) = Ip(v)[1 + B(v) sin(wt)] (2.42)

in which [y represents the intensity of the unmodulated light, § the modulation
depth and w the (angular) modulation frequency. Meanwhile, the cavity response

to a pulse of light can be modelled as:

Cexp{ - %} (2.43)

where C'is simply a constant, and 7(v) is the frequency-dependent ring-down time.
Convolving the laser output with the cavity response function yields an expression

for the time-dependent light intensity escaping the cavity:

t

Lﬁrans(”u t) = C/

— 00

Io[1 + B(v) sin(wt')] exp{ — tr(_yil} dt’ (2.44)

An expression for the constant C' may then be derived, invoking the principle of
energy conservation: in a given time period, the total intensity entering the cavity
and that leaving the cavity must be in balance. This analysis yields C' = 1/7(v).
Substituting this into equation 2.44 and integrating:

Itrans(”? t) - IO[l + ’Y(V) Sin(Wt + gb(l/))] (245)

with:
Bv)
V14 w?t?(v)

This analysis eventually yields an expression for the phase-shift experienced by the

Av) = (2.46)

light, ¢(v), in terms of the frequency-dependent ring-down time of the cavity, 7(v):

¢(v) = arctan[—w7 (V)] (2.47)
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Accordingly, we can obtain an expression for the frequency-dependent absorption

coefficient by substituting equation 2.47 into equation 2.34:

a(y)—“’( ! ! ) (2.48)

~ ¢ \tanog(v)  tango(v)

where ¢ and ¢y are the phase shifts experienced respectively for an empty cavity
and with absorber present.

Lewis et al. [124] report that their PS-CRDS setup was sufficiently sensitive to al-
low measurements on methane gas down to a concentration of 5x10'" molecules/cm ™.
Amplified spontaneous emission (ASE) from a diode laser can pose a problem for
the sensitivity of PS-CRDS measurements, but van Helden et al. [127] showed that
this can be accounted for quantitatively in the analysis of a PS-CRDS experiment.
An example spectrum from their work on oxygen detection by PS-CRDS is shown

in Figure 2.9.

2.3.5 Broadband Cavity-Enhanced Spectroscopies

The advantages of high sensitivity brought by cavity-enhanced techniques have also
been combined with the throughput advantage associated with broadband light
sources. Especially when combined with the multiplexed detection approaches pio-
neered by Ball and Jones [17], these methods may present a rapid and economical
detection tool for a whole variety of analytical problems. Principally, the advanta-
geous aspects of these techniques arise out of the fact that the sources may in some
cases be very cheap — light-emitting diodes (LEDs) are typically available for a few
pence — and that complete spectra, sometimes corresponding to several vibrational
bands, may be acquired very rapidly [11].

A variety of different broadband light sources has been employed, including
pulsed dye lasers for atmospheric NO3 and Iy detection [129], xenon arc lamps [130]
and an arc discharge plasma [131]. Work using LEDs has been demonstrated across

the visible region [132-134] to provide an especially expedient and economical setup.
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Figure 2.9: Experimental PS-CRDS spectrum (a), and simulation (b) based
on HITRAN [128] data, of the PP (29,29) transition in the b «+ X band of Os.
(c) shows the difference between the experimental and simulated results, which is
small, and therefore indicates the high performance of this technique. Reproduced
from the work of van Helden et al. [127].

For the detection, several options have been presented in the literature: Czyzewski
et al. [135] dispersed the broadband cavity output of a YAG-pumped pulsed dye
laser through a spectrograph, and then image the transmitted light using a gated
CCD camera. However, such a measurement is built up over a series of pulses, and
so this method is still subject to shot-to-shot fluctuations in laser intensity, thereby
losing one of the greatest advantages of the CRDS technique.

In order to retain this advantage, and obtain a full CRDS decay signal with
each laser shot, Scherer [136] proposed a technique he called ringdown spectral pho-
tography, recording the time and frequency responses along orthogonal axes of a

two-dimensional CCD detection array. The cavity output radiation is aligned to hit
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a rotating mirror and then a diffraction grating before it reaches the CCD array; the
mirror and the grating respectively disperse the signal with time and wavelength, in
mutually perpendicular directions. With Scherer’s system, a resolution of 1.5cm™?
was achieved, limited by the speed of rotation of the mirror and the CCD pixel
density. An alternative approach was put forward by Ball et al. [17,129], who used
a clocked CCD array. The clocked array shifts the captured image down to the
next row of pixels every time a new shot is taken — in Ball’s work, this was once
every 0.5 us — thereby giving a time-resolved series of images from which a ring-
down decay trace can be calculated. Similarly to the Scherer [136] approach, this
yields a two-dimensional output with time-dependent information along one axis,
and wavelength-dependent information along the perpendicular axis. Others have
coupled the cavity output into a commercial Fourier-Transform infrared (FTIR)
spectrometer for analysis [137].

One difficulty associated with these broadband sources is that whilst the total
power over a broad frequency range may be considerable, the spectral density (of-
ten informally quoted in mW /nm) often corresponds to a rather low-power source
across the width of an absorption transition. The near-infrared work of Orphal
and Ruth [137] employed a Xe-arc source in an incoherent BB-CEAS experiment;
the combination of the low spectral power density of the lamp and modest mirror
reflectivities meant that data acquisition over several hours was required to build
up a high-resolution spectrum with a sensitivity of cmi, ~ 1076 — 107° cm = Hz~1/2
[137]. Recent work in this group has employed a higher-density source in the form
of a superluminescent LED (SLED) for near-infrared BB-CEAS with both a dis-
persive spectrometer and an FT-interferometer, and has achieved a minimum de-
tectable absorption coefficient of ~ 1078 em™! in an acquisition time of several min-
utes. Super-continuum sources provide a broadband source at high spectral density
[138,139], and which may therefore offer an ideal high-power, broadband source
for cavity-enhanced spectroscopic methods, especially for applications in the visible

region. Though these sources are currently somewhat expensive, they has already
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been applied with success to cavity-enhanced absorption spectroscopy by Johnston
and Lehmann [140], and by Langridge et al. [141], and they provide an exciting
alternative to the lower-spectral-density broadband sources used previously, with
the potential to study interfaces and condensed phase samples [142-144].

A further broadband cavity technique of interest uses optical frequency combs
for cavity-enhanced spectroscopic detection [145-147]. Thorpe et al. [145] used such
a system to extract simultaneous ring-down measurements from 125,000 individual
modes of the sample cavity, taking a high-sensitivity spectrum over 100 nm in the
visible and near-infrared. The rapid data acquisition that is possible with such
a technique lends it to some interesting time-resolved applications; Thorpe et al.
[145] demonstrated their system by examining collision-induced population redistri-
butions in CoHy, Oy, HyO, and NH;. Gohle et al. [148] applied frequency combs to
Vernier spectroscopy of oxygen close to 760 nm, whilst Mandon et al. [149] carried
out Fourier-transform spectroscopy with a comb setup to study the overtone region

of the acetylene spectrum close to 1.5um.

2.4 Locked Cavities

One strategy for improving the signal-to-noise in a cavity-enhanced spectroscopy
experiment lies in locking the laser wavelength and cavity to one another so that they
are held in resonance throughout the experiment. This results in a greater power
build-up into each mode of the cavity, thereby reducing the effect of laser noise on
the transmitted cavity modes relative to the size of the signal [70]. Particularly, the
shot-noise limit is reduced since the light levels being detected are typically much
greater; this also allows a ring-down trace to be recorded over a longer timescale,
which brings advantages for the fitting procedure. Locked techniques confer the
additional advantage of detection on a single, stable mode, meaning that a smaller
spread of ring-down times is generally measured, allowing for a more accurate fit to a
single exponential decay. Where it is the time-integrated cavity output that is being

measured, rather than a ring-down measurement, a cavity-locked approach brings
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about larger signals and all but eliminates the effects of residual mode structure [58].
However, locking of a diode laser to a cavity mode (especially for cavities of very
high finesse) is not necessarily straightforward, principally owing to the bandwidth
mismatch between the two [11,58]. A variety of schemes has been proposed for the

locking process, and this section very briefly surveys some of these approaches.

2.4.1 Electronically-Locked Systems

Locked cavity-enhanced spectroscopy was first reported by Nakagawa et al. [150],
using a diode-laser-pumped YAG laser to probe weak acetylene transitions close to
1.064 pm, and was later implemented by Gianfrani et al. [151] for ultra-sensitive
heterodyne measurements on molecular oxygen close to 763 nm. In Gianfrani’s
work, the laser was scanned continuously through a Doppler-broadened absorption,
with a total scan width of approximately 8 GHz, and simultaneous detection was
carried out at the carrier and FSR frequencies. Using this method, Gianfrani et al.
[151] achieved a minimum detectable absorption of 6.9 x 10~ cm™'Hz~'/? in a 26
cm cavity with a finesse of approximately 6000.

Pound-Drever-Hall locking [152, 153] has been applied to cw-CRDS using three-
mirror triangular ring cavity arrangements by Paldus et al. [154] and Spence et al.
[155], and then in a simple two-mirror linear configuration by Ye et al. [156] and van
Leeuwen et al. [157]. Ultimate sensitivities as low as 8.8 x 1072 em~'Hz /2 have
been reported for such systems. However, the electronics and other components
required to bring about the Pound-Drever-Hall locking may be very complex to
implement and maintain, and so this sort of system is generally only implemented

for the most challenging of detection problems.

2.4.2 Optical Locking

One simpler approach for achieving maintenance of the laser in resonance with the
optical cavity is through passive optical locking [158-160]. Tt relies upon laser self-

locking, due to injection seeding by the frequency-selected optical feedback from the
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optical cavity. This reduces the laser’s line width and locks its frequency to that of
a cavity mode centre. These methods are introduced more fully in Chapter 3, where

its implementation in a sensitive near-infrared spectrometer is reported.

2.4.3 Ultra-Sensitive Heterodyne CEAS: NICE-OHMS

The most sensitive cavity-enhanced detection work reported so far has been achieved
through the technique of noise-immune cavity-enhanced optical heterodyne molecu-
lar spectroscopy (NICE-OHMS) [53,77,161-166]. First put forward by Ye et al. [53],
NICE-OHMS was developed to overcome the problems associated with wavelength-
jitter on the probe laser [70], and is essentially a combination of frequency modula-
tion spectroscopy (FMS) and CEAS. However, the combination of those two tech-
niques brings extra complexities; the modulation must be set so that the frequency-
spacing between the carrier frequency and the sidebands is fixed at the cavity free
spectral range. This means that, when transmitted through the optical cavity, the
sidebands and carrier are all subject to equal cavity-enhancement; any fluctuations
in the laser output are therefore detected equally in the sidebands and the car-
rier. After demodulation at the original modulation frequency, any such noise will
therefore be eliminated from the signal. A second Pound-Drever-Hall-type locking
loop holds the laser carrier frequency at the cavity mode centre to keep it fully in
resonance throughout the experiment, with the cavity length (and the modulation
frequency, continuously locked to the FSR) being scanned to probe the spectrum.
The general features of such a NICE-OHMS experiment are represented in Figure
2.10.

The NICE-OHMS signal is finally demodulated at the 60 Hz frequency of the
WDMS-like modulation applied by the cavity PZT. The transmitted sidebands are
of opposite phase, and therefore cancel in the absence of any absorber. However, if
any absorber is present, then differential absorption on the two sidebands will give
rise to their having different amplitudes in the cavity transmission, and the resulting

overall phase shift alters the demodulated signal. The technique does not depend on
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Figure 2.10: Flow diagram denoting the key stages in a NICE-OHMS experi-
ment.

the quality of the laser locking. Noise on the frequency of the laser jitters the entire
FM triplet, and so the final demodulated signal will not incorporate any of this
jitter; this is why the technique is referred to as noise-immune. The performance
of a NICE-OHMS spectrometer may be limited by residual amplitude modulation
(RAM), though there exist strategies to minimise the contribution that it makes to
the signal [166]. Since this is a method that, when optimised, is genuinely shot-noise
limited, it can achieve the ultimate low sensitivities, and a minimum detectable ab-
sorption of 1 x 107" ¢cm~'Hz~!/2? was reported by Ye et al. [53]. However, no other
implementation of NICE-OHMS [163-166] has been able to replicate this number,
and the multiple layers of electronic locking make this a technique that is expen-
sive and cumbersome in implementation, and somewhat too fragile for many field

applications.

2.5 Summary

The burgeoning literature relating to use of optical cavities in absorption spec-
troscopy is a testament to these techniques’ ubiquity. Cavity-enhanced methods
of absorption spectroscopy have given rise to an array of tools for many different

detection problems. This chapter has surveyed some of the most important of these
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methods, from the most expedient and economical methods in CEAS and cw-CRDS
to the ultra-sensitive experiments using the intricate heterodyne techniques such as
NICE-OHMS.

Cavity-enhanced methods lend themselves to use of a variety of different light
sources, including the most convenient and economical diode lasers. The ability to
achieve very impressive sensitivities with even the most compact and economical of
lasers recommends cavity-enhanced spectroscopy as a technique for a whole variety
of the most important and stimulating detection problems. Some of these have been
encountered in this chapter, in the medical, environmental, physical and chemical
fields, but there are many more uses to which these techniques have been applied,

and the number is only likely to grow further.



Chapter 3

OF-CEAS I:

Background and Development

This chapter details the development of an optical feedback cavity-enhanced ab-
sorption spectroscopy (OF-CEAS) apparatus; initially, this is demonstrated by the
detection of atmospheric water absorptions close to 1596 nm. Further optimisation
and application of the OF-CEAS spectrometer will be demonstrated: specifically,
the apparatus will be applied to the sensitive detection of carbon dioxide absorp-
tions suitable as a diagnostic aid in identifying Heliobacter pylori infection. The

work presented in this chapter was published in an article in The Analyst [167].

3.1 Background

As illustrated in Chapter 2, the extent of the sensitivity enhancement associated with
a CEAS experiment can be improved by increasing the coupling efficiency of the light
into each mode of the cavity to obtain higher signal levels, and actively locking the
cavity length so that, as the laser is scanned across the spectral region, it remains
resonant with a single mode of the cavity [151]. The high-speed electronics required
to achieve this level of locking are complex, however; they may add considerable
expense to the setup, and make it less robust and more difficult to use. It is the aim

of the work presented in this chapter to offer an alternative, passive technique based

o6
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upon self-locking of the diode laser by optical feedback from the external cavity.

Morville et al. [158] first demonstrated Optical Feedback CEAS (OF-CEAS)
for measurements of atmospheric water and real-time monitoring of hydrogen fluo-
ride, using a diode laser centred near 1312 nm. Their OF-CEAS system was later
extended to detection of methane [168] and nitrogen dioxide [169], as well as to air-
borne water isotope measurements [170]. Members of that group later collaborated
with Wehr et al. [171] to apply OF-CEAS to carbon isotope measurements close to
2 um. A full physical characterisation of the optical feedback CEAS technique was
presented recently by Motto-Ros et al. [172].

In this technique, alluded to in section 2.4.2, a standard two-mirror optical cavity
is “folded” into a V-shaped arrangement by addition of a third cavity mirror. The
light from the laser is then injected through the external face of this folding mirror
and along one “arm” of the V-shape. In this configuration the direct reflection from
the optical cavity is directed away from the path of the incident light, but the light
that is resonant with a cavity mode can oscillate within the cavity and then exit
the folding mirror to retrace the incident light path, back into the laser. Thus,
feedback of light to the laser active medium occurs at frequencies corresponding to
the modes of the cavity. If this light is of the correct phase, an injection seeding
effect brings about a narrowing in the laser line width, and an accompanying locking
of the laser frequency to the centres of the cavity modes. As the laser is swept across
the frequency range of interest, the laser emits at successive modes of the V-shaped
cavity, spending negligible time in between [158].

The line width reduction allows successive modes of the cavity to be observed
cleanly in the transmitted light. Accordingly, a significantly enhanced light intensity
is seen coupled into each mode. An absorption spectrum may then be measured by
recording the maxima of the successive transmitted cavity modes across a laser scan.
Pairs of consecutive cavity modes are spaced consistently by the well-defined free
spectral range (FSR) of the cavity, given by ¢/2L where L is the total cavity length
(as such, L is the sum of the arm lengths in the V-shaped cavity). Spectra resulting
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from an OF-CEAS system are therefore ready-calibrated for relative frequency. A
single well-characterised transition centre is then all that is required to achieve an
absolute and accurate frequency scale for each spectrum.

The related technique of cavity ring-down spectroscopy (CRDS), involving a
rapid measurement of the lifetime of a light field inside the cavity, has also been
employed by others using such a V-shaped cavity system. Optical feedback-locked
CRDS (OF-CRDS) [68] has been applied to detection on weak absorption lines in
the oxygen B-band [173], and also to characterisation of the light extinction due to
single aerosol particles [174].

This chapter presents the development and implementation of an OF-CEAS
system using a DFB-DL centred close to 1596 nm (i.e. within the optical com-
munications L-band). This setup offers significant gains in sensitivity compared to
traditional absorption spectroscopy, whilst avoiding some of the disadvantages of
experimental complexity, expense and fragility associated with the ultra-sensitive
modulation-based optical cavity techniques such as NICE-OHMS [53,77,161-166]
and locked-cavity optical heterodyne ring-down spectroscopy [175]. The sensitiv-
ity and expediency of the system are demonstrated on relatively weak transitions
of water in a sample of laboratory air, and on samples of carbon dioxide with the

motivation to measure 2CQO, and >CO, concentrations.

3.2 Feedback Injection to a Diode Laser

There exists a considerable literature describing the physics of optical feedback sys-
tems [176-180], and the use of optical feedback or optical injection from another
laser to seed semiconductor lasers is the subject of a substantial and comprehensive
review by Tartwijk and Lenstra [181]. A full review of that scale will not be repeated
here, but it is the aim of this section to highlight features of the optical feedback in-
jection seeding mechanism, including a description of how it brings about linewidth
narrowing and frequency locking effects, that are pertinent to the detection work

presented in this chapter.
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The action of external optical feedback upon a diode laser may give rise to a
complex array of (often unwanted) perturbations observed in the diode laser output
light. However, selected feedback of part of the emitted light into the laser medium
is a technique which has been used widely for stabilisation and line width narrowing
of the light from a diode laser [181-183]. Typically, a wavelength-selective element
such as an external optical cavity [182-185] or a grating [186] is used to filter the
light so that only the “useful” light is included in the feedback. This optical filtering
has also been carried out by polarisation spectroscopy, as for example in the work
of Liu et al. [187] and Kozuma et al. [188].

The light which is fed back into the active medium of the laser may then it-
self stimulate that medium; the resulting stimulated emission will share its phase,
wavelength and direction with the feedback radiation [14]. Increasingly, over several
cycles of feedback and stimulated emission, the emission from the laser comes to
resemble the feedback radiation. By using a wavelength-selective element such as a
grating or cavity to supply optical feedback to the laser medium, the output radia-
tion from the laser can be controlled, and the laser caused to emit preferentially at
a series of pre-determined wavelengths. This injection seeding effect is key to the
OF-CEAS technique.

When an external optical resonator has been employed for selective feedback, it
has ordinarily been configured in a confocal arrangement [182-185]. The present
work, in common with that of Morville [158], adopts a V-shaped external optical
cavity to effect the wavelength selection. The choice of a V-shaped external cavity
confers several advantages with respect to use of either a grating or a confocal
cavity arrangement. Firstly, use of a grating generally allows only relatively coarse
wavelength selection, bringing about less effective frequency locking, and therefore
reducing the advantage conferred by a relatively monochromatic feedback-locked
source for an absorption spectroscopy experiment. Secondly, the cavity arrangement
allows the use of very high-reflectivity mirrors which not only further narrow the

width of the resulting cavity resonances which will comprise the feedback radiation,
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but may also be used to achieve a path length enhancement through the absorption
sample. Specifically, with respect to the confocal cavity configuration, a V-cavity
setup allows the construction of a cavity of higher finesse; the tolerance required of
the radius of curvature in a confocal setup rapidly becomes unworkable in systems
of very high finesse [158]. In such a system, several transverse modes are degenerate,
and a V-shaped trajectory comprising a superposition of several transverse modes
allows for construction of an optical feedback setup. However, as the cavity finesse
is increased, the concomitant decrease in the modes’ widths makes the degeneracy
condition less likely to be fulfilled, and therefore the superposition becomes more
difficult to achieve. The V-cavity allows for relatively small mirror surfaces, even
with long cavity arm lengths (which, as we shall see later, bring increased sensitivity
and spectral resolution), in turn allowing for the use of cheaper substrates as well
as the sensitive measurement of relatively small sample volumes.

The wavelength-selected optical feedback then causes a reduction in the laser
line width and an effective lock to the wavelength at the centre of each resonant
mode of the cavity. As such, when the laser is scanned across the spectral range of
interest, a persistent, high signal-to-noise signal is observed for each resonant mode
of the external cavity, with the laser being dragged straight from one mode centre

to the next, and spending negligible time at the wavelengths in between.

3.2.1 Contributions to Diode Laser Line Width

The coherence time of a diode laser is typically only on the order of a microsecond.
This is directly connected with the laser line width; in the case of an exponential
coherence decay, as might be observed in a laser subject to no technical noise sources,

it is related to the Lorentzian laser linewidth through:

1
AVLO?“entz - (31)
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where 7, is the coherence time. Correspondingly, the emission line width (i.e. the
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FWHM width of the laser spectrum) is typically on the order of a few MHz for this
type of laser. The resonator within a diode laser typically comprises two relatively
low-reflectivity surfaces, often including a polished face of the semiconductor chip as
one “mirror”. As such, the losses associated with the resonator within a diode laser
are typically quite large, but they are usually compensated for by a high level of gain
in the active medium. One by-product of this arrangement is that the spontaneous
emission rate is generally high. In contrast to the stimulated emission which provides
the coherent laser radiation, spontaneous emission occurs with random phase and
direction. The high level of spontaneous emission therefore provides a lower limit to
the laser line width, Avge.-. This contribution is described by the Schawlow-Townes

equation [189]:
whv(Av,)?
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with photon energy hv, Av. denoting the FWHM bandwidth of the laser resonator,

and P,,; the laser output power. This has been expressed more generally [190] as:
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where T,. denotes the output coupler transmission, I;,; the total losses due to the
laser resonator, T},; the resonator round-trip time, and 6 is a spontaneous emission
factor which takes into account the level of spontaneous emission particular to the
type of laser system being described.

It is not just spontaneous emission into the laser mode which gives rise to phase
noise and the fundamental lower limit to the laser line width, however. The laser
gain and the losses of the laser resonator contribute noise to the resulting intra-cavity
light field. Indeed, if one were to replace the laser gain system with a notionally
noiseless amplifier, the phase noise would only reach a limiting value of half that
determined by the Schawlow-Townes equation [191].

The Schawlow-Townes limit has been shown to be approached by some solid-

state laser systems, but for semiconductor lasers it ordinarily underestimates the
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line width associated with the output laser radiation, even when there is minimal
technical noise associated with the laser [159]. Henry [192] described the greater
observed line widths in semiconductor laser diodes as the result of a coupling between
the laser radiation intensity and the phase noise, owing to a dependence of the
semiconductor’s refractive index upon the carrier density. He included this intensity-
phase coupling mechanism in his model for laser line width by introducing a [line
width enhancement factor, o, to account for it. In his model, « is simply a factor to
describe the proportional relationship between changes in the emitted light’s phase,
and changes in the overall gain; it is also sometimes referred to as the Henry factor
or the phase-amplitude coefficient. The resulting line width is increased by a factor
of (1+ «?) [192]. Semiconductor lasers generally have small, but non-zero, values
for o associated with their emission spectra [54, 158, 193]; for a multi-quantum-well
diode laser (MQW-DL), typically o &~ 1, whereas for a heterostructure diode laser
(HS-DL), depending on the semiconductor material, a typical value for the Henry

factor is between three and eight [158].

3.2.2 The Effect of Optical Feedback:

Line Width Narrowing and Frequency Locking

Allowing feedback of the full output of a diode laser into its active medium typically
gives rise to a strongly perturbed, chaotic output with a short associated coherence
time. In contrast, controlled optical feedback action, involving re-injection of the
diode laser medium with frequency-selected light, may increase the coherence time
associated with the laser radiation; when the light is frequency-selected finely by
use of a high finesse optical cavity, re-injecting the cavity-resonant light may bring
about an even greater improvement in the laser coherence.

A reduction is observed in the laser line width when subject to cavity-selected
optical feedback; essentially, the optical cavity can be considered to be converting
frequency-domain noise to amplitude fluctuation [158,159,194]. The initial output

from the diode laser has relatively stable amplitude, but a substantial frequency
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dispersion associated with it; in contrast, the transmitted light through an optical
cavity has a very narrow frequency distribution — given by the cavity mode width,
in turn determined by the cavity finesse — but relatively large fluctuations in ampli-
tude. Once the cavity transmitted light is returned to the laser as feedback, these
amplitude fluctuations are then damped by the laser medium, giving rise to light
which has a narrower distribution of amplitudes and frequencies associated with it.
This cavity-selected feedback may therefore very effectively carry out the injection
seeding action described above at section 3.2, yielding relatively monochromatic
light with little phase noise, a stabilised amplitude and a long coherence time.
There is an additional, highly useful, characteristic of the laser output resulting
from such a selective optical feedback system. Over a relatively broad spread of
values for its phase, the optical feedback also brings about a frequency locking effect,
effectively holding the laser at the frequencies corresponding to the mode centres
during a laser scan, and spending negligible time at the frequencies in between.
Ordinarily, during a laser scan without feedback, increasing the current supplied
to the laser heats the active medium. This increase in temperature corresponds
to an increased refractive index, and therefore to an increase in the effective laser
cavity length; the result of all of this is that the laser emission is driven to longer
wavelengths. However, when the optical feedback coupling is effective, at the mode
centres the light is resonant not just within the laser cavity, but also within the
external V-shaped optical cavity; the laser cavity has effectively been placed inside
the larger external cavity. The effective laser cavity length now includes a much
larger “unheated” section, which for a high-finesse external cavity is subject to a
substantial path length up to the order of kilometres. At these wavelengths, then,
corresponding to the centres of the modes of the external cavity, the effect of the
current-induced heating is much smaller, as it is now only active upon a very small
proportion of the total cavity length. As such, at these points, the heating effect
is greatly slowed down, and so the laser is effectively stalled at the frequencies

corresponding to the external cavity mode centres, allowing a signifcantly enhanced



OF-CEAS I: Background and Development 64

intensity of light to couple into each mode as the laser is scanned across the region

of interest.

3.3 Carbon dioxide

3.3.1 The spectroscopy of CO,

Carbon dioxide is one of the most comprehensively studied molecules in the spec-
troscopy literature. It is a centrosymmetric linear triatomic molecule with D.;, sym-
metry, and it has four fundamental vibrational modes, including a doubly-degenerate

pair of bends. These fundamental vibrations are depicted in the following table:

vy symmetric stretch ¥ symmetry | 1337 cm™' | « —— -
¢ 4

v | doubly-degenerate bend | II, symmetry | 667 cm™! —&—

v3 | anti-symmetric stretch | 7 symmetry | 2349 cm™! | « — (e

Table 3.1: The fundamental vibrational modes of carbon dioxide.

Both the vy and 5 vibrations are infrared-active, as both bring about a change
in the molecular dipole moment; the mutual exclusion rule for centrosymmetric
molecules implies that the remaining 14 vibration must therefore be active in the
Raman spectrum [195,196], and experimental observation has confirmed this [197,
198]. As further support for the assignment of these vibrational bands, the IT band
is observed to have PQR structure — i.e. rotational branches corresponding to
AJ = +1,0 — whilst the two X vibrational bands are observed to have PR structure
(AJ #0) [198].

The Raman spectrum of the v, vibrational band in carbon dioxide is not a single
band centred at 1337 cm™!, but instead a pair of features at 1285 and 1388 cm™!
(whose average is the 1337 cm™! symmetric frequency indicated above.) Fermi
[199] provided the explanation for this splitting, noticing that the first overtone

of the bending vibration, 2vy = 2 x 667cm™!, lies very close in energy (at 1334
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cm™!) to the vy fundamental (1337 cm™!). A very small perturbation is therefore
all that is required to bring about an interaction between these two, giving rise to
wavefunctions for the new system composed of a linear combination of the original
wavefunctions. Since the two interacting energies are so very close, and the resonance
almost perfect, the new wavefunctions are composed almost exactly half-and-half of
the original two. Accordingly, we expect the two Raman lines to be observed at
roughly equal intensity, and that has indeed been seen to be the case [198]. This
effect is often termed Fermi resonance [16]. The spectrum is further complicated by
the fact that alternate rotational levels’ transitions are missing from the spectrum;
this is a nuclear spin-statistical effect that arises from the Pauli principle, and is
discussed in more detail in sections 4.2.2 and 5.2.

It is the combination band (3v; + v5) that is most conveniently located for the
present detection study, with R-branch transitions being found in the region of
~ 1.6um for both the 2CO, and ¥CO, isotopologues. For an isotopologue ratio
measurement, the ideal spectral region contains strong transitions for each isotopo-
logue within a small frequency range, accessible in a single diode laser scan, and
largely free of interferences from other transitions due to other species. The full

assignment for the transitions chosen for the present study is given at section 3.5.2.

3.3.2 Motivations for CO, detection

Carbon dioxide isotopologue measurements are becoming increasingly common for
the rapid detection and diagnosis of certain medical conditions, and can be used as
indicators of gastric emptying and liver function. By far the most familiar carbon
isotope test is that for Heliobacter pylori, an important pathogen associated with
many diseases of the gut, including gastritis, peptic ulcers and gastric cancers [10].
Its swift detection, diagnosis and eradication are considered essential for all patients
with peptic ulcers. One method of H. pylori detection is known as the Urea Breath
Test (UBT): ¥C-labelled urea is administered to the patient, whose breath is then

monitored for the presence of *CO,. The H. pylori bacteria enzymatically cleave
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the urea to release ammonia for local pH regulation, and in this process the carbon
is oxidised to CO,. Humans possess no such urease enzymes, and so the presence
of elevated levels of 3CO, in the exhaled breath can reliably be attributed to the
presence of the bacteria. An accurate method for determination of isotope ratios in
a sample of COs is therefore of substantial interest for medical application; for such

a clinical measurement, this isotope ratio is typically quoted as a delta value:

[13002] . [13002}*
. [12002] [12002}*
5 - [13002]* (34)
[12002]*

wherein the asterisks denote a standard value of the isotope ratio, and the resulting
delta value is ordinarily expressed in units “per mil” (1% = 1073).
3.4 Experimental

Locking

P rrr—
g Oscilloscope,
electronics

Computer|
IR Camera

I
Attenuator

Figure 3.1: The OF-CEAS setup. PBS = Polarising Beamsplitter, DFB-DL -
Distributed Feedback Diode Laser, A\/2 = Half-Waveplate, PZT = Piezoelectric
Transducer and PD = Photodiode. The PZT is translated on a sufficiently small
scale that the V-cavity alignment is not appreciably affected when the optical
locking is active. The dotted line denotes the path of the majority of the incident
light, which is reflected away from the cavity, and the accompanying solid line
shows the path of the cavity-resonant light.

Our experimental arrangement is illustrated in Figure 3.1, and includes a DFB-

DL centred at ~ 1596 nm [Marconi-Bookham] and driven by a commercial temper-
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ature and current controller [Thorlabs ITC-510], connected to an integrated laser
mount [Thorlabs, LDM21]. Coarse adjustment of the laser frequency is achieved by
changing the DFB-DL temperature, and fine adjustments by altering the current.
The DFB-DL is generally operated at the highest current possible, just below 200
mA, in order to maximise output power.

The three cavity mirrors [Newport Supermirrors] are supported upon standard
finely-adjustable mounts [Newport Ultima], and the whole cavity assembly is housed
within a stainless steel vacuum vessel. This vessel was constructed with several in-
let /outlets to allow evacuation, throughput of several gases, and pressure monitoring
all to be carried out.

The folding mirror, My, is separated from each of the other cavity mirrors, M;
and My, by an equal cavity arm length (L/2) of approximately 75 cm. In general for
a linear optical cavity, the mode described by transverse and longitudinal electric
field indices, m, n and ¢ has a frequency given by equation 2.21, wherein g; and g, are
functions of the cavity length and the mirrors’ radii of curvature r; and ry, and are
respectively given by 1—(L/r) and 1 —(L/ry). The values of m and n correspond to
the numbers of spatial (transverse) nodes in the two directions perpendicular to the
cavity axis, and ¢ to the longitudinal mode number. In our OF-CEAS experiment,
we treat the cavity as a folded linear cavity, having mode frequencies described by
equation 2.21; the cavity is aligned for dominant excitation of the TEMg, modes,
with m = n = 0. The frequencies of these modes are separated consistently by the
cavity free spectral range (FSR), and are given by gc/2L. However, the frequency
spacing for low order transverse modes arising from equation 2.21 is also considered
when designing the cavity; a lack of significant interference between the TEMg,
modes and other lower-order transverse modes makes for a satisfactory choice of
cavity configuration.

A long absorption cavity confers the advantages not just of increased path length,
but also of better spectral resolution. Since we measure one spectral point every

free spectral range of the V-cavity, and that FSR is inversely related to the cavity
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length, a longer cavity allows us to acquire more points across a given absorption
line. A further limitation on the choice of cavity length arises when we consider its
optical stability; the relevant condition for a linear cavity with mirrors having radii

of curvature r; and 7o spaced by length L is:

0<<1—T_L1)<1_T_L2)<1 (3.5)

In the experiments described in the present chapter, the folding mirror is planar,
and the other two mirrors have a radius of curvature of 1 m, meaning that we can
apply the stability condition 3.5 directly, as if to a two-mirror system. The overall
cavity length is 1.48 m, so the relevant stability product is 0.2401, and the cavity
configuration is stable.

Alignment of the setup is carried out using a visible helium-neon (HeNe) laser
injected through the cavity mirror at the end of an arm of the cavity, and then
aligned counter-propagating to the infrared light between the folding mirror and
the laser. Reflections of the visible light are used approximately to align the cav-
ity, and then fine alignment of the cavity mirrors is carried out while observing
the light transmitted through the cavity onto the infrared camera [Electronviewer
Micronviewer 7290A] and infrared indium gallium arsenide (InGaAs) photodiode 1
[Thorlabs, DET-/10]. In this way, the cavity is aligned for primary excitation of
the TEMy, mode.

For spectral acquisition, the cavity transmission is recorded on photodiode 1, and
the light intensity on photodiode 2 is recorded simultaneously; both photodiodes
are connected to a digital oscilloscope [Tektronixz TDS2014], with 8-bit digitisation
resolution. These data are then transferred, using a GPIB interface, to a personal
computer for processing. Data acquisition is initiated and controlled by a data
treatment routine programmed with LabVIEW. It is the ratio of the signals on
photodiodes 1 and 2 that is measured, to eliminate the effects of intensity noise in
the analysed spectrum.

For each of the OF-CEAS experiments, a laser scan rate is chosen to minimise the
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data acquisition time whilst allowing sufficient time for a substantial amount of light
to build up within the cavity. For the water detection work, for example, a peak-to-
peak triangular ramp of 1 V was applied using a function generator [TTi, TG250]
set at a frequency of 3.17 Hz; this produced a laser scan across approximately 175
modes (0.59 cm™!) locking to each mode for approximately 250 us, considerably in
excess of the cavity ring-down time (our finesse of &~ 3500 corresponds to a ring-down

time of ~ 11 us).

3.4.1 Controlling the optical feedback

The level of optical feedback to the laser is controlled, using an attenuator comprising
a half waveplate and a polarising beamsplitter, to ensure that each successive TEMg,
mode is seen during a scan, whilst maximising the time spent in resonance with each
mode. Morville et al. [158] reported that they produced the best data when each
mode was in resonance for a time close to 500 us.

Maintenance of the correct phase of the feedback radiation at the frequency of a
given mode is also crucial. The optical feedback to the laser must be of the correct
phase so that the laser operation is seeded and locked at the cavity mode centre
frequencies; if it is not, then it merely disrupts correct operation of the laser at
that mode. Furthermore, if the light returning to the laser is out of phase with the
original laser output, then destructive interference will occur and will deplete the
intensity of light reaching the cavity [158]. The laser-cavity distance needs to be
maintained at a precise integer-multiple of the cavity arm length throughout a laser
scan; otherwise, the resulting cavity transmission shows a beating effect, so that only
groups of modes are visible with markedly varying intensities. The symmetries of
the modes are also affected; when the phase relationship is correct, the appearance
of each TEMgyy mode transmission is symmetric about its frequency centre. Where
the laser-cavity distance is not optimised, and groups of modes due to the beating
effect are observed, each mode’s transmission maximum is shifted towards the centre

of the mode group.
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Morville et al. [158] showed that the feedback phase is optimal when the laser-
cavity distance reaches kL/2, with k an integer. Where k is odd, all longitudinal
modes of the cavity have optimal feedback phase, whilst for an arrangement with
even k, every other longitudinal mode has optimal feedback and the alternate modes
are out of phase, consequently halving the OF-CEAS spectral resolution.

In the work described in this chapter, the laser-cavity distance is maintained at
3L /2 by an electronic servo loop, which actuates the piezoelectric transducer (PZT).

A schematic illustration of the electronic servo loop is given in Figure 3.2.

Positive Error
Signal
! Phase-Corrected
g Transmission

DIFFERENTIATOR INTEGRATOR SIGNALTO PZT

Negative Error
Signal

Figure 3.2: A schematic illustration of the electronic servo loop employed for
the OF-CEAS feedback phase control. In each case, the sketched plots are of
signal intensity against time, as would be observed on the oscilloscope within our
experimental setup.

In essence, the cavity transmission is rapidly differentiated and then slowly in-
tegrated to generate an error signal; this signal will be zero where the modes are
symmetric, and will be non-zero where they are asymmetric. The polarity of this
error signal is dependent upon the direction of the asymmetry, and therefore indi-
cates the direction in which the phase needs to be adjusted to maintain resonance
between the laser and the cavity modes. A simple feedback loop then supplies the
appropriate correcting voltage to the PZT, and translates the steering mirror; this
maintains the correct laser-cavity distance throughout the experiment, so that all
modes remain in phase.

The servo loop is composed of two major circuits: the first (the “feedback cir-

cuit”) takes the signal from the photodiode after the cavity and analyses it for the
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symmetry of the modes to generate the appropriate error signal, whilst the second
(the “lock” circuit) acts in response to the error signal, generating an error signal to
cause the piezoelectric transducer to move in the appropriate direction. An anno-
tated version of the circuit diagram for the feedback circuit is shown as Figure 3.3;
Figure 3.4 shows the locking circuit, similarly annotated.

The circuit diagrams without annotations, together with that for the servo loop
power supply, are found in Appendix C. Two important elements which are included
in the feedback circuit are the baseline noise reduction stage, and a saturation stage.
The first is carried out by an operational amplifier (“op-amp”) clearly indicated in
the annotated circuit diagram of Figure 3.3; the workings and uses of op-amps are
described in Appendix C. The function of this first op-amp involves the application
of a modest negative offset, and then the removal of all signal below zero. This allows
removal of the noise on the signal baseline, including any small resonances observed
corresponding with other higher-order modes of the optical cavity. The saturation
step is carried out by altering the gain across the amplifier immediately following
the differentiator op-amp; this is adjusted by altering the ratio in resistances be-
tween R7 and R8. The signal is amplified until it saturates; this eliminates the
very fast, sharp spikes at the maximum and minimum of the differentiated signal,
and instead leaves an amplified part of the signal corresponding to the top of each
cavity mode in the cavity transmission. It is the symmetry of these mode tops in
which we are most interested, and so this saturation step allows the correction to be
focussed on the most useful part of the transmission signal. This step is illustrated
schematically in Figure 3.5, showing the form of the oscilloscope trace (intensity vs.
time) corresponding to the differential of a single cavity mode, before and after the

saturating amplifier.
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Figure 3.3
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Figure 3.5: Illustration showing the form of the oscilloscope trace corresponding
to a single cavity mode after differentiation, giving the signal before and after the
saturating amplifier.

As alluded to above, the level of the optical feedback must carefully be controlled
as well as its phase; too low a feedback rate produces insufficient locking. In this
case, the laser does not lock to the cavity modes for very long, and so the benefit
of the long cavity power build-up in each mode is not properly realised. If the
feedback rate is very low, competition from modes other than TEMy, may also be
observed, obscuring the spectrum and making analysis more difficult. Conversely,
when the feedback rate is too great, the locking range — i.e. the region throughout
which frequency locking is seen to a particular mode centre — may exceed the free
spectral range of the cavity. When this occurs, modes may be missed entirely from
the transmission, meaning that an accurate spectrum becomes all but impossible to
obtain. In the limit of excessive feedback, the output appears chaotic, with little
evidence of any mode structure.

The evolution in the V-cavity transmission with increasing feedback level is
shown in Figure 3.6. This optical feedback level is altered using the attenuator,
comprising the half-waveplate and the polarising beamsplitter shown in Figure 3.1.
First, the optical isolator (if used) is detuned to allow some feedback, usually to an
amount slightly greater than the desired level. The half-waveplate within the atten-
uator is then rotated until an optimal feedback level is achieved; this is the feedback
level which produces modes sufficiently wide in time that minimal time is spent at
the frequencies between, indicating a locking range approaching, but exceeded by,
the V-cavity free spectral range. As such, this allows the optimal combination of

a high degree of optical locking conferring high signal to noise on the transmitted
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Figure 3.6: Plots showing the cavity transmission through the empty OF-CEAS
V-cavity with increasing levels of optical feedback.

modes, without risking “losing” any modes in the transmitted light.

3.5 Results and Discussion

3.5.1 Water Measurements

A screen-shot from the data treatment routine is shown in Figure 3.7.

The top left panel displays a single scan of the cavity transmission recorded
on the oscilloscope, normalised for the laser power by dividing the transmission on
photodiode 1 by that on photodiode 2. An atmospheric water absorption feature is
clearly discernible near the centre of the trace in each of the three panels. These
data are the very first absorption data taken using the OF-CEAS setup, before the
optimisation of the feedback phase control electronics, and so they are relatively
noisy compared to the carbon dioxide data presented in section 3.5.2 which were
taken with the fully-optimised setup.

The normalised transmission data are passed through a peak-picking algorithm,
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OPTICAL FEEDBACK CAVITY ENHANCED SPECTROMETER

Figure 3.7: Screenshot of the data acquisition routine, showing the water ab-
sorption centred close to 6260.8 cm™!. The three panels, clockwise from the top
left, show the cavity transmission, the one-shot mode maxima, and the sum of
ten shots of mode maxima.

and the resulting transmission maxima are plotted against mode number in the top
right-hand panel. The peak-picking algorithm was a simple routine supplied with
the LabVIEW package; after a first pass through this routine, the peak maxima were
refined by passing the data a short distance to either side of the picked maxima from
the first pass through a second repetition of the peak-picking routine. Groups of
these maxima are averaged to create the final intensity data set, I. The sample-free
background, Iy, is fit analytically. The I and I, data are then used to generate a
spectrum in the form of equation 2.36.

It can be seen from the data in the acquisition panel of Figure 3.7 that there is an
alternation in the intensities of successive TEMy, modes in the cavity transmission,
and a corresponding oscillation in the maxima shown in the bottom panel. This
effect arises because modes described by odd and even ¢ in equation 2.21 are re-
spectively nodal and anti-nodal at the folding point of the cavity, and they therefore
have subtly different losses associated with them. This difference in electric field

intensity gives rise to the observed alternation in the intensity of the transmitted
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modes. To correct for this, the odd mode maxima and the even mode maxima were
treated separately; this yields two sets each of I and I data, corresponding to subtly
different effective values for R (and, therefore, for the effective path length). Once
these have been converted to a value of (Iy — I)/I as in equation 2.36, the two data
sets are effectively normalised for these different R values, and so can be recombined

directly to form a single spectral data set.
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Figure 3.8: Absorption spectrum of &~ 16 Torr laboratory air, showing the water
absorption centred close to 6260.8cm™!. A Voigt fit to the transition is shown.
The spectrum is plotted as the CEAS signal (in the form given in equation 2.36)
against mode index, with a mode separation equal to the cavity free spectral range
of 3.34 x 1073 em ™.

A first example of such a spectrum, applying the OF-CEAS technique to detec-
tion of water in the cell when filled with ~ 16 Torr of laboratory air, is presented
in Figure 3.8. It shows the weak water absorption at 6260.823 cm™!, for which
Oint = 3.345 x 1072 cm?molec ™ em ™! [128]; this is the (3,2,1) < (3,1,2) transition
in the 4, overtone band, where the assignments are given as (J, K,, K.). For con-
venience, the CEAS signal is plotted against mode number. This spectral line has
a calculated Doppler width of 0.0182 cm™! at 296 K, and a reported air pressure
broadening coefficient of 0.193 cm™'atm~! (FWHM) [128]. The total Voigt FWHM
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is therefore calculated, using the form cited by Olivero and Longbothum [200]:

onigt = \/(wQDOppler/ 11'12) + w%orentz (36)

The resulting total Voigt FWHM is calculated to be 0.0205 cm™! at an air pressure
of 16 Torr, neglecting self-broadening effects within the water. For the experimental
data, the Voigt function fits well to the spectral profile, as is shown in Figure 3.8.
Fixing the Gaussian contribution at the calculated value for the Doppler width, the
returned total Voigt FWHM is 0.021140.0003 cm™!, in satisfactory agreement with
the calculated value given the small number of data points.

The sensitivity of our atmospheric water system is expressed in terms of a min-
imum detectable absorption coefficient, «,,;,. For this system, an optimal «,,;, of
1.1 x 1078 cem ™! was calculated, with an acquisition time of 2.38 s. This yields a
time-reduced value of a;, = 1.72x 1078 cm~'s™/2 for one second of data acquisition,
expressed as the coefficient for absorption of equivalent size to the root-mean-square

noise level in the spectrum after one second of data averaging.

3.5.2 Carbon Dioxide Isotope Measurements

The OF-CEAS system was then extended to the measurement of carbon dioxide
isotopologues. Some medical motivations for their accurate, swift and sensitive
detection were elucidated in section 3.3.2. The electronics were fully re-optimised
before operation of these measurements. Comparing the screen-shot shown in Figure
3.9 with that shown earlier for the water measurements in Figure 3.7 makes clear
the improvement in the quality of the data once the phase control electronics were
running at a speed appropriate to real-time maintenance of the feedback phase
during a complete spectral scan. The raw data show much cleaner modes, with the
alternation in their intensities consistent and clear, giving rise to a much smoother
spectral baseline.

The carbon dioxide data presented show the sum of 20 shots’ mode maxima,
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Figure 3.9: Screenshot of the data acquisition routine, showing data relating to
the two carbon dioxide isotopologue absorptions close to 6261.6 and 6261.8 cm ™!
studied in this chapter. The three panels are equivalent to those shown in Figure
3.7. A clear improvement in the data quality is visible, after optimisation of the
speed of the feedback phase-control electronics.

at a ramp frequency of 5 Hz, in the spectral region containing two carbon dioxide
isotopologue transitions close to 6261.6 and 6261.8 cm™!. These peaks correspond
to particular rotational transitions within the 314 + v5 vibrational band of each
isotopologue of carbon dioxide. The absorption at 6261.644 cm™' is an R(60) line
for the 2CO, isotopologue, and that at 6261.827 cm™' is an R(30) transition for
13C0,, and they have respective integrated cross-sections of 1.56 x 10725 and 1.11 x
107% ecm?cm ™ 'molec™ at 296 K (taken from the HITRAN [128]) database, each
having a quoted error close to +5%. These cross-sections are already normalised
for isotopic abundance and so they imply that, in a static sample at 296 K, the two
absorbances should be observed in a ratio close to 1.56/1.11.

Figure 3.10 shows the transmission maxima corresponding to a series of measure-
ments at different carbon dioxide pressures, and Figure 3.11 shows the spectrum that
results from treatment of a single set of these transmission maxima. The alterna-

tion in the amplitudes of successive data points is no longer evident after analysis,
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Figure 3.10: Offset transmission maxima plots, before spectral analysis, showing
the change in the two CO, isotopomer absorptions near 6261.6 cm™! and 6261.8
cm~! as the COy pressure is increased. The transmission alternation between
consecutive modes is clearly visible.

and the resulting spectra show excellent signal-to-noise. Indeed, in the case of the
the data taken with 84 Torr of carbon dioxide, a signal-to-noise ratio of ~ 3000
resulted. In the spectrum, we also observe an additional, smaller absorption close
to 6261.80 cm™!, for which an assignment is not currently known. This feature was
also observed, and reported without an assignment, by Crosson et al. [201].

For all of the present work, the mirror reflectivities were calibrated using known
amounts of absorber, measuring a spectroscopically well-characterised transition.
The resulting value of R was 0.9991 + 0.00004, corresponding to a finesse of approx-
imately 3500. For the calibration, the area was determined underneath a fit to the
1200, absorption at 6261.644 cm™! at a series of different CO, pressures.

A linear fit to the baseline of the carbon dioxide data in Figure 3.11 yields
a standard deviation of 6.8 x 107 in the units of the CEAS signal. This value
describes the error in an absorption measurement due to noise in the experiment,

and corresponds to an ,,, value of 4.07 x 10~%cm ™! in the total acquisition time of
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Figure 3.11: Analysed absorption spectrum corresponding to the transmission
maxima in Figure 3.10, showing the data after analysis for 26 Torr of carbon
dioxide.

2 s; the corresponding time-normalised value is therefore 5.8 x 10~ %cm~'s"/2. This
value therefore reflects the improvements to the electronic servo loop for maintenance
of the correct optical feedback phase, made between the water measurements and
the carbon dioxide measurements. Particularly, optimisation of the speed at which
the servo loop operates improved the stability of the transmission signal, thereby
reducing the noise level on the resulting spectral data. Further improvement may be
attributed to refinements made to the data acquisition software at the same time as
optimisation of the electronics, made to improve the reliability of the peak-picking

algorithm within the acquisition routine.

3.6 Conclusions and Outlook

The effect of optical feedback on the transmission of a V-shaped optical cavity has
been discussed; the resulting injection seeding effect on a diode laser may cause
laser line width narrowing and frequency locking of the laser to the mode centres
in the external V-cavity transmission. These effects have been exploited in the

development of an optical feedback cavity-enhanced absorption spectroscopy (OF-
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CEAS) apparatus, which has then successfully been applied to the detection of very
weak absorptions with high signal-to-noise and an accurately-calibrated relative fre-
quency scale. OF-CEAS was initially carried out for measurements of water vapour
absorption close to 1.596 um. A time-normalised minimum detectable absorption
coefficient of 1.72 x 10~% cm~!'s'/? resulted for these preliminary measurements.

The importance of control over the magnitude and phase of the optical feedback
to the laser have been elucidated. The connection between the feedback phase and
the symmetry of the transmitted V-cavity modes has been discussed, and used as
the basis for the design and implementation of an electronic servo loop for real-time
maintenance of the feedback phase, which is crucial to the production of a useful sig-
nal for OF-CEAS. After optimisation of the speed of these electronics, the OF-CEAS
spectrometer’s precision was demonstrated in the measurements of isotopologue ab-
sorptions in carbon dioxide, a spectroscopic measurement problem relevant to med-
ical diagnostics. The accurate detection of 2CO, and *CO, isotopologues has been
shown, as is required for example in analysis of exhaled breath as a biomarker for
Heliobacter pylori infection. A time-normalised oy, value of 5.8 x 10~ %cm~'s!/?
was achieved; this is not so sensitive as the value of 5 x 10719 cm ™! reported for one
second of averaging by Morville et al. [158]. However, their setup comprised a cavity
of substantially greater finesse (F' ~ 22000), in light of which the sensitivity of the
present measurements is reasonable. Further improvements to the experiment, to
improve upon this initial detection limit, are presented in Chapter 4.

Work continuing beyond this thesis, seeking further improvement of the OF-
CEAS spectrometer, is directed towards further reducing the limit of detection,
firstly by altering the electronic servo loop to be suitable for implementation with a
higher-finesse V-cavity. An important factor limiting the time-stability of the setup
developed and reported in this chapter is the temperature-stability of the diode
laser; by improving this, and by speeding up the data transfer from the oscilloscope
to the analysis programme on the computer, the sensitivity may further be enhanced

by allowing for longer periods of averaging. Implementation of the optical feedback
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phase control loop within the experimental control software, rather than using an
electronic servo loop, may allow for a more versatile control setup which is more
easily applied to systems of higher V-cavity finesse, and may therefore offer further
opportunities to improve the detection sensitivity.

Furthermore, owing to the strong temperature-dependence of the ratio of the
line intensities for the 2CO, and ¥CO, absorptions employed in the work reported
in this chapter, the error in a ratio measurement is dominated by uncertainties
in the temperature-dependent absorption cross-sections relating to the two lines.
The data presented in this chapter suggest a ratio between the cross-sections of the
two isotopologues’ absorptions of 1.26 £ 0.03; the values taken from HITRAN [128§]
imply a ratio close to 1.41 at 296 K. However, earlier work in this group [202] found
a value of ~ 1.1, highlighting the difficulties in making a ratio measurement in a
non-temperature-stabilised cell. As such, an accurate measurement of the isotope
ratio would need to be carried out in a temperature-stabilised cell [201]. The strong
temperature dependence of these lines is demonstrated by the value of A§/AT, the
change in the J-value expressed in equation 3.4 per unit temperature. Bergamaschi
et al. [203] showed that this may be estimated from the following expression:

Ad

AE

wherein AFE' signifies the difference in the two transitions’ ground state energies.
From this expression, an estimate of ~ 16%0/K is obtained for the isotope ratio
measured from the two absorption lines studied in this chapter. At very low absorp-
tions, the digitisation resolution associated with the oscilloscope may also become
important; the data presented in this chapter were acquired using an 8-bit oscillo-
scope, and therefore the limiting digital resolution is one part in 256. Accordingly,
the use of an acquisition setup at greater digitisation depth may also enhance the

achievable detection sensitivity.



Chapter 4

OF-CEAS II:

Characterisation and Application

4.1 Overview

In this chapter, the high-sensitivity OF-CEAS spectrometer developed and discussed
in Chapter 3 is further characterised and applied to line shape studies. In order
further to characterise the performance of the spectrometer, high-sensitivity stud-
ies of acetylene absorptions close to 1532 nm are carried out simultaneously using
the OF-CEAS setup and a standard diode-laser cavity-enhanced absorption spec-
troscopy (CEAS) apparatus. Detection is carried out on the P(6) line of the vy + 15
vibrational band of the mixed isotopologue of acetylene, 2?C3CH,. CEAS data are
presented employing a linear two-mirror optical cavity of finesse &~ 15700 alongside
data taken for the same transition using the OF-CEAS setup, whose three-mirror
V-cavity had a finesse of & 3500; direct comparison is made between the sensitiv-
ities of the two methods, and in light of this the suitability of each technique for
detection in different environments is considered.

Collisional (pressure-) broadening effects are introduced, and pressure broaden-
ing data are presented for broadening of the studied acetylene absorptions by air and
the noble gases. Parmenter-Seaver analysis of the pressure-broadening data is intro-

duced, and Parmenter-Seaver plots are presented alongside the resulting well-depth

84
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estimate for the acetylene dimer. The agreement between the data sets correspond-
ing to the two experimental techniques is discussed, and the relative merits of the
techniques for this sort of measurement are considered. A further set of pressure
broadening measurements for the P(12) line in the vy 4 v5 vibrational band of the
pure isotopologue ?CyH, is shown so as to allow a direct comparison of our data
with earlier work.

The well-characterised and consistent frequency scale which is an inherent feature
of the OF-CEAS technique is then applied to a line shape analysis for the transitions
presented in Chapter 3. In spite of the low resolution associated with this technique,
this accurate frequency scaling allows observation of subtle line shape effects such as
Dicke collisional narrowing using the data presented in Chapter 3 for the R(60) line
in the 31y + v3 vibrational band of CO,. These effects are quantified through use
of a Galatry fit to each absorption spectrum. The statistical significance associated
with the use of such a model, and the physical meaning of the results, are examined

through a statistical F-test.

4.2 Acetylene and its Spectroscopy

4.2.1 Earlier Work on Acetylene Detection

The detection and monitoring of acetylene have many applications in diverse ar-
eas, from breath analysis for medical diagnostics [204] to plastics production [205].
Acetylene is an impurity which is commonly found in the ethene that results from
the cracking of higher hydrocarbons [206], and so accurate and expedient schemes
for its detection are of scientific and industrial interest. Owing to its resistance to
oxidation in the atmosphere, acetylene is considered a useful marker compound for
atmospheric pollution studies; such atmospheric detection [207] demands selective,
rapid and absolute measurement of the number density of acetylene present in an
atmospheric sample. The identification of the P(3), P(4) and P(5) lines of the acety-

lene v3 fundamental band in the infrared spectral measurements of comet Hyakutake
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were an important part of the characterisation of the comet’s composition [208]. The
estimated acetylene abundance relative to water was found to be in the region of
0.3-0.9%. However, the fundamental region of the acetylene spectrum does not lend
itself particularly well to atmospheric detection problems ordinarily; Brooke et al.
[208] had difficulties with resolving the acetylene fundamental spectrum fully, owing
to the presence of conflicting lines due to the hydroxyl radical.

A substantial body of work also exists relating to the study of acetylene in flames.
Lucht et al. [209] employed coherent anti-Stokes Raman spectroscopy (CARS) to
characterise the acetylene concentration within a pre-mixed methane/acetylene/air
flame; their limit of detection was defined as the acetylene concentration at which
one hundred signal photons were collected, and was measured as 0.2 % acetylene.
Later work on characterising acetylene flames has improved greatly on this detection
sensitivity; Williams and Fleming [210] employed laser-induced fluorescence (LIF)
to measure the acetylene intermediate formed in propane and methane flames in air,
using a detection wavelength close to 228 nm. They found that the methane flame
produced a much weaker acetylene signal than that formed in propane, and that
their LIF setup was not sufficiently sensitive to detect acetylene in the methane flame
except under very fuel-rich conditions. Very careful calibration was also required of
the system, especially to account for interferences owing to nitric oxide.

The need for speed, selectivity and accuracy for these diverse applications and
measurements means that diode laser absorption spectroscopy and its associated
techniques lend themselves particularly well to acetylene detection. Tai et al. [211],
for instance, used 1.66 um and 1.53 pm diode lasers, in conjunction with a 4 km-
long optical fibre for remote absorption spectroscopy for acetylene detection; they
achieved a detection limit of 3 ppm in a 10 cm absorption length with an integration
time of one second. Oh et al. [212] reported wavelength modulation spectroscopy
measurements on acetylene in 1995, employing a near-infrared ECDL in the 1.5 pm
region; with a time constant of 7 = 300 ms, they reported a minimum detectable

absorbance of 4.8 x107%, corresponding to a bandwidth-reduced minimum detectable
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acetylene concentration of ~ 5 x 102 molec cm™3.

Pavone et al. [213] published work on acetylene detection in the visible region,
using a stabilised aluminium gallium arsenide (AlGaAs) diode laser to undertake
spectral measurements on the overtone region close to 0.79 um. They reported a
limit of detection of 200 ppb/km, and their setup was employed to make line shape
measurements on the P(11) and R(5) lines in this region, determining the relevant
self and air broadening coefficients for each line. De Rosa et al. [214] also employed a
diode-laser-based system, carrying out frequency modulation spectroscopy to make
line shape and pressure shift measurements on the acetylene 14 + 315 combination
band close to 787 nm.

The work of Chen et al. [215] and of Rusciano et al. [216] combines the use
of solid-state lasers with difference frequency generation in a non-linear optical ma-
terial to generate longer-wavelength light for detection in the mid-infrared region
corresponding with higher-cross-section fundamental transitions. Chen’s system
[215] employed two Ti:Sapphire lasers which were mixed in a birefringent gallium
selenide crystal to produce radiation tunable between 8-19 um. The difference fre-
quency radiation was then employed to carry out absorption measurements on the
Q-branch within the v5 vibrational band of acetylene near to 13.7 pum, achieving
an ultimate sensitivity of 28 ppmm Hz /2. They note that this would correspond
to a detection limit of 1 ppb in a 100 m White Cell. The Rusciano [216] sys-
tem combined a Nd:YAG laser at 1064 nm and a semiconductor ECDL tunable
between 770-785 nm in a periodically-poled lithium niobate (PPLN) crystal, to
create difference frequency radiation close to 3 um with a conversion efficiency of
Verp = 0.0146%W~tem ™!, This radiation was then used to perform pure absorption
spectroscopy and 1f wavelength modulation spectroscopy on fundamental transi-
tions in the v vibrational band of acetylene (o ~ 10"*c¢cm?cm ™ molec™). With a
path length of 30 m and a total sample pressure of 500 mbar, a detection limit of
4 ppb was demonstrated with measurements of acetylene in nitrogen. Hornberger

et al. [217] measured acetylene overtone spectra in the region 63006400 cm™!. Us-
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ing a NaCl-OH™ colour centre laser emitting radiation with power on the order of
hundreds of mW into a radial resonant photoacoustic multipass cell, photoacoustic
spectroscopy measurements were presented, with a minimum detectable absorption
coefficient of ay;, ~ 1079, which corresponds to a minimum detectable acetylene
concentration of 10'-10* molec cm™ for detection in the 6460 cm ™! region.

Not all of the techniques presented in the literature for detection of acetylene are
spectroscopic, however. Ishiji et al. [218], for example, presented an electrochem-
ical sensor for detection of acetylene in gases extracted from isolation oils. There
are difficulties associated with the selectivity of electrochemical sensors, however;
indeed, with one of the electrodes used in Ishiji’s work, the selectivity — defined for
a particular interfering species as the ratio between the detection sensitivities for
acetylene and that species — was found to be lower than 5 for both carbon monoxide
and ethene. With a gold counter-electrode, a selectivity in excess of 100 was mea-
sured by Ishiji et al. [218], but this still represents a substantial interference with
the signal if those contaminants are present in relatively high abundance.

The acetylene absorption transitions in the region close to 1.5 um that is adopted
for the work in this thesis have been investigated and characterised by many groups
seeking to offer a frequency standard for the near-infrared region for use in accurate
frequency-calibration of other atomic and molecular spectra, in metrology and in
optical communications. Specifically, saturation spectroscopy has been employed
to make absorption measurements at very narrow line widths [219-222]. Of these,
Thapa et al. [220] made measurements within a photonic bandgap fibre on the
v1 + v3 band near 1532 nm, and the work of Onae [221], Edwards [223] and De

Labachelerie [222] refers to the *CyH, isotopologue.

4.2.2 The Acetylene Spectrum

Acetylene is a linear, symmetrical molecule with point group D.,. For such a linear
molecule with N = 4, there are 3N — 5 = 7 normal modes. These are ilustrated

below; the two bending motions are doubly degenerate.
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vy symmetric stretch o, symmetry | 3374 cm ™! — > B3
Vo symmetric stretch o, symmetry | 1974 cm™ | «ch e
v3 | anti-symmetric stretch | o, symmetry | 3287 cm ! | wei—e o

vy | anti-symmetric bend | 7, symmetry | 612 cm™! | o

Us symmetric bend 7, symmetry | 729 cm™! | o~ — —.

Table 4.1: The fundamental vibrational modes of acetylene.

Nuclear spin statistics are important in the acetylene spectrum. Pauli’s exclu-
sion principle tells us that the total molecular wavefunction must be symmetric with
respect to the interchange of identical bosons, and antisymmetric with respect to
the exchange of identical fermions. For symmetry purposes, we may consider the
C-H combination (boson x fermion) as a single fermion. The imbalance in the num-
ber of nuclear spin wavefunctions with respectively symmetric and antisymmetric
behaviour under interchange of the two C-H units means that there is a 3:1 intensity
alternation between consecutive rotational lines in the acetylene spectrum. In the
mixed isotopologue, 2C'3CH,, which is not centrosymmetric, the two C-H units
cannot be interchanged by a symmetry operation of the molecule, as they are not
identical, so there is no intensity alternation evident in the spectrum of the mixed
acetylene isotopologue.

In the spectral region studied in this chapter, close to 1.5 um, several vibrational
bands overlap. Transitions from the ground state to v + 3 in 2CyHy and 2CBCH,
are observed near 1.5 pm. In the spectrum of the '2Cs-isotopologue, hot band
transitions corresponding to vy + v3 + v} «— v (7,7m,) and vy + vz + Vg — Vs
(m,—m,) are also seen [224].

In the hot bands, which are 77 transitions, the energy levels in the initial
and final states may be further complicated by Coriolis interaction, a coupling
between rotational and vibrational motions [195,196,225-227]. For example, as
a stretching mode is excited while the molecule is simultaneously rotating, the effect

of the tangential component of the rotational motion is to induce coupling of angular
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momentum into the bending mode. The additional angular momentum - vibrational
angular momentum - associated with the rotation can be accounted for in the term

values for the rotational spectrum:
Fy(J) = B,[J(J 4+ 1) = *)] = D,[J(J + 1) — £*? (4.1)

where (A is the magnitude of the induced vibrational angular momentum. This cou-
pling is more efficient for a better energy match between the relevant stretching and
bending vibrations. Accordingly, the Coriolis coupling between the antisymmetric
stretching vibration, v3, and one of the bending motions (v4,vs5), for instance, is
small. However, the bending motions are doubly degenerate with their perpendic-
ular counterparts. Rotational angular momentum about the internuclear axis, Z,
arising from excitation of a bending vibration may convert one of the two perpen-
dicular bending motions into the other one with which it is degenerate. This Coriolis
interaction is now between two vibrations which are degenerate, and so it is a large,
first-order, interaction. The associated rotational term expression is now modified

to [195]:
Fy(J,05) = B,[J(J +1) — 2] £ (qi/4) (v; + 1)J(J + 1) — DJJ(J + 1) — 2] (4.2)

in which ¢; is a coefficient describing the magnitude of the interaction between
rotational motion and vibration i [195]. Accordingly, term values differing only in
the sign of ¢ are split, by (g;/2)(v;+1)J(J+1), and this is known as I-type doubling.
This splitting decreases in magnitude with increasing ¢, and is only appreciable in
size for || = 1. This (-type doubling is observed, for example, associated with
the v5 symmetric bending vibration in acetylene. In the m—m transitions such as the
vy +v3+ri «— v} hot band transitions, this /-type doubling effect occurs in both the
initial and final states of the transition, and the transitions in the spectrum appear
as doublets, as illustrated in Figure 4.1. Figure 4.8 shows an example spectrum of

one of the resulting absorption doublets using the optimised OF-CEAS setup. The
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components of these doublets are assigned according to the symmetry behaviour of
the associated wavefunction ¥ = ..t under inversion, and are labelled as +
or -. The accepted convention [195,226] for labelling of these levels in closed-shell

J

molecules is that those with parity +(—1)” are assigned the label e, and those with

parity —(—1)7 are labelled f. The resulting selection rules are then [195]:
For AJ=0: eef ewe [ f
For Al ==+1: e f e—e [« f

f 'y J=2

Figure 4.1: Schematic illustration of the energy levels in the P(3) doublet within
the vy +v3 + 1/% — 1/51 band.

4.3 Broadening Effects in Spectroscopy

In spectroscopy, the lines owing to absorption or emission transitions never exhibit
the zero line width that true monochromaticity would imply. Instead, even for
atomic lines measured at very low pressures, a distribution of emitted or absorbed
frequencies is observed about a central frequency, 1y, corresponding to the energy
difference between the two quantum states involved. The function that describes the
form of the spectral line is called the line profile, (v —14). The line profile is further
characterised by a line width, which is given by the difference in frequency space

between the two frequencies at which I (1) = I(vs) = 11(1p); this is the full width at
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half mazimum (FWHM). The kernel associated with the line is the area underneath
the line function between v, and v, and the wings are the regions bounded by the

line function on either side of the kernel. These terms are illustrated in Figure 4.2.

Line kernel

Iolz 77777777777777777777777777777777777777777 FWHM

Line wing

»V

Figure 4.2: Schematic illustration showing the different quantities associated
with the profile of a spectral transition.

There are several phenomena which lead to a broadened line shape, and these are
generally divided into two categories: homogeneous and inhomogeneous mechanisms
[54]. Homogeneous broadening mechanisms are those in which the distribution of
frequencies observed is characteristic of every particle in the sample, and the line
profile therefore describes the line shape associated with any one of those particles,
each being indistinguishable from the others. By contrast, inhomogeneous broaden-
ing mechanisms are ones in which there is a distribution in the central frequencies

corresponding to each of the distinguishable emitting or absorbing particles [14].

4.3.1 Homogeneous Broadening

The absorption or emission lines resulting from even a notionally isolated, motion-
less particle would have a non-zero line width, due to uncertainty arising from the
lifetime associated with the upper state of the transition [54]. A state with a precise

energy, and associated time-dependent wavefunction W(t) = e "F¥" is a steady
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state with a probability density that is time-independent, |¥|* = || [227]. How-
ever, on introducing transitions to other states which cause a temporal decay in
the population of the initial state, supposing that this decay is describable by an

exponential with a time-constant 7, the probability density becomes:
[ = e/ (4.3)
The time-dependent amplitude of the wavefunction then adopts the form:
U] = [gp|e W12 (4.4)

This exponential term is a function whose amplitude reduces as the oscillation
proceeds, and its energy can be extracted by Fourier theory, modelling the function

as a superposition of oscillating waves:

efiEt/hft/QT _ /g<El>€iElt/h dt

h/T
(B + (h]on)?

(4.5)

L9(E) =

in which g(F) is the spectral density function. All of the energy values must ap-
pear in the superposition; the function that describes the decay in the wavefunction
corresponds to a range of energies. As such, a state with a finite lifetime is associ-
ated with a non-zero energy uncertainty. By analogy with Heisenberg’s uncertainty

principle, the lifetime broadening relation can be stated as:

TAFE =~

No | St

(4.6)

This encapsulates the idea that any state with a finite lifetime necessarily has
a non-zero energy uncertainty associated with it, and so the line profile associated
with any such transition has a non-zero line width. This line width is called the

natural line width, brought about by this lifetime broadening effect arising from the
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uncertainty principle.

A second homogeneous line broadening mechanism is collisional broadening, also
termed pressure broadening. This arises due to a reduction in the lifetime associ-
ated with the radiating state; the lifetime broadening relation (4.6) indicates that a
reduction in the lifetime must result in a corresponding increase in the energy un-
certainty AFE, and therefore in the line width. Typically, models of collisional line
broadening assume that the collisions are adiabatic; the collision does not contribute
to inducing the transition. The lifetime broadening relation (4.6) implies that colli-
sions contributing to the wings of the lineshape, at large frequency detuning values
from the line centre, are those on a short timescale [228].

The part of the absorption signal corresponding to the line kernel corresponds
to small frequency deviations from the line centre, and therefore to a longer interac-
tion time between the radiation and the absorber. Within this regime, the transition
duration is long compared to the duration of each collision and the time between
successive collisions. Over the course of the time during which the particle is in-
teracting with the radiation, the absorbing particle suffers several collisions, each
of which is comparatively short. Accordingly, this defines the impact regime [229].
Conversely, when the transition time is exceeded by the average collision duration,
which in turn is much smaller than the time between collisions, the absorbing par-
ticle is interacting with the same collider throughout the time it spends interacting
with the radiation; under these conditions, the quasi-static approrimation applies
[228]. The regime that is most important to the broadening measurements pre-
sented in this chapter, concerned mostly with the width of the line kernel, is that
appropriate to an impact approximation.

Both elastic and inelastic collisions contribute to the broadening of spectral lines,
and elastic collisions may also shift the line centre. A classical model considers inelas-
tic collisions to bring about a reduction in the amplitude of the oscillation associated
with the radiative transition; this corresponds to an increase in the linewidth in the

frequency domain. By contrast, elastic collisions leave the amplitude unchanged but
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alter the phase of the radiation corresponding to the transition.
Both homogeneous broadening mechanisms lead to a Lorentzian line shape. The
line profile associated with collisional broadening, for instance, has the following

general normalised form [54]:

Av
1) = Sl = — o T (B2 (A7)

where Av is the Lorentzian line width (FWHM), owing to inelastic collisions, and 1
is the frequency at the line centre. The extra term v* accounts for the frequency shift
brought about by the phase-altering elastic collisions. This line profile is generally
adopted under conditions where collisional effects are dominant, but typically for
total pressures under 1 atm, and since the v* term is often very small at these
pressures, it is often neglected altogether.

A further source of homogeneous broadening, specifically relevant in solids, arises
from the interaction between a particle within a crystal and a phonon, involving
the emission or absorption of acoustic energy. Such collisions do not terminate the
lifetime of the species in its absorbing or emitting state, but do bring about a sudden
change in the phase of the radiation corresponding to the spectroscopic transition;

this is the source of the line broadening.

4.3.2 Inhomogeneous broadening

In a gaseous sample, the transition frequency, v, associated with a single particle in

the sample is Doppler-shifted according to:

Uy
‘ - ‘I/O (48)

vV — Vy+

where |0, is the magnitude of the velocity component along the direction connecting
the moving particle and the observer, ¢ is the speed of light, and 14 is the transi-
tion frequency corresponding with that particle when stationary. This forms the

basis of the major inhomogeneous line broadening mechanism in gas-phase spec-
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troscopy, a consequence of the different Doppler shifts observed in the transition
frequencies measured for particles within a sample having different velocities. To
describe the range of velocities represented in a bulk gas sample, we adopt the

Maxwell-Boltzmann distribution:

M 972 M 2 2 2
] (Um, Uy, UZ) = (2 2 ) exXp { ok (U:v Uy Uz)} ( 9)

for a gas with atomic mass M, at equilibrium at temperature 7', and with kg =
1.381 x 107% JK 'molec™'. We can consider f(v,, vy, v;) du, du, du, as the prob-
ability that the velocity ¢ of a given particle in the sample is directed toward the

volume element dv, dv, dv, centred about (v,,vy,v,), and so:

ﬁojf(vx,vy,vz) dv, dv, dv, =1 (4.10)

Considering equation 4.8, then, the probability that the transition frequency is
found in the interval between v and v+ dv is the same as that for finding v, between
vy + dv,. Accordingly, we substitute v, = (v — 1)(¢/1p) into equation 4.10 and
integrate over all v,, v,. This eventually returns the following normalised expression

for the Doppler-broadened line shape:

o= (-GS e

This is a Gaussian function, symmetric about the line centre 1y and with a

corresponding FWHM line width (in this case, simply termed the Doppler width)

of:
2ksT

Mc?

AVpopp = 219 In 2 (4.12)

In regimes where the Doppler broadening is still an important contribution to
the line shape, a convolution of the relevant Lorentzian and Gaussian functions is
required to describe the overall line profile so as to extract quantitative information

from spectra. The resulting line profile takes the form of a Voigt function. After
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normalisation, this is expressed as follows:

g) = A / h _ () e (4.13)

o (VIn23E)" + (VIn2(52) — )
where A is a constant, Avy, is the Lorentzian HWHM, and Avg is the Gaussian
HWHM (as opposed to the FWHM given in equation 4.12), the latter two quan-
tities corresponding respectively to collisional and Doppler broadening phenomena.
The Voigt function is the most commonly-used form of line profile for absorption
spectroscopy at the sample pressures typically used for simple detection applications.
That this profile accounts for the two major physical effects leading to line broad-
ening quantitatively but separately is convenient; it allows us straightforwardly to
quantify the influence of each on the total line shape by fitting a Voigt function. The
Doppler width may be calculated analytically through equation 4.12, but may be
confirmed by fitting a Gaussian function to the profile resulting from a low pressure
(< 1Torr) spectrum.

The collisional broadening is quantified by measuring the evolution in the size
of the Lorentzian contribution to the line width with pressure. Spectral measure-
ments are taken on a static sample, with increasing pressures of buffer gas being
added, and a Voigt profile is fit to each of the resulting spectra, fixing the Gaus-
sian width contribution at the Doppler width. The returned Lorentzian half-width
from these Voigt fits then increases linearly with pressure of buffer gas; the constant
of proportionality found from such a plot is the pressure broadening coefficient, ~.
The pressure broadening coefficient is particular to a spectral transition, and to the
buffer gas, and is usually reported in units of MHz/Torr; for foreign gas broadening

interactions, a typical v value would be on the order of 1-10 MHz/Torr.



OF-CFEAS II: Characterisation and Application 98

4.4 Collisional Broadening in CoH, at 1.5 yum:
Earlier Work

This region of the spectrum of acetylene has been the subject of a series of earlier
lineshape studies. Rank et al. [230] produced a study of several lines in the acety-
lene v + v3 band, with which the present work is concerned, in 1960; their work
included a characterisation of pressure broadening of the studied lines by krypton
and xenon gas. A fuller investigation was presented by Varanasi and Bangaru [231];
in their work, self broadening and broadening by hydrogen are both considered at
a series of temperatures up to room temperature. Thibault et al. [232] measured
pressure broadening coefficients for lines in the v4 + v5 combination band as part
of an investigation of the acetylene-neon dimer system. These studies are directed
towards the “pure” 2C isotopologue of acetylene, but a full study of line parameters
and line strengths in the corresponding band of ¥CyH, forms part of the work of
Kusaba and Henningsen [233]. Some data are presented by Minutolo et al. [234] for
the mixed ?C/?3C isotopologue for self-broadening, as part of a study of acetylene
lineshapes in both that isotopologue and the 2C, isotopologue close to 1.54 pm.
A more recent paper by Bond et al. [235] presents data on pressure broaden-
ing and pressure shift effects on acetylene lines in the v, + v3 band for the '2C,
isotopologue; data are presented for broadening at 195 K, and the authors discuss
the temperature dependence of the broadening effects, making reference to the work
of Arteaga et al. [236]. Arteaga’s study provides a close comparison for some of
the data presented here, and includes a comprehensive survey of broadening coeffi-
cients in the v; + 5 band of the 2C, isotopologue of acetylene, including data for

broadening by hydrogen, deuterium, nitrogen, air and the noble gases.
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4.5 Experimental

4.5.1 CEAS Experiments

A schematic illustration of the CEAS experimental setup is shown in Figure 4.3

Diffraction
grating

DFB-DL
n Spectrum
Optical Analyser
' Isolator
v pinhole
to wavemeter ~
PD
Beamsplitter
f=75mm
Infrared
Camera

Figure 4.3: The cavity-enhanced absorption spectroscopy (CEAS) setup em-
ployed in this work.

A DFB-DL [Bookham| centred close to 1532 nm was employed as the radiation
source and was driven by a commercial temperature and laser controller [ Thorlabs,
ITC-510] connected to an integrated laser mount [Thorlabs LDM-21]. The DFB-DL
was operated at around 24 °C, and at injection currents close to 180 mA. The laser
current was scanned, by applying a triangular ramp voltage of 3.5 V peak-to-peak
at a frequency of 5-6 Hz using a function generator [T'Ti, TG230]. A flipper mirror
was placed immediately after the laser, to allow its wavelength to be characterised
using a wavemeter [Burleigh WA-1000]. An optical isolator was placed between the
laser and the cavity to reduce the intensity of the uncontrolled feedback of light
back into the laser from optical components in the setup, since this can disrupt the
correct operation of the laser.

The radiation was dispersed using a diffraction grating, to reduce the level of
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amplified spontaneous emission (ASE) from within the laser active medium reach-
ing the detector. The ASE was close to 25% of the total laser output. To calibrate
the frequency scale, measurements were carried out on the spectral line studied
under conditions where pressure broadening effects were negligible. The resulting
line width was used to calibrate a spectrum analyser [Melles Griot, 1/50-1650 nm,
nominally 2 GHz free spectral range|, whose accurate free spectral range was then
used as a frequency standard in subsequent CEAS experiments. The optical cavity
for the CEAS work comprised a pair of highly reflective “supermirrors” [Research
FElectro-Optic 10881], each with reflectivity 0.9999 in this wavelength region, and
separated by 25 cm. This optical cavity was housed within a stainless steel and
Perspex vacuum-tight chamber that was equipped with inlet/outlet fittings for gas
flow and pressure monitoring. A second flipper mirror, positioned behind the op-
tical cavity, allowed the cavity output to be directed towards an infrared camera
[Electrophysics, Micronviewer 7290A]. This camera was employed to monitor the
spatial profile of the cavity transmission and to confirm that the desired cavity
alignment was achieved. The light exiting the final mirror of the optical cavity was
then collected on a photodiode [Thorlabs, DET10C/M]; the signal was amplified
and recorded by a digital oscilloscope [Tektroniz TDS2014] along with the signal

from the spectrum analyser. Data acquisition was carried out using LabVIEW.

4.5.2 OF-CEAS Experiments

The OF-CEAS spectrometer employed for the measurements described in this chap-
ter was broadly the same as that described in Chapter 3, and illustrated in Figure
3.1. The same DFB-DL was employed as detailed in Section 4.5.1 for the CEAS
experiments. Whilst a formal mode-matching setup was not adopted, collimation
and telescoping optics were added to the set up to improve the beam shape and size
so as to seek broadly to optimise the efficiency of coupling of light into the cavity.
For data taken with both techniques, acetylene dilutions in argon with accurately-

measured ratios (close to one part in fifty) were used, so that manageable pressures
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of gas could be added to the cell, whilst maintaining the resulting transitions in the
relatively low-absorption regime to which our analysis is appropriate. Background
signals were, with both sets of apparatus, taken by measuring the transmission
through the evacuated cell. For the pressure-broadening measurements, an initial
spectrum was taken using between 0.5 and 1 Torr of the acetylene gas solution, and
then the broadening gas was introduced in increasing amounts with a spectrum be-
ing taken at each pressure, after the gases had had time to diffuse and mix through
the cell.

Firstly, a set of line shape measurements was taken on the P(6) absorption line in
the v, +v3 band of the mixed isotopologue (**C¥CH,) at 6528.735 cm™!; these were
recorded and analysed to produce pressure broadening coefficients for air and for
each of the noble gases studied. Subsequently, to compare our line shape results with
others’ earlier work, a second series of pressure broadening experiments was carried
out using the OF-CEAS apparatus in exactly analogous fashion. Measurements
were in this case made on the P(12) line of the same vibrational band of the pure
isotopologue ?CyH,, found at 6526.538 cm™1.

After the P(6) measurements were taken, and the line shapes measured and
analysed, the electronics were re-optimised, changing the balance between the am-
plification factors across the various operational-amplifiers. The collimation optics
were replaced and the alignment of the cavity re-optimised. To measure the ultimate
sensitivity achievable with this system, a further set of detection measurements, this
time without a full line shape study, were carried out on the P(3) Coriolis doublet
within the vy + v3 + vi-12 (m,~m,) hot band of 2CyHs, located at 6527.59 [P(3f)]
and 6527.61 [P(3e)] cm ™! [128].
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4.6 Results

4.6.1 CEAS Results

CEAS spectra were produced by plotting the CEAS signal, in the form presented
in equation 2.36, against frequency. The frequency scale for each of the CEAS
spectra was calibrated using the spectrum analyser, which gave peaks separated by
an accurate free spectral range close to 2 GHz. A LabVIEW routine was used to
generate a calibrated spectral frequency scale for our CEAS data from the spectrum
analyser signal. An example of such a spectrum is given in Figure 4.4, which shows
data for the P(6) line in the v, + v3 band of *C"¥CH, at 6528.735 cm ™!, fitted with

a Voigt profile.
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Figure 4.4: CEAS spectrum taken with 51.3 mTorr of acetylene, in approxi-
mately 2.5 Torr of argon, showing the P(6) line in the 1 +v3 band of the 2C13CH,
acetylene isotopologue. For clarity, a selection of only 300 points is shown across
the profile: a Voigt fit to the data is also shown.

The returned Lorentzian contribution to the full-width-at-half-maximum (FWHM)
is 11.8 = 1.4 MHz, and is in good agreement with the Lorentzian contribution of

12.2 MHz expected on the basis of the argon pressure broadening coefficient for this



OF-CFEAS II: Characterisation and Application 103

line which is presented below. For these line width measurements, the resolution
of the experimental setup is likely to be limited by the bandwidth of the detection
apparatus, which is calculated to be approximately 10 MHz; this value considerably
exceeds the laser bandwidth, which is close to 1 MHz.

The P(6) absorption line within this band was selected for the present work as it
is found in a region of the acetylene spectrum that is relatively free of spectral con-

! (from

gestion. Further, its integrated cross-section of 1.32 x 10722 cm?cm ™ !'molec™
the HITRAN [128] database, quoted with an error of approximately +1.5%) means
that the absorption signal is large enough to be observed with a good signal-to-
noise ratio at these low acetylene concentrations, but still within the low absorption
regime appropriate to our analysis. Knowing accurately the concentration of acety-
lene in a series of spectral samples, the cavity finesse (and therefore the geometric
mean mirror reflectivity) can be calibrated. The geometric mean reflectivity of the
mirrors, R, is related to the cavity finesse, I, through equation 2.7.

The background signal, I, is determined using a polynomial fit to the spectral
baseline, with the absorption signal removed. The noise level on the data is then
found by examining the standard deviation of the data points from a linear fit
to a region of the spectrum free of absorption features. This value for the noise
level is then applied to the CEAS equation (equation 2.36); since the acquisition
time and the cavity length are well known, it follows that the sensitivity can be
calculated. With a cavity finesse of ~ 15700, a cavity length of 25 c¢cm and root
mean square (RMS) noise level of 3.4 x 1073, the data in Figure 4.4 were taken in a
total acquisition time of 16.9 s; this results in an acquisition-time-reduced sensitivity
of 5.6 x 10 8cm~'s!/2.

Pressure broadening data sets were taken with helium, argon and air each acting
as the buffer gas. Fitting a Voigt profile to each such spectrum, with the Gaussian
part fixed to the calculated Doppler width, returns a value for the Lorentzian width.
A plot of the Lorentzian FWHM against pressure yields a gradient of 2, from which

the pressure broadening coefficient, v, is obtained. Figure 4.5 shows examples of such
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Figure 4.5: Plot showing Lorentzian FWHM against pressure of buffer gas with
helium (red) and argon (blue) for the same absorption line as that shown in Figure
4.4. The gradient of this graph, for each gas X, is 2vx.

plots, for helium and argon, of the Lorentzian FWHM against buffer gas pressure,
with helium generating a broadening coefficient of 1.68 +0.03 MHz/Torr, and argon
2.42+0.06 MHz/Torr, where the errors are the returned values (+0) associated with
the linear fit. There is a small non-zero intercept (for Ar, -22.5 MHz; for He, -5.66
MHz) associated with each linear fit; this may be attributable to small systematic
errors in the pressure measurement, as well as the error associated with the linear fit.
Indeed, in the pressure broadening measurements presented here it is the systematic
errors arising from any inaccuracy in measurement of the pressure that are likely to
dominate the error on the returned widths. The value of R for these spectra was
determined by calibrating the apparatus using known amount of absorber; a value of
0.99981 + 0.00005 was returned. A similar plot produced an air pressure broadening
coefficient for this transition of 3.124+0.04 MHz/Torr. As can be seen from the data
presented both in Figure 4.5 and Table 4.2, there is a general increase in the pressure
broadening coefficients with increasing polarisability of the noble gases [237]. This

is mainly a consequence of the concomitant increase in the dispersion interaction



OF-CFEAS II: Characterisation and Application 105

between the species, and is explored later.

Air Helium Neon Argon Xenon
MHz/Torr MHz/Torr MHz/Torr MHz/Torr MHz/Torr

P(6) °C2CH;
(6528.735cm™1) 3.10 £0.25 1.63 +£0.047 | 1.56 £0.053 | 2.37 £ 0.095 2.64 +£0.19
OF-CEAS
P(6) °C2CH;
(6528.735cm™1) 3.124+0.042 | 1.68 +0.026 2.42 £+ 0.059
CEAS

P(6) 2C,H;
(6541.960 cm™—1) 3.40 £ 0.07 1.71+0.026 | 1.64 £0.016 | 2.46 £0.008 | 2.99 £ 0.026
Arteaga [236]
P(ll) 1202H2
(6529.172cm 1) 3.154+0.10 1.72+0.026 | 1.51 £0.016 | 2.05£0.016 | 2.60 £ 0.049
Arteaga [236]
P(IZ) 2C,H,
(6526.538 cm ™ 1) 3.07+£0.057 | 1.724+0.035 | 1.48 £0.016 | 2.05+0.006 | 2.51+0.012
Arteaga [236]
P(12) ?°CyH,
(6526.538 cm 1) 3.01£0.096 | 1.744+0.025 | 1.41+0.021 | 1.98+£0.036 | 2.42 + 0.067
OF-CEAS

Table 4.2: Summary of pressure broadening coefficients found (HWHM), includ-
ing the data described in this thesis and the work of Arteaga et al. [236].

As noted in section 4.4, prior studies give few data for the pressure-induced line
broadening in this mixed isotopologue, **C'3CH,. However, the work on 2C,H, by
Arteaga et al. [236] provides pressure broadening values for transitions in the same
spectral region which can be used as a comparison; these are collated with our data
in Table 4.2. Values from Arteaga’s work are presented for the equivalent P(6) line in
the pure isotopologue, as are the lines at P(12) and P(11), whose central frequencies
lie respectively just above and below that of the line at 6528.735 cm™! studied in
the present work. Good agreement is seen between the two sets of measurements,
as is clear from the data in Table 4.2.

In addition, pressure broadening data were taken for both methane and ethene.
Acetylene is an impurity in ethene production, and so the pressure broadening co-
efficients of acetylene in methane and ethene are of industrial interest. A pressure
broadening coefficient of 2.21 4+ 0.11 MHz/Torr was determined for the P(6) line
with methane, whilst ethene yielded a coefficient of 3.58 £ 0.06 MHz/Torr. These
hydrocarbon buffer gases produce generally larger pressure broadening coefficients

because they have more internal degrees of freedom in addition to greater polar-



OF-CFEAS II: Characterisation and Application 106

isability [237]; this increases the magnitude of the interaction between the collider
and absorber, resulting in both more efficient elastic and inelastic energy transfer

and larger broadening coefficients.

4.6.2 OF-CEAS results
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Figure 4.6: Raw, unprocessed OF-CEAS data from the oscilloscope, showing
a single shot of the cavity transmission. In the centre of the trace, the P(6)
transition within the vy + 3 combination band for the '2C'CHj isotopologue is
clearly visible. The data were taken using 0.519 Torr of the 1:49 acetylene-in-argon
mixture.

An analogous set of experiments was performed on the P(6) line, using the
OF-CEAS setup. Spectra are presented, once again, in the same form as for the
CEAS measurements: the CEAS signal is plotted against frequency or equivalently
the mode index, since consecutive modes are spaced by the consistent free spectral
range corresponding to the cavity. Figure 4.6 shows an example of an unprocessed
spectrum, recorded directly from the oscilloscope in the experiment. We can clearly
see the intensity alternation between consecutive modes, and during the analysis

these are dealt with by splitting up the odd- and even-indexed mode maxima for
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background fitting, in the manner described in chapter 3.

0.5 |

—O— Experimental Data
Voigt Fit

0.4

03 |

I
5

CEAS Signal

0.1 |

0.0 |

T T T T T T T T T T T T
-3000 -2000 -1000 0 1000 2000
Frequency (MHz)

Figure 4.7: Analysed example OF-CEAS spectrum showing the P(6) transition
within the vy 4+ v3 band for the ?C!3CH, isotopologue, corresponding to the raw
data shown in Figure 4.6. A Voigt fit to the data is also shown.

Figure 4.7 shows an example OF-CEAS spectrum for 0.519 Torr of 1:49 acety-
lene/argon mix (0.011 Torr of acetylene), with a Voigt profile fitted. At this low
pressure, Doppler broadening is dominant, and so the Lorentzian FWHM is negli-
gible and a Gaussian fit produces a linewidth of 460.9 + 5.7 MHz, which is in good
agreement with the calculated value of 464 MHz. Recording ten averages at a laser

_181/2 was

scan frequency of 4.27 Hz, a time-reduced sensitivity of 7.15 x 107 cm
achieved for the data shown in Figure 4.7. This is an increased sensitivity relative
to that achieved using the standard CEAS technique, since a greater signal-to-noise
ratio (from ~ 250 to ~ 450 in this case) results from higher cavity transmission
with optical locking to successive TEMyy modes, and from reducing the noise and
intensity fluctuations associated with the laser linewidth. The limiting noise source
in the case of conventional CEAS arises from the residual mode structure [238], and
this problem is dispensed with in the case of the OF-CEAS experiments.

Measurement of the area under the absorption signal allows a mean mirror reflec-

tivity and therefore a finesse to be calculated. Using the absorption signals for the
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P(6) transition in the isotopologue, a mean mirror reflectivity of 0.9991 + 0.00003
results, corresponding to a cavity finesse of ~ 3500. The sensitivity of the system
may be improved by increasing the total data acquisition time, but there is a limit
beyond which a further increase in the averaging does not bring about an improve-
ment in the limit of detection. Over time, as more averages are taken, the influence
of longer-term instabilities in the laser output — such as intensity fluctuations, laser
frequency drift or the laser unlocking from the cavity — eventually becomes im-
portant, leading to deterioration of the detection sensitivity. Consistent with the
observations of Morville et al. [158], we typically see that, when using our setup,
the detection sensitivity only continues improving up to an optimal acquisition time
of the order of a second. Future work with the spectrometer will be directed to
improving the ultimate sensitivity of the system by tackling some of the long-term
noise contributions — especially temperature-drift on the DFB-DL — and therefore
allowing for longer averaging periods.

As described at the end of section 4.5.2, one further optimisation of the collima-
tion optics and the electronics within the setup was implemented, in order to find
the best possible detection sensitivity. Having done this, a final set of detection data
were measured on the P(3) Coriolis doublet in the vy + v + vi-vi (7,~m,) hot band
of 12C-acetylene; an example spectrum is shown in Figure 4.8.

A linear fit to the spectral baseline on this spectrum produced an optimal «a;,;,
value of 1.42 x 107? em~!'s'/?, a significant improvement on the sensitivity measured
on the 2C3CH, isotopologue measured before the further optimisation of the ex-
periment. This was obtained by performing the linear fit on all of the spectral points
to the lower-frequency side of the absorption doublet, and the standard deviation
to this linear fit taken as the signal size corresponding to a notional signal-to-noise
of one. A double Gaussian fit to the data is shown in Figure 4.8, and returned a
Gaussian FWHM of 479 MHz for each peak, in good agreement with the theoretical
Doppler width of 474 MHz.

Pressure broadening data were recorded on the P(6) line, using the OF-CEAS
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Figure 4.8: OF-CEAS spectrum of the P(3) Coriolis doublet in the vy +v3 + 12—
vi (my—my,) hot band of 2C-acetylene, after further optimisation of the setup.
Spectrum taken on 0.35 Torr of the 1:49 CoHg/Ar mix.

setup, for broadening by air, helium, neon, argon and xenon. Examples of spectra
taken with helium as the broadening species are shown in Figure 4.9; the increase in
linewidth, and concomitant reduction in peak cross section, are clear as more helium
is added.

The relative frequency scale is accurate and consistent throughout, and together
with the well-characterised line-centre, this allows us to calibrate the absolute fre-
quency scale for these measurements. Plotting the returned Lorentzian FWHM from
the Voigt fits against air pressure, a pressure broadening coefficient of 3.11 MHz/Torr
is found. The noble gases studied — helium, neon, argon and xenon — returned pres-
sure broadening coefficients of 1.63, 1.56, 2.37 and 2.64 MHz/Torr, respectively;
these values are shown in Table 4.2, together with the appropriate errors.

A further set of line shape measurements was made on the P(12) line in the
v1 + v3 band of the pure isotopologue, 2CyHs, to facilitate direct comparison of
the present data with others” work. The pressure broadening plots corresponding

to these experiments are given in Figure 4.10, and the resulting values are listed in
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Figure 4.9: Example OF-CEAS spectra on the P(6) line of the vy + v3 combi-
nation band, showing the evolution in spectral line shape with addition of helium
to 0.729 Torr of the 1:49 acetylene/argon mix. Broadening in the line width, and
a corresponding reduction in the peak height, are clearly seen.

Table 4.2. The errors on the pressure broadening coefficients generated using the
OF-CEAS setup are, broadly speaking, larger than those from the CEAS experi-
ment without the optical locking; this is consistent with the reduction in frequency
resolution on adopting the OF-CEAS technique. This effect is mitigated, though,
by the well-defined nature of our frequency scale in the OF-CEAS experiments,
allowing these accurate line shape measurements. The values follow the expected
trend of increasing pressure broadening coefficient with an increase in broadening
gas polarisability, except that helium is out of sequence. One explanation for this
may arise from the collision kinematics — the collision frequency is proportional to

—1/2

the mean relative particle speed, in turn proportional to p — and the significantly

lower mass of helium.

4.6.3 Parmenter-Seaver Analysis

The Parmenter-Seaver formalism [239] has been used to interpret rare gas collisional

broadening data such as those in Table 4.2 [108,240]. Under this model, the colliding
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Figure 4.10: Pressure broadening plots for the OF-CEAS measurements on the
P(12) line in the v; + v3 band of the pure isotopologue, 2CyHs. To illustrate the
confidence in these data based on the goodness of the straight line fit, errors are
shown corresponding to +20, where ¢ is the standard deviation of the data from
the fit; for clarity, this is shown for just a single point within each gas.

species are considered to form a complex, with the associated rate coefficient linked
to the equilibrium constant for the complexation process. The measured pressure
broadening coefficients can be considered as rate coefficients for the formation of the
complex; these may then be converted into corresponding “reaction” cross-sections,

o, which are related to the bond strength of the excited complex through:

€EA* M
kT

Inoy =InC + (4.14)

wherein C' is a constant, and €4+); is the intermolecular well depth between the
acetylene molecule (A*) and the broadening collider (A). For the rare gas—acetylene
complexes, the values of the equilibrium well depth D, have been found [232,241],
and Figure 4.11 shows a plot of In o), against D, at room temperature.

The expected monotonic increase of Inoy, with D, is observed, but the best
linear fit, as shown in the figure, has a gradient roughly double (kgT)~! at room
temperature. Reduction of the well depth to allow for zero-point energy effects

(which may give a more realistic value for e 4+,;) serves only to increase the gradient
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further. The Parmenter-Seaver formalism is useful insofar as it may have predictive

power (for example to estimate the pressure broadening by krypton, unmeasured in

the present work), though it should generally be regarded as a qualitative model.

Here, the values of € 4.3, may be estimated to be the calculated well depths D..

In the majority of cases, where the Parmenter-Seaver formalism is adopted, the

well depths of the complex are not known, and in these cases the geometric mean

combination approximation €« &2 /€= a=€xra7 is used [242], where for the present

case €4+ 4+ and €7y, would be the well depths of the acetylene dimer and the rare gas

dimers respectively.

If that approximation holds, then the cross-sections for pressure

broadening take the following form:

EMM

ks

Inoy =InC" + 3 (4.15)

where (3 is expressed as follows:

EA*A*
= 4.1
N (4.16)

The well-depth of the acetylene dimer should then be found from the gradient,



OF-CFEAS II: Characterisation and Application 113

0, of a graph of Inoyy against , /2L The OF-CEAS data for the P(6) line were
used to construct such a plot, yielding the potential well depth of the acetylene
isotopologue dimer as 10.2 £ 1.7 kJmol~!. Calculated values for the ground state
molecule dimer are generally of the order of 7 kJ mol~! [243]. As such, the correlation
with rare gas dimer well depth appears to give a reasonable estimate of the acetylene
dimer well depth. However, this agreement seems largely to be fortuitous, given that
the application of equation 4.14 does not give the expected value for the gradient.
As such, we have seen that whilst observation of a Parmenter-Seaver correlation
between rare gas broadening coefficients may lend qualitative credence to the relative
sizes of a set of broadening coefficient data, and the model may be expected to

have reasonable predictive power, the approximations within the model render it

unsuitable for a full quantitative interpretation of collisional broadening data.

4.7 Collisional Narrowing

Collisional broadening effects are treated within an analysis of the change in the
amplitude and phase of the light on interacting with the colliding medium. Provided
that these interactions are rapid compared to the time between successive collisions,
this change can be represented as an essentially random perturbation to the light’s
phase, and results in the Lorentzian line profile discussed at section 4.3.1; this
is then convolved with the Gaussian profile resulting from treatment of Doppler
broadening (equation 4.11) to produce the Voigt profile detailed at equation 4.13.
Whilst this analysis holds at moderate pressures, at lower pressures the Voigt fit
has sometimes shown a reproducible and characteristic mismatch with the spectral
data, particularly close to the line centre and at the line wings. This was attributed
by Dicke [244] to a reduction in the Doppler width brought about by a collisional
reduction in the range of velocities associated with the molecules in the sample, and
the effect is often known as Dicke narrowing.

There are two major models for the quantitative description of such collisional
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narrowing effects, distinguished according to whether the collisions are considered to
be hard or soft [245]. Under the former regime, hard collisions are assumed to have
no direct effect upon the velocity of the absorbing or emitting particle; the velocity
distribution after each and every collision is assumed to conform to a Maxwell-
Boltzmann description, each particle’s final velocity being essentially uncorrelated
with its initial velocity. This model results in a Rautian line shape [245], and is most
appropriate when the mass of the collider greatly exceeds that of the absorber.
Galatry [246] presented a description of simultaneous Doppler- and collisional
broadening effects on the line shape of an absorption transition based on classical
Fourier theory, most appropriate to a soft collision regime. Under this model, each
collision has a significant effect on the absorber’s velocity, and so the initial and
final values of that velocity are strongly correlated. The cumulative effect across the
bulk sample is modelled using Brownian motion, and a Galatry profile results with

the following form:

1

Glr,y,2) = N

Re[/o exp { — izt —yr + 2—2(2[1 — 27 —exp(—z7)]} dr| (4.17)

In this expression, x is the frequency displacement from the line centre, nor-
malised to the Doppler width; y is the similarly-normalised Lorentzian width, re-
lated to the effective frequency of the broadening collisions. z is the additional
parameter that has been introduced to account for the Dicke narrowing effect. This
narrowing parameter is related to an effective frequency of the velocity-changing
collisions within the soft collision approximation; accordingly, the value of z scales
with pressure. The gradient of a plot of z against pressure, analogous to a pressure
broadening coefficient, is usually represented by 3. This value can in turn be related

to the self-diffusion coefficient, D, through:

kT

T
— = 4.374x 1074
2weM B 3T X

Mg

(4.18)

where kg is the Boltzmann constant, ¢ and T" are respectively the speed of light and
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the temperature, and M is the molecular weight of the absorber.

4.7.1 Fitting to the CO, spectra

For the absorption spectra taken on carbon dioxide as described in Chapter 3, a
study was carried out to determine the best function with which to fit the absorption
line shape. This is of interest for fundamental physical reasons, since it can give us
considerable information about the physics of the interactions between absorber
molecules, or between the absorber and other molecules. It is also of importance in
the design of an accurate detection process; a fully accurate determination of the
sample concentration requires a precise fit to the sample data to find the area under
the absorption signal.

An example carbon dioxide spectrum is shown in Figure 4.12. Voigt and Galatry
fits to the data are shown, along with the relevant residuals (data — fit). The
characteristic ‘W’ shape in the residual to the Voigt fit is seen clearly, indicating the

effect of Dicke narrowing.
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Figure 4.12: Analysed absorption spectrum showing the R(60) line in the 3v;+v3
vibrational band of >CO,. The data correspond to 84 Torr of carbon dioxide gas,
and residuals to the two (unweighted) fits are shown.

That the Galatry function provides a superior fit is clear from the magnitudes
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of the residuals. The Galatry fit returns an estimate for the carbon dioxide self-
broadening coefficient of 2.2 + 0.2 MHz/Torr, which based on this small number of
points and at relatively low resolution is in reasonable agreement with the HITRAN
[128] value of 2.6 MHz/Torr. The [ value returned by the Galatry fits to these data
was 0.044£0.013 cmtatm™!. Through equation 4.18, this results in an estimate for
the self-diffusion coefficient in CO, of 0.067 & 0.02 cm?s™ !, in reasonable agreement
with a simple kinetic theory [247] estimate of 0.081 cm?s™.

However, it is important to verify that the improvement in fit is not simply
brought about by the introduction of extra parameters, but because the model

including collisional narrowing is in fact physically more appropriate. For this, a

statistical analysis was carried out.

4.7.2 The F-test

A statistical F-test [248] may be used to compare the validity of two models of
differing complexity for modelling a set of data. An F-test provides an estimate of
the probability that the improvement in fit on moving to a more complex model is a
result simply of the increase in the number of fitting parameters, rather than owing
to the more complex model actually being more appropriate. This probability is

called the p-value. The expression for F'is given by:

F

_ SSl—SSQ/DFl—DFQ (4.19)

S5y DF,

In each case, the subscript ‘17 refers to the simpler model, and ‘2’ refers to the
more complex model with more parameters. The S.S terms are the respective sums

of squared deviations between the fit and the data for each point ¢:
S5 = Z(xfit,i — Tdatai)? (4.20)

DF in each case denotes the number of degrees of freedom associated with each

model; this is simply given by the difference between the number of data points and
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the number of fit parameters. A p value may then be determined, knowing the two
DF values and the F' value; the p values corresponding to different values of F' are
tabulated in many statistical texts [248]. An F value close to one indicates that the
improvement in fit can largely be attributed to the increase in fitting parameters,
and that the more complex model is not intrinsically any more appropriate to the
data; this would also result in a p-value close to one.

An F-test was performed on our CO, data (Figure 3.10) at each pressure, com-
paring our Voigt fit (six parameters) with the Galatry fit (seven parameters) that
has an additional term to allow for collisional narrowing. In every case except the
data with 5 Torr of carbon dioxide, the test returned a p-value less than the accepted
significance limit of 0.05, indicating that there is a statistically-significant improve-
ment in the fitting when using the Galatry model, with a > 95% probability that the
improvement is attributable to the Galatry model being more appropriate. For the
data at 5 Torr, the statistical test indicated that there was no statistically-significant
improvement in the fitting when using a Galatry fit rather than a Voigt fit; this is
consistent with the supposition that no effective Dicke collisional narrowing would

be observed at this low sample pressure.

4.8 Conclusions and Outlook

The OF-CEAS spectrometer developed and reported in Chapter 3 has been ap-
plied to high-sensitivity studies of acetylene absorptions in the region of 1532 nm,
and characterised relative to a standard cavity-enhanced absorption spectroscopy
(CEAS) apparatus. Detection was initially focussed on the P(6) line of the vy + v3
vibrational band in the mixed-carbon isotopologue of acetylene, 2C*¥CH,. CEAS
experiments without optical locking gave a detection sensitivity for measurements on
this absorption line of 5.6 x 1078 em~'s'/2, employing a cavity of finesse ~ 15700. An
improvement in the detection sensitivity has been realised using OF-CEAS, which
returns a value for a,;, of 7.15 x 10 %cm~'s"/2, even when employing a cavity of

only moderate finesse (= 3500).
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After further optimisation of the OF-CEAS setup, measurements were presented
on the Coriolis doublet of P(3e) and P(3f) lines in the vy + v3 + vi-vd (m,7,)
hot band of the 2C, isotopologue. An ultimate minimum detectable absorption
coefficient of 1.42 x 1072 em™'s'/? was determined. Considering a direct scaling
of detection sensitivity with cavity finesse, and taking account of the difference in
the two cavity lengths, suggests an improvement of approximately thirty times on
moving from CEAS without locking to the optically-locked OF-CEAS apparatus.

Line shape data were measured for the P(6) line in the mixed-carbon acety-
lene isotopologue; specifically, pressure broadening coefficients were measured for
this line, in air and noble gases, using both techniques. The data from the two
setups were found to be in good agreement, suggesting that the inherent sacrifice in
resolution when adopting the OF-CEAS setup is compensated for by its exception-
ally well-defined frequency scale, allowing accurate line width measurements with
both techniques. These data also compare satisfactorily with data from others’ ear-
lier work, especially with that of Arteaga et al. [236] on absorption transitions in
the pure carbon-12 isotopologue of acetylene in this wavelength region. Further
measurements of pressure broadening coefficients for the P(12) line in the same vi-
brational band, but in the pure carbon-12 isotopologue of acetylene, allowed a direct
comparison with Arteaga’s work [236], and excellent agreement was seen.

The Parmenter-Seaver formalism, sometimes used to interpret collisional broad-
ening data [108,240], has been discussed in light of its applicability to the data
measured in this work, and limitations of the model indicated.

Finally, the carbon dioxide data from Chapter 3 were subject to line shape
analysis to account for collisional broadening and narrowing effects. A Galatry fit
was found to provide a superior description of the carbon dioxide spectral data
at sample pressures in excess of 5 Torr, relative to the Voigt fits which make no
allowance for collisional narrowing effects. These effects were able reliably to be ob-
served and quantified, even at the low resolution offered by the OF-CEAS technique.
From the OF-CEAS data, a narrowing parameter of 3 = 0.044 £ 0.013 cm ™ !atm ™!
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was returned, corresponding with a CO, self-diffusion coefficient of Deoo,iserf =
0.067 4 0.02 cm?s™!, in reasonable agreement with an estimate determined within
simple kinetic theory. Statistical testing through use of an F-test confirmed that
the improvement in fit when adopting a Galatry function was statistically signifi-
cant, implying a physically meaningful improvement when moving to a model that

accounts for collisional narrowing effects.



Chapter 5

Mid-Infrared Detection of NO,

The present chapter concerns the use of convenient, economical near-infrared diode
lasers combined with non-linear optical techniques in the efficient generation of mid-
infrared light for sensitive spectroscopic detection. The theory and realisation of
such non-linear optical techniques are discussed, alongside a consideration of their
merits for use in a spectroscopic detection tool.

More specifically, the generation of mid-infrared radiation close to 3.47 pum is de-
scribed, making use of quasi-phase-matched difference frequency generation (QPM-
DFG) in a crystal of periodically-poled lithium niobate (PPLN). QPM-DFG is car-
ried out in a 40 mm PPLN crystal, using pump and signal radiation from diode
lasers centred at wavelengths of ~1064 and ~1535 nm. The resulting 60 uW of
mid-infrared radiation is characterised and applied to the detection of (gas-phase)
nitrogen dioxide using direct absorption spectroscopy and wavelength modulation
spectroscopy in a long path-length multi-pass cell. Finally, a further sensitive detec-
tion method is demonstrated: by adopting a time-integrated cavity-enhanced spec-
troscopy technique, some of the additional experimental and economic limitations
presented by use of cavity ring-down spectroscopy are avoided. The characteris-
tics of each of these detection methods are discussed and quantified. Work in this

chapter forms the basis of an article shortly to be submitted.
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5.1 Motivation

Nitrogen dioxide is considered as an atmospheric pollutant, on account of its action
as a respiratory irritant and its importance in the chemistry controlling the atmo-
spheric concentration of ozone [249]. Particularly, NOy is important in the catalytic
reduction of stratospheric ozone to dioxygen:

NO 4 O3 — NOy + O,

NOy + O — NO + Oy
NOs is also involved in the “protection” of ozone by removing atmospheric ClO to
form a so-called temporary inert reservoir of chlorine nitrate:

ClO + NOy; — (CIONOy)

The net effect (in this case) is of an attenuated rate of catalytic ozone removal.
Nitrogen dioxide may also react directly with ozone, reducing it to oxygen (NOy +
O3 — NOj3 + O3) [250].

Tropospheric ozone chemistry is also significantly influenced by NO,, (the generic
term for NO 4+ NO,). Ozone arises in the troposphere due to downward transport
from the stratosphere, but also due to in situ catalytic photo-oxidation of the carbon
monoxide and hydrocarbons produced by the combustion of fossil fuels; in this latter
process NO, is the catalyst, and its availability is often the rate-limiting factor.
As such, NO, is a major contributor to the generation of photochemical smog.
Typically, urban environments show enhanced concentrations of nitrogen dioxide, in
the region up to 100 ppbv, owing to the greater volume of road traffic and industry,
as well as the reduced tendency for air mixing, associated with such areas [251].

Accordingly, a full and quantitative understanding of the atmospheric nitrogen
dioxide concentration is of great importance in developing a description of the air

composition and atmospheric chemistry associated with a particular location.

5.1.1 Earlier Work on NO, Detection

Owing to its environmental and atmospheric relevance, the detection of nitrogen

dioxide has been the subject of considerable study. Several methods have been put
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forward for the detection of nitrogen dioxide in an atmospheric, and sometimes bi-
ological, context. Chemiluminescence (CL) methods [252] were among some of the
first to be investigated, though they often involve a chemical conversion or calibra-
tion step, and lack the directness of a spectroscopic approach. The work of Fontijn
et al. [252] on nitric oxide detection produced a sensitivity of 4 ppb, and they
reported how the apparatus could be extended to NOy detection [252]. Detection
methods based on bio-sensing have also been demonstrated [253], typically using im-
mobilized bacteria which oxidise the NO,, with the response at an oxygen electrode
attached to the bacteria being used to infer the NO, concentration. However, such a
method again relies on an indirect measurement, and presents problems associated
with the useful lifetime of the bacteria, as well as a long response time; in the work
of Okada et al. [253], the response time was 3 minutes; additionally, the sensitivity
that resulted was 0.51 ppm [253], considerably in excess of typical atmospheric NO,
concentrations. Electrochemical methods offer a more direct approach to measuring
the NOy concentration [254-256], but whilst these allow the user to make measure-
ments on small sample volumes in a compact device [257], they are often associated
with poor specificity.

More recent work on indirect detection methods has been presented, based on
adsorbing the nitrogen dioxide and then extracting and analysing it chemically [258],
or on a chemical reaction which generated a coloured complex, whose presence was
then quantified photometrically [259]. Resistive-type sensors, based on the changing
resistance of the sensor substrate in the presence of NOy have also been shown
[260, 261], though the response of such a system is strongly dependent upon the
exact morphology of the semiconductor crystal and its preparation method [260].
The work of Kida et al. [260], for instance, reported a WO3-based sensor; WOj is
an n-type semiconductor, and adsorption of NO, on the substrate induces a change
in the charge distribution within the solid, changing its resistance [260, 262].

Spectroscopic detection methods often lend themselves well to the production of

compact and accurate devices; the direct nature of such a measurement, and the
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lack of need for chemical reagents and passive samplers, have made such techniques
attractive for nitrogen dioxide detection, and several groups have put forward ex-
perimental schemes for a spectroscopy-based NOy sensor. Occasionally, even the
spectroscopic techniques are combined with a chemical step for trapping, conversion
or amplification of the analyte. Verma et al. [263], for instance, reported diffuse-
reflectance Fourier-transform infrared (FTIR) spectroscopy with a pre-conversion
step in which the NOs is reacted with NaOH-NayAs,03, thereby reducing the NO,
to nitrite, NO,. The more “traditional” spectroscopic approach for such measure-
ments is typically focussed on sensing by long-path differential optical absorption
spectroscopy (DOAS) [18,19] or by laser-induced fluorescence (LIF) [264]. However,
DOAS is not generally suitable for making localised measurements, since its out-
put represents an average absorbance, typically over a very substantial path length.
A more spatially-selective approach is offered by LIF; Dari-Salisburgo et al. [264]
conducted atmospheric measurements using such a system, employing a doubled
YAG emitting at 532 nm; they reported their limit of detection to be 10 pptv for
an integration time of 60 s. These LIF measurements were compared with similar
measurements at the same sites using a CL-based technique, and this comparison
highlighted the disadvantage of a lack of specificity that is often associated with
indirect measurements. Their CL procedure involved a reduction of NO, to NO
at a molybdenum convertor; they observed that the CL measurements frequently
over-estimated the local NOy concentration, which they attributed to other NO,
species being reduced to NO by the molybdenum, and producing a signal. However,
the application of LIF is not without difficulties: it often requires very careful cali-
bration, and quenching of the fluorescence signal by air can complicate the output
signals.

Measurements have also been reported by several groups on the NOy absorption
spectrum in the red and blue spectral regions, often combined with cavity-enhanced
techniques for more sensitive detection. The NOy spectrum in the visible region is

composed of transition features that are weak or indistinct, even in the windows
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free of spectral interferences due to other atmospheric absorbers; if subject to any
pressure broadening, these transitions become even less distinct. In order to mitigate
the difficulties associated with definitively sampling part of a relatively unstructured
spectrum, work in the blue has often been carried out using a broadband light
source, so as to seek to over-sample the spectrum. Xu et al. [265] and Wu et
al. [266] presented data respectively for single-pass absorption spectroscopy and
incoherent broadband CEAS (IBB-CEAS) measurements using a blue light-emitting
diode (LED), achieving respective sensitivities of 3 ppm in 2 s for a 50 cm cell and
2.2 ppbv in 100 s. Langridge et al. [134] published work on a broadband absorption
spectrometer using LEDs, applicable to a series of trace gases including NOy. Their
system was implemented in the region close to 650 nm, for NOj detection, but
extrapolating their sensitivity they suggest a limit of detection on the order of 100
pptv for a 10 s measurement in the 440 nm region.

A cw-CRDS spectrometer was employed by Wada and Orr-Ewing [21] for NOy
detection with an external-cavity diode laser (ECDL) centred close to 410 nm,
achieving a minimum detectable NO, concentration of 0.1 ppbv in 50 s of aver-
aging. Kasyutich et al. [115] presented work close to 405 nm on time-integrated
cavity-enhanced absorption spectroscopy; an “off-axis” alignment is claimed to have
been adopted to enhance the baseline smoothness and therefore detection sensitiv-
ity, for which a value of ~ 0.75ppb was found. OF-CEAS has also been employed
for a nitrogen dioxide spectrometer in the blue spectral region [169] and achieved
an excellent sensitivity of 200 pptv in 70 ms of integration time. However, the low
resolution which is an inherent feature of that technique is particularly unfortunate
for the measurement of a relatively unstructured part of the NOy spectrum. Other
cavity-enhanced work on nitrogen dioxide includes the phase-shift measurements
presented at 430 nm by Kebabian et al. [133] and at 404 nm by Kasyutich et al.
[267]; Kebabian [133] achieved shot-noise-limited detection, corresponding to a 0.3
ppb detection limit, with 10 minutes of averaging, whilst Kasyutich presents a sen-

sitivity of 0.24 ppb in 80 s at atmospheric pressure. In order to seek to combine
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the advantages of broadband detection with a higher power of radiation, one in-
teresting new approach involves the application of supercontinuum sources, though
these remain rather expensive and continuous wave supercontinuum sources are not
yet available commercially. Langridge et al. [141] realised a supercontinuum CEAS
system for detection of trace gases including NO,, centered in the region between
~ 640 — 675 nm; the authors stated in their article that this region “provides far
from optimal sensitivity for NO, detection,” since the cross-sections here are not the
largest available for NO,. Nonetheless, they presented measurements on a 125 ppbv
NO, sample, with an uncertainty in the absorber concentration of 0.7 ppbv. This
wavelength region does, however, offer the possibility of simultaneous detection of
NO;, and NOgs, which is mentioned in the work of Triki et al. [268], who demon-
strated an incoherent BB-CEAS system using a 643 nm LED which they suggest
might be suitable for simultaneous detection of these two species, achieving a de-
tection limit in the ppbv range after two minutes of averaging. Further work in this
wavelength region was demonstrated by Varma et al. [269], using a 20 m-long cavity
for open-path monitoring of a series of trace gases, including NO,. A similar im-
plementation has been realised in the near-ultraviolet; the experiments reported by
Gherman et al. [270] were carried out between 360 and 380 nm, using a high-power
LED for NOy and HONO detection.

Further work on NOy has been presented in the fundamental spectral region
associated with the symmetric stretch, found close to 6.2 pm. One relatively high-
power source of tunable radiation available in this region which shows promise for
sensitive spectroscopic detection is the quantum cascade laser (QCL). Karpf and
Rao [271] achieved a minimum detectable concentration of NOy at the level of 100
ppb in a short-path absorption cell with an external cavity cw-QCL, combining the
advantages of sensitive detection with a broad tuning range, allowing their NO,
spectra to be taken over 16 cm™'. Pushkarsky et al. [272] and Lima et al. [273]
present work on photo-acoustic spectroscopy with QCLs respectively centred at 6.25

and 6.2 pum. Pushkarsky’s system [272] employs a cw-QCL, emitting 300 mW of
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radiation over approximately 350 nm, and they demonstrated sub-ppb detection
of NOy. Lima et al. [273], by contrast, used a pulsed QCL system, reporting a
sensitivity of 80 ppbv for nitrogen dioxide detection.

The final major region in which a significant amount of NO, detection work has
been reported is that close to 3.4 um, associated with the v, + 3 combination band;

earlier work in the mid-infrared region is discussed in sections 5.3 and 5.4.

5.2 The Spectroscopy of NO,

Nitrogen dioxide is an asymmetric rotor with C,, symmetry. Unusually for a stable
molecule, its ground state has an open shell electron configuration, with 2A4; symme-
try, due to its single unpaired electron. There are three normal modes of vibration

associated with the NOs molecule:

Y
21 symmetric stretch A, symmetry | 1618 cm™! Y e
¥ A
Vo bend A; symmetry | 750 cm ™! &A_’ S 7,
s
v3 | anti-symmetric stretch | B; symmetry | 1318 cm ™! ~ . \

Table 5.1: The fundamental vibrational modes of nitrogen dioxide, adopting the
co-ordinate system wherein the z-axis lies along the principal axis of the molecule,
the 4y-direction runs left-to-right in the plane of the page, and the +x-direction
points out of the page toward the reader.

The strongest line intensities are associated with the 1618 cm™! v fundamental
band, but its spectroscopy is complicated by strong interferences due to atmospheric
absorbers (principally water) in the region. As such, the relatively strong vy +
v3 combination band, centred close to 3.4 um in a spectral window free of such
interferences, is potentially more convenient for a detector to be applied in any

atmospheric or industrial environment, and is adopted here.
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The quantum-mechanical description of the relevant angular momenta adopted
in this chapter is the same as that used in the HITRAN database [128,274]. The
molecule is described as an asymmetric top [195,275,276] i.e. a molecule in which
the three angular momenta are different, I, # [, # I. but can be described by
approximation to the prolate (I, < I, = I.) and oblate (I, = I, < I.) cases. The
basic angular momenta for description of the system are R, the molecular rotational
angular momentum, L, the electronic orbital angular momentum, and S, the spin
angular momentum arising from the unpaired electron.

R and L couple to produce a total angular momentum without spin, N. The
latter then couples with S to give the total angular momentum, J, associated with
the molecule. R and L are poorly-defined angular momenta, and so it is the coupled

momenta which we use to describe the system, with corresponding quantum numbers

J, N, and K.

e N describes the rotational angular momentum;

e J describes the resultant angular momentum after spin-rotation coupling, but

excluding nuclear spin. Therefore, /=N +5 =N + %;

e K is the projection of J on the symmetry axis; K, and K, apply to respectively

prolate and oblate limiting cases.

Rotational assignment of the nitrogen dioxide spectroscopic transitions is made
on the basis of the change in IN; conservation of the incoming photon angular mo-

mentum implies selection rules of:

AN =0,+1 AK, =0 (for K, # 0)
AN =+lonly AK,=0 (for K, =0)
AN =0,=%1 AK, =+2,44 (for all K,)

and analysis of the transition dipole moment leads to the vibrational selection rule:

Av = %1 (and overtones)



Mid-Infrared Detection of NO 128

Hyperfine structure may also arise from the coupling between J and the nuclear
spin of the nitrogen (N, I = 1), to give rise to a total angular momentum F. This

hyperfine splitting is in turn described by the quantum number F' = J, J £ 1 [274].
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Figure 5.1: Some energy levels for the NOs molecule in the vy + v3 vibrational
band. Rotational levels are assigned using the quantum numbers shown to the
left hand side of each level, and the 4 /- symbol to the right of each level indicates
the symmetry behaviour of the total wavefunction, Yror = Vrotviner¥ns, with
respect to exchange of the oxygen atoms.

Nuclear spin statistics are also important in this spectrum. The oxygen nuclei
in the molecule are identical bosons (with zero nuclear spin). Accordingly, the Pauli
principle tells us that the total wavefunction Vror = V01 UinVerec¥ns for the system

must be symmetric with respect to their interchange. The vibrational, electronic
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and nuclear spin wavefunctions in the ground state are all symmetric with respect
to the Cs operation that represents interchange of the identical oxygen nuclei. The
rotational wavefunction completes the set; its symmetry behaviour is dependent
upon the combination of values for K, and K_.; symmetry labels for these states
were presented by King, Hainer and Cross [277], who developed the notation which
takes their name. King, Hainer and Cross notation indicates odd (o-) or even (e-)
symmetry for each combination of K, and K. values; an ee state or an oo state
then has even rotational symmetry, whilst the two mixed combinations (eo, oe)
are antisymmetric. The resulting symmetry behaviour for the total wavefunction is
indicated with a +/— in Figure 5.1.

The upper vibrational state (14 +1v3) has By symmetry, and its vibrational wave-
function is antisymmetric with respect to the same Cy operation. Once again, the
King, Hainer and Cross description of the rotational wavefunction symmetry ap-
plies. Some of the allowed transitions for the v 4+ 3 combination band are shown
in Figure 5.1.

Additionally, each line in the vibration-rotation spectrum appears as a spin-
doublet, though the splitting is sometimes small enough that these doublets can
only be seen at high spectral resolution. Specifically, the electronic spin angular
momentum may couple with the rotational angular momentum, giving rise to the
form of the total angular momentum, J = N £ 1/2. Vibration-rotation transitions
are then subject to the additional constraint AN = AJ; those transitions with
AN # AJ may be observed within the spectrum, but are generally much weaker.

A generalised illustration of these transitions is given in Figure 5.2.

5.3 Non-linear Optical Techniques

Spectroscopic detection in the mid-infrared provides a considerable advantage com-
pared to that in the near-infrared, since it is in the mid-infrared window (particu-
larly in the region close to 3 wm) that many small molecules’ fundamental vibrations

are to be found. Accessing these stronger transitions may allow for more sensitive
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Figure 5.2: Schematic illustration showing the allowed [solid, black] and forbid-
den [dashed, red] transitions between spin-doublet states within nitrogen dioxide.

detection of a given target species when using an absorption spectroscopy-based
technique. However, direct sources of mid-infrared radiation remain relatively ex-
pensive, and are occasionally complex to operate. Quantum cascade lasers (QCLs)
are now available in the mid-infrared region, though they are only relatively recently
available close to 3 um, and not commercially; QCLs do not currently represent an
economical option for gas detection.

These difficulties with direct mid-infrared sources motivate work to generate mid-
infrared radiation from other, more convenient, light sources. Difference frequency
generation (DFG) is a technique that can make use of diode lasers in the near-
infrared, in conjunction with non-linear optical (NLO-) materials, to generate mid-
infrared radiation [278-286]. Such systems allow the optimal combination of the
advantages of economy, compactness and ease-of-use associated with diode-based
radiation sources in the near-infrared with access to the greater absorption cross-
sections typically associated with absorption transitions in the mid-infrared window.

Non-linear processes such as DFG are a consequence of the non-linear optical
response of the polarisation of a material to the application of an intense electric field
by laser radiation [287]. As the electromagnetic wave travels through the crystal,
the electric field induces oscillating dipoles in the material; the induced polarisation,
P(t), quantifies the overall dipolar field in unit volume according to the susceptibility

of the material, y. Higher-order terms are represented by expressing the polarisation
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as a series expansion in Y, such that:
P(t) = eoxWE®) + eoXP(Et))? + eoxP(E®)® + ... (5.1)

in which F(t) is the magnitude of the applied electric field, x™ is the nth-order
susceptibility, and ¢y is the vacuum permittivity.

Application of a more intense laser field can induce significant contributions to
the polarisation at higher harmonics of the driving frequency. It is the contribution
of the higher-order terms, and most significantly the second-order term in this ex-
pression, that gives rise to non-linear optical effects such as DFG. When two electric
fields, E,(z,t) = Eycos(wpt — kz), are applied with frequencies wy and ws, the in-
duced polarisation contains terms in 2wy, 2ws, (w; + ws) and (wq - wy); the first two
correspond to frequency-doubling (second-harmonic generation, SHG) terms, whilst
the latter two are respectively the sum- and difference-frequency terms. To achieve
efficient conversion to the difference frequency, the relative phases of the two radia-
tions must carefully be matched throughout the NLO material, i.e. the wavevector
mismatch, which is the Ak defined in equation 5.2, must be zero. This phase match-
ing typically introduces additional constraints of temperature and geometry to the
non-linear optical material, especially for birefringent phase matching; these con-
straints make difference frequency generation difficult to realise with appreciable
conversion efficiencies in a NLO material without specific phase-matching.

Quasi-phase-matching (QPM) [288,289] overcomes some of these constraints by
using a material whose susceptibility is alternated periodically in its polarity along
its length — a periodically-poled material. In ferroelectric materials such as LiNbOs,
the periodic poling is achieved by application of a conductive mask to a surface of
the crystal to act as a patterned electrode. A strong (typically in excess of 250 kV
per cm) electric field is then applied, and this produces an alternation in the crystal
structure corresponding with the pattern of that electrode mask. In lithium niobate,
it is displacement of the lithium ions between layers of oxygen ions that brings

about the ferroelectric properties; asymmetry of the crystal structure’s unit cell has
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associated with it a permanent dipole, dependent upon the relative positions of the
lithium and oxide ions. As such, the applied electric field brings about rearrangement
of the lithium ions relative to the oxygen layers so as to improve the alignment of
these dipoles with the applied field. QPM is a convenient technique, since it allows
access to the greatest non-linear coefficients associated with the material. The non-
linear optical process can then be carried out over distances up to several centimetres,
enhancing the interaction efficiencies that may be achieved.

The periodic poling of the crystal is accounted for in the analysis of QPM-DFG

by inclusion of an extra term in the wavevector mismatch, which becomes:

2
Ak:kl—kg—kg—”Tm (5.2)

where A is the crystal poling period, k (= 27n/A for radiation of wavelength A
subject to a refractive index of n in the crystal) is the wavevector describing each
frequency of radiation. The quantity m is the order of the Fourier component which
describes the variation of the non-linear coefficient in space [288]; there is a series of
solutions that satisfy the requirement for a zero mismatch, and these are indexed by
the quantity m. The QPM-DFG realised in the present work is a first-order (m = 1)
interaction, and accesses the dsz non-linear coefficient of periodically-poled lithium
niobate (PPLN). The efficiency of such a wavelength-conversion device is usually
expressed in %W !, and is 7 in the following expression:

o nPsignaleump

Pi er —— .
’ o (5.3

where Pyignai, Ppump and Piger represent the respective powers of radiation at the

signal, pump and idler wavelengths.

5.3.1 Periodically-Poled Lithium Niobate

Periodically-poled lithium niobate is one of the most commonly adopted NLO ma-

terials for this sort of application. Its transparency to the mid-infrared radiation
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(indeed, to all radiation in the range of approximately 2-5 um), its large non-linear
response and its high damage threshold lend it to implementation for QPM-DFG
[290].

A further method for optimising the interaction efficiency associated with an
NLO process is the use of optical guiding within the NLO crystal; PPLN in waveg-
uide form, where the crystal is engineered to enhance the confinement and therefore
interaction of the pump and signal radiation, has recently been shown to produce
especially high conversion efficiencies [286]. Typically, however, a waveguide system
is operable over a relatively narrow wavelength range — typically close to 12 cm™!
— and the construction of the waveguide systems may limit the input powers that
may be used. In contrast, the multi-track PPLN crystal used in the present work
provides PPLN with a series of different poling periods between 29.5 and 31.5 pum,
allowing for operation over a much broader range of wavelengths; indeed, if suitable
input radiation were available, the PPLN crystal would be operable over 1300 cm™!.
As such, the PPLN crystal is especially convenient for use combined with a widely
tunable light source such as an external cavity diode laser (ECDL), which allowed

operation over almost 100 cm™*.

5.4 Earlier Work with Mid-Infrared Radiation

In 1997, Petrov et al. [280] presented work on DFG close to 3.4 pum, with the
pump and signal light being provided respectively by a 100 mW diode laser at
808 nm and a 500 mW diode-pumped Nd:YAG laser at 1064.5 nm. They produced
approximately 3.4 uW of mid-infrared light, corresponding to a conversion efficiency
of 0.0068 %W L. This work was followed some two years later by that of Lancaster et
al. [291], who presented a widely-tunable source of mid-infrared light between 3.25
and 4.4 pm based on an erbium-doped-fibre-amplified (EDFA-) distributed Bragg
reflector diode laser (DBR-DL) and a tunable ECDL; again, the output power was
only ~ 3 uW, with a conversion efficiency of 0.0836 %W ! in a 19 mm PPLN crystal.

Fradkin-Kashi et al. [292] present data for methane detection using a Nd:YAG
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laser and a diode laser near 1.5 um, but with the quasi-phase matching achieved in
a 10 mm crystal of periodically-poled KTiOAsO4 (PP-KTA); their setup, however,
only produced 0.14 uW of radiation close to 3.5 um at a conversion efficiency of
0.0091 %W~1. Yanagawa et al. [293] and Flaud and Orphal [294] reported respec-
tive conversion efficiencies of 0.041 and 0.1 %W~! for their PPLN DFG systems;
the Yanagawa [293] system also achieved tunability across a 130 nm range. Still
greater tunability was reported by Deng et al. [295], who presented a continuously
tunable source between 2.75 and 4.78 um based on the interaction between a cw
Ti:Sapphire laser, itself tunable between 767 and 861 nm, and a Nd:YAG laser. Pre-
vious work published by this group [283] achieved 18.7 uW of mid-infrared radiation
close to 3.36 wm, using a distributed feedback diode laser (DFB-DL) centred at 1560
nm and a Nd:YAG laser centred at 1064 nm and achieving a conversion efficiency of
0.17 %W~1L; the realisation of mid-infrared generation described in the present chap-
ter therefore offers a system at improved conversion efficiency and output power, as
well as greater tunability owing to the combination of the multi-poling-period PPLN
crystal and a tunable ECDL.

One arrangement which allows for the generation of substantially greater powers
of mid-infrared radiation by a NLO method is the use of an optical parametric
oscillator (OPO). An OPO uses an optical cavity to enhance at least one of the
signal and idler waves generated from a single pump wavelength, often achieving a
photon conversion efficiency of tens of percent. Output powers on the order of Watts
can be achieved; one example is found in the work of van Herpen et al. [296], who
presented a single-frequency cw-OPO using PPLN to generate radiation between 4
and 5 um, and achieved an optimal output power of 1.2 W of radiation near 3.9 pm;
this was observed with a pump power of 11 W. Use of an OPO in this way presents
additional experimental constraints: van Herpen et al. [296] found an oscillation
threshold of 5 W of pump light, and the implementation of an OPO can be complex
and expensive compared to the setup discussed in the present chapter.

Kasyutich’s [297] all-diode-laser DFG system achieved a modest typical output
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power of 1.7 uW in the mid-infrared, and is presented alongside detection work
using a QCL-based setup; the DFG efficiency is 0.021 %W~! in a 40 mm crystal.
Maddaloni et al. [298] and Stry et al. [299] both presented combinations of DFG-
based mid-infrared light generation with an enhanced spectroscopic technique: in
the former case, two-tone frequency modulation spectroscopy (TT-FMS), and in
the latter a CRDS system. Maddaloni’s [298] is a high-power system, using typical
input powers of 2.5 and 0.1 W for the pump and signal radiations; this combination
produced 0.25 mW of mid-infrared light, and running the system with maximal in-
put powers of 5 and 0.7 W produced in excess of 3 mW of mid-infrared radiation
which was applied to detection of atmospheric methane. A bandwidth-reduced mini-
mum detectable absorption coefficient of 5.3 x 1072 em~'Hz /2 is reported when the
TT-FMS is applied in a 13 m multi-pass cell, bringing about an improvement in sen-
sitivity of approximately 100 times with respect to direct absorption measurements
on the same lines.

The “cavity leak-out spectrometer” presented by Stry et al. [299] utilised an
all-solid state laser DFG system converting 20 mW of light at 808 nm and 660 mW
of 1064 nm radiation to a maximum output power of 27 uW near 3.3 wm. Ethane
spectra were presented, with ring-down traces being taken in frequency steps of
150 MHz. From their 1o-uncertainty on the decay time associated with 2 s of signal
141/2

integration, a noise-equivalent absorption coefficient of 1.41 x 108 cm ™ resulted.

5.5 Modulation Spectroscopy

Modulation spectroscopy techniques such as wavelength modulation spectroscopy
(WMS) [300-304] present opportunities for enhanced detection; they generally in-
volve a rapid sinusoidal modulation of the wavelength of the incident light. The
modulation is superimposed on a low-frequency ramp that tunes the laser across
the spectral feature of interest. Phase-sensitive detection and demodulation of the
absorption signal at a harmonic of the modulation frequency then produces the spec-

trum. The major advantages of such a technique are twofold: firstly, the resulting
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spectrometer produces a signal that is directly proportional to the concentration of
the absorber under study; secondly, by shifting the detection to a higher frequency
regime, where the technical noise is generally lower, such a modulation-based system
may be used for sensitive detection of low concentrations of absorbing species over
significant background noise, since components of the noise that do not fall into the
appropriate higher-frequency regime are automatically rejected from the modulation
spectroscopy signal [44].

The detected signal can be modulated either by a variation in the spectroscopic
light source, or by modulating some property of the absorbing species. In the former
case - source modulation - the modulation may be applied to either the frequency
or the amplitude of the light; by contrast, a molecular modulation may typically
involve a change in the centre frequency of the spectroscopic transition under study,
perhaps induced magnetically or electrically, or by controlled variation of the popu-
lation in the initial state of the transition. For example, laser electron paramagnetic
resonance spectroscopy - more commonly laser magnetic resonance (LMR) spec-
troscopy - involves a magnetically-induced modulation [305-308]. The sample is
subjected to a magnetic field, B , of varying intensity. This then lifts the degeneracy
of levels with like J and different M, as described by the Zeeman effect [225]. A
more widely applicable analogue of this technique is laser Stark spectroscopy [309],
which makes use of a varying electric field to modulate the absorption transition’s
central frequency. In this case, the electric field is modulated while the DC electric
field is tuned. As well as its application to detection, laser Stark spectroscopy can
also be applied to the accurate determination of molecular dipole moments [14].

The work presented in this chapter employs the source-modulation-based tech-
nique of wavelength modulation spectroscopy. Wavelength modulation spectroscopy
techniques have been in use since the early nineteen-seventies [310-312], typically
using modulations on the order of 50 kHz applied to the laser; especially when using
a diode laser source, this modulation is usually applied directly to the laser injection

current. Frequency modulation spectroscopy (FMS) [313-315] is a related technique,
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generally conducted in the regime where the absorption line width is significantly
exceeded by the modulation frequency.

Within WMS, when a sinusoidal modulation is applied to the frequency of a
narrow-band light source, we can consider the instantaneous frequency, w, of the light
as oscillating sinusoidally with frequency w,,, about a central laser frequency wy,; the
maximal excursion from the central frequency is called the modulation amplitude,
ow.

w = wy, + dw cos(wp,t) (5.4)

In an experiment, the transmitted radiation can then be expressed as a Fourier

series of cosine terms:

I(wp,t) = ZAn(wL) cos(nwrt) (5.5)

n=0

Each contribution from an nth harmonic of the modulation frequency is the quantity,
A,,, measured using a phase-sensitive detector such as a lock-in amplifier. These are

described by the following expression, taking 6 = w,,t:
2 s
Ap(wp) = — / In(wp, + 0w cos @) exp{—o(wy, + dw cos @) N } cosnd d (5.6)
T Jo

wherein N is the number density of absorber particles, and o is the absorption cross-
section. As such, the signal quantified by equation 5.6 can be evaluated (and indeed
simulated) provided that I, and o(w) are known for the particular wavelength.
Ideally, the spectral scan is performed with no change in the incident light intensity

across the spectrum, such that:

Ap(wp) = 27[0/0 exp{—o(wr + dwcos )N} cosnd do (5.7)

In the conditions of low absorbance (0N << 1) we can make the series approximation
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exp[—o(...)N] =~ 1—o(...)N, so that the signal now becomes:

20y [T
Ap(wp) =~ 70/0 {1 = oN(wr, + dwcosf)} cosnbd df

20, " 2l [T
=22 | cosnf dd — = | oN(wp + dwcosh) cosnd db
s 0 s 0

(5.8)

The first integral becomes [+ sin nf]7 and is therefore zero, leaving us with [44]:

21

N ™
A, ~ =20 / o(wr, + dw cos B) cosnd do (5.9)
™ Jo

In the limit of low absorbance, each of the harmonic components in the Fourier
series comprises a signal directly proportional to the absorber concentration.
Different source-based modulation spectroscopy techniques are characterised typ-
ically by the size of the frequency excursion from the central laser frequency - i.e.
by the size of dw - relative to the width of the absorption profile being studied, I
[304]. In the case where dw <« T', we may express the absorption cross-section as a

Taylor series, yielding:

Ih2""NN, . d
0 A s =2 (5.10)

| n
n! dw™|,_,.

Ay (WL) =

In this limit of a frequency excursion much smaller than the absorption line width,
the nth harmonic component of the Fourier series describing the intensity of the
transmitted radiation is proportional to the nth derivative of the absorption signal
[310]. This regime is termed the derivative limit, and is the modulation regime
characteristic of wavelength modulation spectroscopy (also referred to sometimes
as derivative spectroscopy). We can consider the instantaneous frequency in this
limit to be varying slowly with respect to the absorption timescale, and so the time-
dependent wavelength-modulated intensity follows the profile of the derivative of
the absorption spectrum with no significant phase lag. An increased modulation
depth gives a larger signal, up to the limit where dw =~ I'; approaching this limit,

modulation broadening makes an increasingly important contribution to the line
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width.

5.6 The Pump and Signal Lasers

The input (pump and signal) radiation was generated using an external-cavity-based
Distributed Bragg Reflector Diode Laser (DBR-DL) [Lumics, LU1064M150] centred
near to 1064.29 nm, and an External Cavity Diode Laser (ECDL) [Sacher LION,
Littman configuration] operating between 1480 and 1560 nm. A current of 320 mA
was applied to the DBR-DL, housed in a temperature-stabilised butterfly package
(thermistor resistance ~ 9.45 k(2); a polarisation-maintaining optical fibre pigtail
delivered the output radiation at a power of 136 mW. The ECDL was run at an
operating current of 192 mA, and a temperature of 25.7 °C; fine-tuning of its output
wavelength was achieved using a piezo-electric transducer attached to the mirror
of the laser’s external cavity. Applying 66.2 V to this piezo-electric transducer,
an output wavelength of 1535.11 nm was achieved. This combination of pump and
signal wavelengths gave rise to mid-infrared (idler) radiation close to 3.47 um (2881.9

cm™t).

5.7 Experimental

A schematic illustration of the experimental setup employed in the present work is
shown in Figure 5.3.

The light from the ECDL was passed through a free space dual-stage optical
isolator [Isowave, I-15-UHP-/] and aligned into an optical fibre connected to the
input of the erbium-doped fibre amplifier (EDFA) [Nuphoton Technologies|. The
EDFA amplified approximately 5 mW of input light from the ECDL to produce
approximately 250 mW of radiation at 1535.11 nm. The radiation from the DBR-
DL was also passed through an optical isolator [Thorlabs-OFR, 10-2.5-1064-VLP],
after which the power of 1064.29 nm radiation was measured to be 83 mW. When
no isolator was used with the DBR-DL laser, the output was affected by too much
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Figure 5.3: Schematic illustration of the experimental setup for the nitrogen
dioxide mid-infrared detection work, detailed in section 5.7. FC = fibre cou-
pler; MC = mechanical chopper; OI = optical isolator; Flip = flip mirror; PD =
photodiode.

feedback to the laser, which gave rise to a stepped appearance to the signal that
resulted when the radiation was directed into a spectrum analyser. This is shown
in Figure 5.4. The output polariser of each optical isolator was carefully aligned to
vertical polarisation, to facilitate quasi-phase matching within the PPLN crystal.
The pump and signal beams were then combined at a dichroic mirror and co-
aligned so that they passed through the 40 mm-long PPLN crystal [Stratophase,
OPO03-40]. The PPLN crystal is anti-reflection coated for the applied pump and
signal wavelengths, and is constructed to have a series of distinct millimetre-wide
tracks, each characterised by a different poling period (A) ranging from 29.5 to 31.5
um in intervals of 0.25 um. Coupled with the tunable ECDL, this setup is capable
of accessing a range of output wavelengths; the accessible values are between 3.3
and 3.48 um, limited by the operating range of the EDFA. For the current work,
the signal and pump light were co-aligned along the crystal track characterised
by A =29.75 um (defined at room temperature). To optimise the efficiency of
conversion, the pump and signal beams were each focussed using a suitably anti-
reflection-coated lens before the PPLN crystal, and the two were then carefully

overlapped. The crystal was maintained at a constant temperature close to 74°C
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Figure 5.4: Spectrum Analyser trace relating to the LUMICS 1064 nm DBR-
DL without optical isolation; the stepping on the signal, thought to be owing to
a feedback locking effect, is clearly visible.

using a commercial oven and temperature controller [HC' Photonics, TC-038].

Beyond the crystal, the generated mid-infrared light was separated from the
remaining pump and signal beams using a germanium filter, then passed through the
relevant sample cell arrangement and detected at a HgCdZnTe photodiode [VIGO,
PVI-2TE-/] with a built-in pre-amplifier [VPDC-0.1I]. Scanning the wavelength
of the mid-infrared radiation was achieved by varying the output wavelength from
the ECDL; this was realised by applying a triangular voltage ramp to the piezo-
electric transducer attached to the laser’s feedback element. The triangular ramp
was supplied by a function generator [TTi, TG1010A] and the frequency scale was
calibrated using a spectrum analyser [Spectral Products] into which the 1535 nm
radiation was aligned, to provide an accurate, well-characterised étalon with a free
spectral range close to 2 GHz.

Detection was carried out on the absorption doublet feature in the v; + 3 band
of nitrogen dioxide, centred at ~ 2881.92 cm~!. This feature is listed in HITRAN
[128] as being composed of a pair of transitions at 2881.9236 and 2881.9246 cm™*,
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with respective cross-sections of 4.28 x 1072! and 4.11 x 102! cm?molec 'em™!;

it was selected for detection on account of its large absorption cross-section, and
because it is in a spectral region free of interference from atmospheric methane
signals. The relatively low levels of interference from atmospheric absorbers, and
the well-defined structure of the absorption spectra obtained, present advantages of
mid-infrared detection with respect to detection in the visible region. The quantum
numbers assigned to the transitions in HITRAN [128] are shown in Table 5.2. The
bandwidth of our detection setup for the absorption spectroscopy experiments was
not sufficiently low to resolve these two transitions, which appear in the spectra
presented in this chapter as a single unstructured feature. Accordingly, in analysis,
the feature is fit with a single Voigt function, with the Gaussian width component
taken as the sum of the calculated Doppler width and the frequency offset between

the centres of the two contributing absorptions.

v+ vs Ground State
| Wavenumber (cm 1) | Oint (cm?cm— 1) | N | K., | K. | J || N | K, | K. | J |
2881.9236 4.28 x 10~ 2T 24 1 24 24.5 25 1 25 25.5
2881.9246 4.11 x 1021 24 1 24 23.5 25 1 25 24.5

Table 5.2: Spectroscopic data for the transitions giving rise to the absorption
doublet used for the present NOs detection work. Notation is adopted consistent
with HITRAN [128].

The wavelength of the pump light emitted by the Lumics laser was measured
using a wavemeter [Burleigh, WA-100] and found to be 1064.288 nm (= 9396 cm™!).
In order to produce idler radiation that was suitable to access the desired transition
within the NO, spectrum, close to 3.47 pum (~2881.92 cm™1), signal light at 1535.1
nm (~6514 cm™!) was required. The ECDL was tuned to a wavelength close to
this by adjusting the coarse alignment of the laser grating; fine tuning was carried
out, using the wavemeter in conjunction with observation of the absorption signal
in the presence of NOy gas, by altering the voltage supplied to the piezo-electric
transducer within the ECDL.

A simulation of the QPM-DFG interaction efficiency with crystal temperature

was carried out using the pump and signal wavelengths and the crystal length as
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inputs; the crystal was tuned to the returned value for the optimum crystal tem-
perature, and then varied within a range of approximately 420 °C from this initial
value to find the temperature at which the highest power of mid-infrared radiation
was generated. Based on this procedure, the PPLN crystal was maintained at a
temperature close to 74 °C throughout this work.

For the direct absorption measurements, the 2.5 cm sample cell was a cylindri-
cal glass cell with calcium fluoride windows. Signal and background spectra were
recorded with the sample cell filled and empty, and the baseline signal at the detector

was recorded when the laser was blocked.

5.7.1 WMS Measurements

For wavelength modulation spectroscopy (WMS) a modulation was applied to the
ECDL current driver, using a function generator [T'T7, TG1010A]; this modulation
was applied at a reference frequency close to 1 kHz. A lock-in amplifier [EGEG
Instruments, 7265] was used to demodulate the signal at the second harmonic of
the reference frequency. The modulation amplitude was optimised to provide the
largest WMS signal-to-noise ratio, and the time constant on the lock-in amplifier
was chosen to provide the best signal to noise; typically, a time constant of 20 ms
was used. A slow ramp was applied to the ECDL at a frequency of 0.5 Hz. For the
low-concentration WMS measurements, the sample cell was replaced by a multi-pass
White Cell, with a total path length of 20 m. To reduce the influence of étalons,
the collecting lens after the PPLN crystal was mechanically vibrated, using a small

motor placed against its mount, throughout the WMS experiments.

5.7.2 CEAS Measurements

Finally, CEAS measurements were made on the same pair of absorption transitions.
The optical cavity was formed from a pair of high reflectivity mirrors coated for ~
99.9% reflectivity close to 3.5 um [Layertec], which were spaced by 25 ecm and housed

in a cell constructed in-house to include all the appropriate gas and evacuation
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inlets. When in place, the mirrors form the ends of the cell, obviating the need for
windows, and the mounts are fitted with micro-adjusters. Alignment was carried
out using the (suitably attenuated) 1535 nm light exiting the crystal by removing
the germanium filter. First, the cavity mirror nearest the detector was mounted
and aligned; the second cavity mirror was then mounted in the cell, and aligned to
overlap the incoming beam on its reflection.

Monitoring the mid-infrared, the alignment of the cavity was then altered until
a regular cavity transmission, associated with excitation of just a very small number
of low-order modes, was achieved. The resulting cavity mid-infrared transmission is

shown in Figure 5.5 at line (a).
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Figure 5.5: Cavity transmission of mid-infrared light at three different optical
cavity alignments. The three plots are offset vertically for clarity

From this state, the cavity was carefully misaligned until the excitation of many
higher-order modes was observed (Figure 5.5, line (b)). To enhance the congestion
of the mode structure, and thereby increase the baseline smoothness for taking mea-
surements, extra mechanical disturbance was introduced by placing a second small

motor against one of the cavity mirror mounts; the corresponding mid-infrared cav-
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ity transmission is shown at line (c) in the same figure. For these CEAS experiments,
owing to the relatively low power of the input mid-infrared radiation (tens of W)
the transmitted signal at the photodiode was passed to the lock-in amplifier used for
the WMS measurements, with the fast (approximately 1.5 kHz) modulation having
been applied by a mechanical chopper installed directly in front of the 1064 nm

laser.

5.8 Results

5.8.1 Efficiency of Mid-Infrared Light Generation

Under the conditions described above, input powers of P, = 83 mW and Pg;gna
= 250 mW yielded an output mid-infrared power of 60 uW, as measured on a high-
sensitivity power-meter [Gentec-E Solo 2]. This corresponds to an experimentally-
determined conversion efficiency, as according with equation 5.3, of 7e,, = 0.29
%W~L. This value compares favourably with even the best of the efficiencies re-
ported by others [293,298,299] generating mid-infrared radiation by QPM-DFG in
a non-waveguide PPLN crystal.

5.8.2 Direct Absorption

The mid-infrared radiation produced by our PPLN QPM-DFG setup was first ap-
plied to direct absorption measurements of the spin doublet absorption feature cor-
responding to the assignments as in Table 5.2. The absorption signal was first
characterised by direct absorption spectroscopy in the 2.5 cm glass cell described
above. A sample absorption spectrum, taken with 7 Torr of pure nitrogen dioxide
gas, is shown in Figure 5.6(a). The pure NOy was then buffered with air; the air
was added to a series of total pressures up to 212 Torr, and the absorption spectrum
recorded at each pressure. The associated line shape was measured for each spec-
trum; such data are necessary to understand the evolution of the peak-cross section,

and therefore the attainable limits of detection, in different sample environments.
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These absorption spectra were then characterised empirically by fitting the fea-
ture to a single Voigt function. This empirical measurement was carried out in order
to quantify the evolution of the absorption cross-section in different pressure environ-
ments; the measurement was analysed by analogy to a simple pressure-broadening
measurement, but the approximations used mean that the returned value is of prac-
tical, descriptive use in implementing such a detection system, rather than being an
accurate measure of the collisional broadening of the two contributing lines. The
Gaussian width for each Voigt fit was set at a fixed value; and the Lorentzian width
component of the Voigt fit recorded at each pressure. The Gaussian width was fixed
at a value of 6.26 x 1073 cm™!; this is the sum of the calculated Doppler width at
room temperature for this wavelength (5.27 x 1072 cm™!), and the frequency off-
set (9.995 x 107* cm™!, taken from the HITRAN [128] database) between the two
contributing absorptions. The Lorentzian full-width obtained in this way is plotted
against air pressure in Figure 5.6(b). The gradient of the straight-line fit to these
data is 2y, where « is the effective pressure broadening coefficient, and for these data
was found to take a value of 2.52 4+ 0.07 MHz/Torr (with the error given as +20 for
the linear fit shown in Figure 5.6(b)); a small non-zero intercept (1.78 x 10™* cm ™)
is associated with the linear fit, and may be attributable to systematic errors in
the pressure readings. HITRAN [128] data for the integrated cross-section and the
pressure broadening coefficients of each of the contributing transitions were used to
simulate the spectrum in this region at the same series of pressures, and to give
a value for this effective pressure broadening coefficient for comparison with our
work; a similar analysis on the resulting simulations yielded a value for v of 2.71

MHz/Torr, in reasonable agreement with our experimental value.

5.8.3 WMS Spectra

The raw data from a WMS spectrum taken in the 20 m White Cell are shown in
Figure 5.7; this spectrum was measured with 45 Torr of a calibrated 5 ppm mixture

of nitrogen dioxide in zero-grade air [CK Gas]. This spectrum corresponds to five
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Figure 5.6: A direct absorption spectrum measured in a 2.5 cm cell with 7 Torr

of pure NOs; and corresponding plot showing the evolution of the Lorentzian
contribution to the total Voigt line shape with air pressure.

averages, taken at a slow ramp frequency of 0.5 Hz.
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Figure 5.7: Raw data from a WMS spectrum measured with 45 Torr of 5 ppm
nitrogen dioxide in air, in the 20 m White Cell, over ~ 10s acquisition time. The
same absorption transition was used as for the previous two figures. An étalon
effect is clearly seen on the data; the fit background is also shown.

Whilst several étalons were removed from the transmitted WMS signal by the

action of the motor against the lens following the PPLN crystal, one large étalon
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persisted, and this can clearly be seen on the data shown in Figure 5.7. Accord-
ingly, a background signal was generated by fitting a polynomial function to the
transmitted WMS signal with the signal due to the absorption transition removed
analytically, and the resulting spectrum is shown in Figure 5.9. The amplitude of
the modulation was measured from a spectrum analyser trace taken as the experi-
ment was carried out; this is shown in Figure 5.8. The modulation index — the ratio
of the modulation amplitude (FWHM) to the absorption line width (FWHM) — was
in this case found to be approximately 1.9. These measurements were therefore not

made within the derivative limit described at section 5.5.
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Figure 5.8: Spectrum analyser trace corresponding to the NOy WMS experi-
ments, from which the modulation amplitude, and therefore the modulation index,
were determined.

The noise level on the spectrum in Figure 5.9 was determined by finding the
standard deviation about a linear fit to the baseline, as shown in the figure. The
red line in Figure 5.7 shows the analytically-generated background; this was deter-
mined by cutting out the absorption signal from the spectral data and carrying out
a polynomial fit to the remaining data, and was verified by taking an evacuated-

cell spectrum, which was found to be in good agreement. Following this procedure,
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Figure 5.9: WMS spectrum resulting from the data shown in Figure 5.7, after
background subtraction. The linear fit used to find the noise level, and a magnified
sample of part of the baseline, are also shown.

a signal-to-noise ratio of 160 results for this spectrum. This implies that, keep-
ing a total pressure of 45 Torr, the noise-equivalent absorption signal (i.e. that
which would generate a signal-to-noise ratio of one) would correspond to 32 ppb of
NO,. Assuming a linear scaling of the peak cross-section with the line width, and
adopting our measured effective pressure-broadening coefficient of 2.52 MHz/Torr, a
noise-equivalent absorption signal for a measurement taken at atmospheric pressure
(760 Torr) corresponds to a nitrogen dioxide concentration of 40.5 ppb. This method
shows great promise as a technique for detection of nitrogen dioxide, based upon
the use of compact and economical near-infrared lasers and achieving a minimum
detectable NOy concentration on the order of typical urban atmospheric concen-
trations even under conditions of atmospheric pressure, although further work is
needed to eliminate étalons from the system.

One difficulty that is typically encountered when detecting NO, in a sample cell
is associated with adsorption of the gas to surfaces; owing to the polarity of the NO,

molecule, it is a very “sticky” molecule which readily adsorbs to (especially metal)
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surfaces. This effect was observed in the present work. Figure 5.10 shows raw data
from a WMS experiment equivalent to that which generated the data in Figures 5.7
and 5.9. The calibrated 5 ppm NO, mix was added to the White Cell at a pressure
of 72 Torr, and successive traces in Figure 5.10 show the transmitted WMS signal
approximately every thirty seconds, with no further addition or removal of gas to
the cell. This figure clearly demonstrates the effect of adsorption of the NO, to the
walls, mirrors, and fixtures of the cell: the size of the WMS signal is diminished
with time, as this effect removes the NOy from the optical path. From these results,
it appears that the deposition of the nitrogen dioxide gas on the mirrors affects
the two experiments in two different ways; whilst an argument based purely on
the surface-area-to-volume ratio would suggest that the signal depletion ought to be
more severe in the CEAS setup compared to the White cell, the results here indicate
the opposite. One explanation for this lies in the different materials that comprise
the surface coatings on the mirrors; the mirrors in the White cell have a significantly
greater area than those in the CEAS experiment, and are gold-coated. The results
exemplified in Figure 5.10 suggest that adsorption to this gold surface depletes the
absorption signal more effectively than in the case of the high-reflectivity cavity
mirrors. From Figure 5.10, it can be seen that the signal has been reduced in size
by a factor of approximately a half after one minute; this is broadly consistent with
earlier work in this group [202], as well as with the work of Reid et al. [316] which
was conducted in a similarly-constructed sample cell.

This effect could be reduced by coating some of the surfaces in the cell with
PTFE or another stick-resistant material, and/or by a reduction in the surface area
associated with the mirrors, which are subject to significant “sticking” from the NO,.
Consistent with this, our cavity-enhanced absorption spectroscopy experiments were
carried out with 1”7 diameter, dielectric-coated mirrors, thereby reducing the mirror
surface area with which the nitrogen dioxide might interact compared to the White
Cell’s larger gold mirrors. Accordingly, the difficulties associated with sticking of the

nitrogen dioxide to the mirrors can be expected to be reduced with respect to the
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Figure 5.10: Data taken using a fixed sample of 72 Torr of the same 5 ppm mix
of nitrogen dioxide in air, taking a WMS spectrum every 30 seconds. The effect
of adsorption to the interior of the White Cell is clearly seen.

White Cell measurements, allowing in principle for longer integration times without

great signal depletion.

5.8.4 CEAS Spectra

0.5 4 0.010

0.4+ 0.008

03
0.006 .

0.2 4
0.004 -

CEAS Signal

0.1 4
0.002 g

Area under Absorption (:m")

0.0
0.000 -

-0.1
T T T T T 1 T T T T T T T T T T 1
2881.73 2881.74 2881.75 2881.76 2881.77 2881.78 2881.79 0.00 002 004 006 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Wavenumber (cm’) Methane Partial Pressure (Torr)

(a) Example methane spectrum (b) Reflectivity calibration plot

Figure 5.11: Reflectivity calibration data, showing the v5 + v4 Q(9) absorption
for 11.1 Torr of a 1% CH4:Ny mixture and the variation in the area under the
absorption signal with pressure.
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The cavity was calibrated using known amounts of a 1% methane-in-nitrogen mix-
ture. A nearby absorption transition due to methane, the Q(9) transition lo-
cated at 2881.76 cm™! within its v, + v, vibrational band, was measured with
known pressures of the methane-in-nitrogen mixture. Its integrated cross section
of 9.86 x 10~ *cm?molec 'em ™" was taken from the HITRAN [128] database, and
used to calibrate the absorption signals and therefore the cavity reflectivity, invoking
the typical CEAS expression (equation 2.36.

Sample calibration data are shown in Figure 5.11; the area under the absorption
in each spectrum was used to calibrate the mirror reflectivity. It should be noted
that the Gaussian component of the width returned by the Voigt fit to the data
shown in Figure 5.11(a) (9.5 x 1072 cm™!) considerably exceeds that resulting from a
simulation based on HITRAN [128] data for the integrated cross section and pressure
broadening coefficients; this effect arises due to instrumental broadening associated
with the mismatch between the frequency of the applied modulation for lock-in
detection and the detection band width. The integrated signal should, however,
not be affected. This calibration resulted in a geometric mean mirror reflectivity of
0.998, and correspondingly a cavity path-length enhancement of 500 and effective
path length (L.sr = L/1 — R) of 125 m.

CEAS Signal
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(a) Raw data (b) Corresponding spectrum

Figure 5.12: Raw CEAS transmission data with background fit, and the analysed
CEAS spectrum corresponding to 8.5 Torr of a 160 ppm mix of nitrogen dioxide
in nitrogen. The data were taken in a total acquisition time of 5 s, at a ramp
frequency of 10 Hz.
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The CEAS spectrometer was used to take a series of spectra on a mixture of
approximately 160 ppm nitrogen dioxide in air. A spectrum is shown in Figures
5.12(a) and 5.12(b); the former shows the raw data and the latter the corresponding
analysed spectrum. The signal-to-noise ratio for the spectrum shown in Figure
5.12(b) is 520, since the standard deviation to the linear fit shown is found to be
1.34 x 1073, This value implies that, at this total pressure (8.5 Torr), a noise-
equivalent absorption signal would be observed due to 313 ppb of nitrogen dioxide.
This value is similar, for example, to the value of 259 ppb attained by Lancaster
et al. [291] for detection of NOy over an optical path length of 18 m at 83 Torr
total pressure (7.6 ppm NO,) in this spectral region using DFG in a PPLN crystal.
Nonetheless, the CEAS spectrometer does not match the performance of the WMS
setup, despite the optical path length being subject to a greater enhancement in the
optical cavity than the White Cell. This can be attributed to the small intensity of
transmitted light resulting from the CEAS spectrometer, so that the effect of the

noise on detection was felt more keenly when set against such a small signal.

5.9 Summary and Outlook

Generation of mid-infrared radiation close to 3.47 um has been demonstrated, by
quasi-phase-matched difference-frequency generation (QPM-DFG) in a PPLN crys-
tal of length 40 mm, using pump and signal radiation produced using diode lasers
centred at wavelengths respectively close to 1064 and to 1535 nm. 60 puW of
mid-infrared radiation was produced, corresponding to a QPM-DFG efficiency of
Nexp = 0.29% WL, After characterisation of the radiation, its application to detec-
tion of nitrogen dioxide gas has been demonstrated; this is a problem of interest and
importance in atmospheric and environmental analytical science.

The resulting mid-infrared radiation was employed for detection of the doublet
absorption feature close to 2881.9 cm! in the v, + 3 band of NO,, by direct absorp-
tion spectroscopy, wavelength modulation spectroscopy and cavity-enhanced absorp-

tion spectroscopy. Wavelength-modulation spectra measuring a 5 ppm NOs-in-air
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mix have been presented; 45 Torr of such a mixture generated a WMS spectrum
with signal-to-noise of 160, corresponding to a noise-equivalent absorption for 32
ppb of NOs at this total pressure, an amount on the order of typical atmospheric
concentrations, in 10 s of data acquisition. Cavity-enhanced absorption spectroscopy
was then demonstrated with the generated mid-infrared light, using high reflectivity
mirrors calibrated with a well-characterised methane sample. Spectra on 8.5 Torr
of a 160 ppm mixture of NOy in nitrogen were presented, with a signal-to-noise
ratio of approximately 520. The best detection sensitivity was achieved using the
WMS setup, but was limited by a low-frequency étalon that is likely to be associ-
ated with the PPLN crystal. One possibility for eliminating this would be to use a
pair of matched-response detectors before and after the absorbing sample, allowing
subtraction of the étalon from the signal. The small transmitted signal through the
CEAS spectrometer led to a slightly poorer detection sensitivity, but was carried
out using mirrors of only 99.8% reflectivity; currently, mirrors for the near-infrared
region are available at much higher reflectivities (see section 2.2.2), and so when this
technology becomes more readily available in the mid-infrared region, the potential
for greater path length enhancements will allow further improvement of our CEAS

spectrometer.



Chapter 6

Towards Optically-Locked SHG

In this chapter, proof-of-principle work is reported investigating the feasibility of
a system combining non-linear optical techniques, as were introduced in Chapter
5, with a V-shaped optical feedback cavity like that developed in Chapters 3 and
4. Such an arrangement seeks to exploit the enhanced circulating power of near-
infrared light inside a cavity subject to optical feedback to produce an increased
level of blue light by second harmonic generation (SHG) in a crystal of potassium
niobate (KNbOj3).

This chapter surveys some typical applications that take advantage of the opti-
cal characteristics of light in the blue spectral region, and then briefly revisits and
extends the discussion of non-linear optical techniques begun in Chapter 5 to in-
clude a quantitative description of the phase-matching process inside the non-linear
crystal. A characterisation of the 860 nm laser source and the KNbOj crystal is pre-
sented. The design and implementation of a V-shaped cavity for feedback locking
is reported, and the resonator constructed and characterised. Finally, the system
is applied to generation of blue light, and the optimal second harmonic generation
using this setup is discussed and quantified.

The prospects for a full implementation of such an optically-locked second har-
monic generation apparatus are discussed, and ways in which the experiment might

be extended and improved are identified.
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6.1 Background

6.1.1 Technical Advantages of Light in the Blue Region

Durable, compact sources of blue laser light find many applications in industry;
recent advances in high-density optical data storage systems have exploited the
relatively low diffraction-limited spot size associated with a blue Gaussian beam for
more efficient storage of data on a compact disc [317]. The same aspect of blue
laser radiation has been applied to improved-resolution laser printing and colour
display technology in computer monitors and televisions [318]. Blue light is the
least attenuated part of the spectrum when visible light is transmitted through sea
water, and so it also forms the basis of underwater communication devices [319].

The blue region is also relatively rich in spectroscopic transitions suitable for
detection studies. The occurence of atomic transitions of metals — including alu-
minium, titanium, yttrium, tungsten and gallium — in the region between 350 and
450 nm makes blue light ideal for non-invasive spectroscopic monitoring of vapour
deposition processes [318]. Several other small molecules of spectroscopic and atmo-
spheric interest, including NO,, C10, BrO, HONO and CH5O, exhibit absorptions
in the 300-400 nm region. However, blue diode lasers are generally only currently
available between approximately 390 and 414 nm, based on an indium-doped gal-
lium nitride active medium [318]. Furthermore, even these available diodes suffer
from structural imperfections that worsen as the indium concentration is increased
to drive the laser emission to longer wavelengths [320].

As such, the usefulness of blue laser light for a variety of applications and the rel-
ative paucity of compact, durable, diode-based sources of such light have motivated
the investigation of alternative methods for producing this radiation. Particularly,
non-linear optical techniques allowing access to the second harmonic of the output
of a diode laser further to the red have shown great potential for generation of
blue light that retains the advantages of simplicity associated with the original light

source.
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6.1.2 Second Harmonic Generation

It was shown in section 5.3 that the non-linear response of the polarisation of a
material to the application of an intense electric field by radiation from a laser can
be expressed as a series expansion (equation 5.1) about the applied field. Section
5.3 showed that higher-order terms give rise to interactions between a pair of elec-
tric fields, and that the induced polarisation (equation 5.1) then includes terms
in the second harmonic of the incident light. The second-order susceptibility in
that expression, @, can itself be expressed as 2d, where d is the non-linear coeffi-
cient associated with the NLO material; this is a symmetry property of the crystal,
typically quoted in pm V~!. The time-dependent electric field associated with the

fundamental laser radiation, and propagating in the z-direction, is given by:
1
E.(z,t) = §E(z, w) [ exp{—i(wt — k,2)} + exp{+i(wt — ky,2)}] (6.1)

wherein k,, is the wavevector associated with angular frequency w, and the NLO
material’s refractive index, n,,; and E is the electric field amplitude. The wavevector

takes the usual form:
wn, 2mn,
k,=— = Y 6.2
p " (6.2)

If we consider the second order contribution to the induced polarisation in equation
5.1 and substitute it into equation 6.1, then a component of the induced polarisation

emerges oscillating at the second harmonic frequency:

d
Py = 2¢0d B2 (2,1) = 607 E?(z) [ exp{—2i(wt — kyz)} + exp{+2i(wt — kyz)} + 2]

(6.3)
The electric field at the second harmonic, with wavevector ks, = 2wny, /¢, can

then be expressed as:

Eo(z,t) = %E(z, 2w) [ exp{—i(2wt — kayz} + exp{+i(2wt — ko, 2}] (6.4)
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Comparing equations 6.1 and 6.4 yields the phase-matching condition [40]:

koo, = 2k, = 2wns, = wn, so that Ak =k, — ko, (6.5)

Ordinarily, dispersion within the material means that the refractive index in-
creases with the frequency of the radiation, and so a phase mismatch arises, de-
pleting the efficiency of the second harmonic generation. One convenient method
to overcome this mismatch is the use of a birefringent crystal, where the refractive
index is instead dependent on the direction of the electric field (and therefore the
induced polarisation) [287]. Birefringent crystals are — necessarily — anisotropic,
allowing two waves of differing polarisations to propagate through a crystal in the
same direction, but subject to different refractive indices. Accordingly, if the crystal
is chosen such that the harmonic of highest frequency is subject to the lowest refrac-
tive index, then the effect of the regular dispersion can be cancelled out, allowing
the phase condition to be fulfilled.

In the work presented in this chapter, a crystal of orthorhombic potassium nio-
bate (KNbOj3) is adopted as the birefringent NLO material. This is a crystal of
Cy, symmetry with two optic axes [321,322], and its unit cell is illustrated in Fig-
ure 6.1. In KNbOjg, the wave propagating parallel to the crystal axis (the ordinary
wave, subject to refractive index n,), experiences a greater refractive index than
that propagating perpendicular to the crystal axis (the eztraordinary wave, subject
to n.). The crystal is a-cut, so the incident laser beams propagate perpendicular to
the crystal axis, as shown in Figure 6.1. The fundamental light was polarised along
the b-axis, corresponding to the ordinary refractive index, and gives rise to second
harmonic radiation polarised along the c-axis.

This crystal is applied to 90° non-critical type I phase matching; the fundamental
beam is introduced at 90° to the optic axis of the crystal. For an SHG process, the
phase matching is always of type I, as the two interacting photons come from the
same beam. As such, they share the same polarisation, and experience the ordinary

refractive index, n,; for the phase matching condition to be met, each resultant
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Figure 6.1: Representation of the orthorhombic potassium niobate unit cell. The
polarisation directions of the fundamental harmonic and the second harmonic are
ahown, and respectively denoted Ppy,,q and Psp [323].

second harmonic photon must have orthogonal polarisation, and be subject to the
extraordinary refractive index, n..

The wavelength at which the phase condition is met is (strongly) temperature-
dependent, as the relative magnitudes of n, and n. are dependent upon the inter-
atomic spacings within the crystal structure. For a given wavelength, therefore,
careful temperature tuning of the crystal is required in order to optimise the phase
matching and the resulting second harmonic generation efficiency. The temperature-
dependence of the refractive indices in KNbQOj is described by the relevant Sellmeier
equation [321-325]:

A2\?
A2 — (A + b3 F + b,G)?
A2)\2
A2 — (Ao + b F)?

(6.6)

+ (Sy + b5 F) — (D + by F)A? 4+ bg F !

In this expression, A gives the wavelength in units of um, \; and A, are coefficients
describing electrical properties of the material, each having units of length; Sy, S5,

F, G and D are parameterised functions of the temperature, T, in units of °C,
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and the values of these coefficients are found in reference [318], and reproduced for

clarity in Table 6.1.

Fundamental Second Harmonic
S; (pm?) 19.456 16.086
B (eV) 15492 18553
Sy (nm2) 134.95 166.258
B, (eV) 0.0392 10.3834
D (um~2) | 2.837x 102 | 1.939 x 102
by (nm2) | —5.263 x 10 | —3.267 x 107
by (um~2) | —1.65x107% | —2.8x107*
by (um) 2.38 x 1077 1.89 x 1077
by (um) —6.78 x 107° | —2.48 x 107°
bs (um~=2) | 2.0536 x 10~* | 1.990 x 1074
bg (nm) 1.767 x 107 | 1.75x 10"
by (nm2) | —1.22x 10°° | —2.7 x 1073
bg (um=1) | =3.3x 1071 | —57x 1071

Table 6.1: Constants associated with the Sellmeier equation (6.6) for the funda-
mental harmonic and the second harmonic in potassium niobate.

The output value of the refractive index from this expression is calculated for
both the fundamental (—) and second harmonic (—), respectively at 860 and 430 nm,
and illustrated in Figure 6.2. Employing the constants in Table 6.1, the following
definitions also apply:

F = (T +273.15)* — (22 + 273.15)?

G = (T —22) (6.7)
~ 1.239852(pm)

It can be seen from Figure 6.2 that, at temperatures close to room temperature,
the refractive index experienced by the fundamental harmonic exceeds that expe-
rienced by the second harmonic, suggesting that effective phase matching at these
wavelengths can be achieved in this temperature regime.

The power of the generated second harmonic radiation is proportional to the

square of the power of the fundamental light; it was shown in equation 5.3 that the
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Figure 6.2: Temperature-dependence of the refractive index of KNbQOs, as cal-
culated from the Sellmeier equation (6.6). The red curve corresponds to the
fundamental (~ 860nm); the blue curve represents the frequency-doubled second
harmonic radiation (~ 430nm). [318]

output power is proportional to the powers of both sets of interacting radiation, and

in this case both interacting photons are from the same beam. As such:
Psy = vPhy (6.8)

where 7 is the conversion efficiency. A theoretical expression for this conversion
efficiency was derived by Boyd and Kleinman [326] by considering the physics of

two interacting Gaussian beams:

_ 8WdPIh(g)

eomctng

(6.9)

where d is the non-linear optical coefficient which describes the non-linearity of the
birefringent crystal, n,, is the refractive index relevant to the fundamental radiation,
and ¢y is the permittivity of free space; and the fundamental angular frequency

w = 2me/X\. The focussing parameter, h(§), describes the balance between the
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focussing at the beam waist, and the changing shape of the beam over the crystal
length. The beam waist, of width wy, is assumed to be in the centre of the crystal,
and & = [/b where [ is the crystal length and b the confocal parameter. A graphical
presentation of the values of k() for different £ was given by Boyd and Kleinman
(326].

Potassium niobate has an unusually large non-linear optical coefficient associated
with SHG (d3s = 18.3pm V1) at room temperature for the 858 nm fundamental
radiation employed in the work reported in this chapter. Accordingly, efficient SHG
can be achieved in this material with the economical and convenient diode laser
sources available at this wavelength [325]. Further enhancement of this process, by
increasing the fundamental intensity taking part in the second harmonic generation
through use of an enhancement cavity, is the focus of the work presented in this

chapter.

6.1.3 Earlier Work: Enhancement Techniques

A range of techniques has been applied to enhance the transmitted signal in exper-
iments for the second harmonic generation of blue light in a NLO material. The
adoption of a pulsed laser source or a diode-pumped solid state laser such as a
Ti:Sapphire laser allows access to high powers of radiation; however, these advan-
tages must be offset against difficulties associated with the cost, size and band width
associated with such lasers. There are relevant techniques for amplification of the in-
cident light in a second harmonic generation experiment; for instance, a laser source
with good beam quality may be paired with a diode laser in a master oscillator
power amplifier (MOPA) arrangement, though this is often far from straightforward
in implementation and is a somewhat inefficient consumer of electrical power [318].

An alternative approach, and that adopted for the work reported in this chapter,
is based upon enhancement by an optical resonator in which the non-linear crystal
is placed. Typically, this involves the use of a separate cavity, external to the laser

medium. However, intracavity frequency up-conversion is also sometimes adopted
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[327,328], where the non-linear crystal is placed inside the laser’s own resonator.
The basis of resonator-enhanced SHG is that the external cavity be resonant at
the fundamental wavelength, trapping that radiation in such a configuration that it
is caused to pass repeatedly through the non-linear crystal, leading to a generally
higher-efficiency interaction with the material, and a greater level of SHG. The
optical enhancement associated with the mode structure of such a cavity increases
the circulating radiation power, and therefore the conversion efficiency.

One of the more challenging experimental aspects of such a setup lies in main-
taining the cavity and the light in resonance, and particularly in maintaining the
cavity length such that constructive interference of the fundamental wavelength may
occur on each pass. This may be achieved by the active cavity-locking schemes men-
tioned in Chapter 2, as well as passive locking approaches such as that described and
developed in Chapters 3 and 4. The work of this chapter applies the V-cavity-based
optical locking method, as used in OF-CEAS in Chapters 3 and 4, to increase the
circulating power of light within such an enhancement cavity for SHG in a crystal
of potassium niobate.

Optically-locked resonator-enhanced SHG was realised by Dixon et al. [329]
using a KNbOj crystal held within a linear, two-mirror, optical cavity; this resulted
in a conversion efficiency of 1.7 % and 0.251 mW of radiation was obtained close to
432 nm. A variable feedback system was included in their setup, which is illustrated
in Figure 6.3, and comprised an optical isolator and an attenuator. The isolator
allowed the laser to be shielded from the reflected non-cavity-resonant radiation,
but the cavity-resonant radiation was polarisation-selected using a half wave plate
so that it would pass through the isolator and return to injection-seed the diode.

Another strategy that has been taken up by some [330-332] is the adoption of a
ring cavity. As explored in section 2.2.3, such resonators are associated with a stand-
ing wave propagating only in the forward direction; whether used in a triangular
ring cavity or a so-called “bow-tie” arrangement, there is no intensity coupled into

the counter-propagating direction, and therefore no route for cavity-resonant feed-
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Figure 6.3: The variable feedback SHG setup of Dixon et al. , modified from
reference [329].

back to emerge. Accordingly, some sort of external retro-reflector is needed to direct
cavity-resonant light in the counter-propagating direction so that feedback can be
used to seed the laser; alternatively, the cavity-resonant light may be directed into
the laser without passing back through the resonator. These experimental schemes
have led to conversion efficiencies for the SHG process of 0.57-7.3 %. Dixon et al.
[329] attributed the relatively low conversion efficiencies obtained for such systems to
imperfections in the bulk structure, and particularly the surfaces, of the potassium
niobate crystals; their system produced 0.215 mW of blue light, when a theoretical
value of 0.82 mW was expected [329].

A major contribution to the low conversion efficiencies is caused by the great
reduction in the cavity finesse on introducing the crystal within the cavity. The
losses at the crystal faces on each pass through the resonator rapidly dominate the
overall cavity losses, leading to a substantially smaller cavity finesse. One solution
to this problem has been the construction of monolithic resonators, such as that
employed by Goldberg et al. [333], where the reflectors comprising the resonator
are merely polished surfaces of the non-linear crystal, meaning that there are fewer
surface interactions with the light, significantly reducing the intra-cavity losses, and
thereby increasing the conversion efficiency that may be achieved. Indeed, Goldberg
et al. [333] achieved a conversion efficiency of 45 % in a monolithic linear potassium
niobate resonator, converting 167 mW of light at 842 nm to 24 mW of 421 nm

radiation.
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6.2 Characterisation of the laser and crystal

The Fabry-Pérot diode laser [JDS Uniphase 856 nm] was first characterised, in order
that the best parameters for its operation could be chosen for the SHG experiments.
The laser output wavelength was varied by tuning the driver current, in order to
find a region in which the output radiation was stable and single-mode. A mode-hop
between two such stable operating regions is seen in Figure 6.4. From this tuning
experiment, an optimal current of 150 mA was selected, for operation at 41 °C; this

generated an output power of approximately 85 mW of radiation close to 858.8 nm.
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Figure 6.4: Wavelength tuning curve for the Fabry-Pérot Laser operating at
41°C, showing a mode-hop between two regions of stable output.

Having optimised the operating parameters for the laser, the crystal — partic-
ularly, the temperature-dependence of its SHG efficiency — was characterised by a
single-pass SHG experiment. The crystal was held in a small mount fitted with
an electric Peltier-controlled crystal oven; this allowed control of the crystal tem-
perature to within £0.1°C. A half wave plate [Thorlabs AHWP05M-630] before

the crystal was used to select the polarisation of the incident light that achieved
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optimal second harmonic generation. Biaggio et al. [325] previously determined a
theoretical optimum temperature of 21 °C for SHG at 857 nm. For the radiation at
~ 858.8 nm in this experiment, the light was focussed into the centre of the crystal
using a short-focal-length lens [ Thorlabs], and the intensity of light generated at the
second harmonic (429.4 nm) was measured using a cailbrated InGaAs photodiode
[Thorlabs DET-210].

A coloured glass filter was used to absorb the fundamental radiation transmit-
ted through the KNbOj crystal before reaching the photodiode; the transmission
properties of this filter were measured using a UV-visible spectrophotometer | Varian
Cary 100 Bio]. The filter was found to be 50 % transmissive to the second harmonic
radiation.

The crystal temperature was varied in steps of 0.1 °C between 20.5 and 22.1°C,
and the second harmonic intensity at the photodiode was recorded on a digital
oscilloscope [ Tektroniz TDS 2014] and transferred to a personal computer using a
routine written in LabVIEW. Using the calibration data for the power-response of
the photodiode, the transmitted power was calculated in each case, and the resulting
temperature tuning curve is shown in Figure 6.5. The optimum second harmonic
intensity was observed at 21.6°C, and corresponded to a power of 1.1 uW. The
crystal’s bandwidth, determined from the FWHM associated with the temperature
tuning curve, was found to be 0.2 °C, which is in good agreement with the theoretical
calculations of Biaggio et al. [325], who reported a HWHM value “on the order of
0.1°C.”

A theoretical value for the conversion efficiency associated with this setup was
determined by running a simulation of the focussing parameter; the maximum value
of the focussing parameter, h(¢), was found; from this, the associated confocal
parameter (and therefore beam waist) were determined. The resulting beam waist
of 15.2 um corresponded, for this 10 mm crystal, to a focussing parameter of 0.8.
Some of the physical parameters associated with a-cut KNbOj are given in Table

6.2.
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Figure 6.5: Temperature tuning curve for the KNbOj crystal, with the laser
producing 858.7 nm radiation whilst operating at a current of 150 mA; the y-axis
shows the power of resulting second harmonic radiation close to 429 nm.

d32 Non-linear coefficient 1.62 x 10722 CV~—2
w Fundamental angular frequency 2.2 x 10 Hz
n,(21.6°C) Refractive index 2.278338

Table 6.2: Parameters associated with the a-cut KNbO3 crystal [318].

Employing these values, a theoretical single-pass conversion efficiency of v =
0.194 W—! results from equation 6.9. The conversion efficiency achieved in these
experiments — 3.43 x 107*W — therefore represents 0.17 % of the theoretical value,

and suggests significant defects associated with the KNbOj crystal.

6.3 The Feedback Resonator:
Characterisation and Optimisation

Before the crystal was introduced into the optical V-cavity, the resonator was char-

acterised and the feedback locking tested. A small, symmetrical V-cavity, directly
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analogous to that used in Chapters 3 and 4, was constructed with L; = Ly = 4.5 cm.
Such a cavity has a free spectral range (FSR) of 1.7 GHz. This cavity length was
chosen to achieve a balance between the need to focus the light tightly into the crys-
tal to access optimum conversion efficiency, and the need to maintain the resonator’s

optical stability (see section 2.1.4).

Figure 6.6: Generalised cavity arrangement for the optical stability calculations.

Ray transfer matrix analysis, introduced in Appendix A, gives the following
relevant matrices for the generalised resonator arrangement shown in Figure 6.6.

The appropriate sign convention assigns a positive radius of curvature to a concave

mirror.
1 0
Fyr,, | Reflections at mirrors Mg ,
 TMog
: : L Ly
T7,, | Translation through a distances L;, through free space
0 1

The total ABCD-matrix for the round-trip is then given by:

ABCD = Fy, T, For, Ty Frg T, Far, T, (6.10)
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and the relevant stability condition is —1 < cos# < 1, wherein:

Tr(ABCD)
2

cost = (6.11)

All three mirrors had radii of curvature of 50 mm, and symmetrical arm lengths
of 45 mm; as such, cosf = 0.921, and the cavity is stable. Mirrors [LaserOptik]
of 0.5” diameter were employed; these were mirrors specified by their manufacturer
to be of high reflectivity for both the 425-435 nm and 850-870 nm regions. These
reflectivities were calibrated experimentally at the fundamental wavelength, using
a high-accuracy power meter [Gentech XLP12-1S-H2]; the resulting reflectivity of
0.995 corresponds to a cavity finesse close to 600. The experimental arrangement is

depicted in Figure 6.7.

A35

Data Acquisition

o FP-DL 7/

Figure 6.7: Schematic illustration of the setup for characterising the symmetric
V-shaped optical resonator, with L1 = Ly = L/2 = 4.5 cm.

Figure 6.8 shows the persistent, well-defined mode structure that was exhibited
in the cavity-transmitted light across a laser scan of approximately one second’s
duration. This well-defined, evenly-spaced structure is consistent with successful
injection seeding by the optical feedback, bringing about the optical locking effect
discussed in section 3.2. Using a 10 GHz spectrum analyser [Melles Griot, 10 GHz],
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the mode spacing was found to take a consistent value of 1.7 GHz, corresponding to

the free spectral range associated with a folded 9 cm-long cavity.
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Figure 6.8: Cavity transmission of the fundamental (858.7 nm), showing clean,
well-defined mode structure spaced consistently by a free spectral range of 1.7
GHz.

Similarly to the OF-CEAS experiments described in Chapters 3 and 4, a mirror
before the resonator was mounted on a PZT, to allow control of the laser—cavity
distance. Consistent with the behaviour expected from an optically locked system,
when the feedback phase is altered by changing the laser—cavity distance it was
found that the mode structure could be shifted controllably and reproducibly. This
was achieved by manually altering the voltage supplied to this PZT by a small power
supply [Weir Mini-reg Power Supply, Type 401], and the effect is illustrated in the
two traces in Figure 6.9.

Having characterised the resonator, and fully optimised the operating parameters
for the crystal heater and laser, the cavity was re-configured in order to achieve the
most efficient non-linear interaction between the fundamental laser light and the
KNbOj; crystal. In order to compensate for the reduction in cavity finesse brought

about by introducing the high losses associated with the KNbOj3 crystal, the input
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Figure 6.9: Illustration of the effect of manual movement of the piezo-electric
transducer on the cavity transmission; all other parameters were kept the same
between data sets A and B.

coupling mirror, My, was replaced by a mirror of much greater transmission in the
425-435 nm region; this mirror was specified with R > 95 % at 860 nm and R < 15 %
for the blue radiation. So as to achieve focussing of the beam in the centre of the
crystal to improve the interaction efficiency, the cavity was re-set into an asymmetric
configuration so that the crystal could interact with the radiation at the beam waist.
The same total cavity length of 9 cm was retained, but now with L; = 3cm and
Ly = 6cm.  As such, the beam waist was 1.5 cm away from the folding mirror,
allowing the crystal to be mounted with its centre at this point. The optimised
experimental arrangement is illustrated in Figure 6.10.

Mode matching calculations were also performed in order to match the funda-
mental beam spatially to the TEMy, mode of the resonator. Since the diode laser
output is approximately Gaussian, no reshaping of the beam other than by focussing
was considered. A generalised scheme is shown in Figure 6.11. The calculated beam
waist in the cavity was w.q, = 64 um; the corresponding beam parameter is there-

fore:

2
Gean = i 7(“}“‘;) u (6.12)

which returns a value of ¢.,, = 0.0157. An experimental value for the incident beam
waist before the cavity was determined by imaging the beam on a CCD camera

[Watec WAT-9024] and analysing it on commercial beam-profiling software [LBA-



Towards Optically-Locked Second Harmonic Generation 172
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Figure 6.10: The asymmetric cavity setup; FP-DL is the Fabry-Pérot Diode
Laser, and PZT indicates the piezo-electric transducer.

PC, Spiricon Inc.]. The beam was found to have equal widths of 1 mm in the
horizontal and vertical directions; the corresponding beam parameter was ¢;, =
3.653¢. The relevant matrices in order to build the ABCD-matrix for the complete

system are as follows:

Figure 6.11: A generalised setup for the mode-matching calculations; a is the
distance from the folding mirror to the beam waist, L1 and Lo are the respective
V-cavity arm lengths, and u is the distance separating the lens and the cavity
folding mirror.
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Fyr, | Reflection at mirror My

"My

Tt,, | Translation through the distance a

F, | Transmission through the lens (focal length f,)

T, | Translation along a distance u through free space

This time, the overall ABCD matrix is given by:
ABCD =T,Fy,T,F, (6.13)

The mode-matched beam parameter was then calculated using the Gaussian
beam law (equation A.9), so that:

i = (=% (6.14)

Re(¢mm) was then minimised by variation of the value of u, so that w,,, and

Weqn Would be as closely matched as possible, with w,,,, given by:

I
Wom, = & M (6.15)
us

Using the parameters associated with the asymmetric cavity configuration, a lens

of f, = 25cm was selected, to be placed 23.5 cm away from the folding mirror.

6.4 Feedback Control

As discussed in Chapter 3, the feedback in an optically-locked system must be
carefully and controllably regulated. This can be achieved by attenuation, where

the incident power and the feedback power are reduced, or by use of an optical
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isolator, which serves to attenuate only the counter-propagating radiation. Each of

these systems was investigated for use in the resonator-enhanced SHG setup.

6.4.1 Optical Attenuation

The optical attenuator comprised a half wave plate and a polarising beam-splitter, as
in the OF-CEAS work of Chapter 3; the level of transmitted light in both directions
is altered by rotating the half wave plate, so as to control the (mis-)match between
the polarisation of the light and polarising beam splitter. In this realisation of the
SHG setup, the non-linear interaction requires the highest incident radiation power
possible — as according to equation 6.8, the output power transforms as the square
of the incident power — and so the attenuation was generally set at the minimum

possible level.

FP_DL ........................................... ;

o l PBS

Figure 6.12: The variable optical attenuation setup. PBS indicates a polarising
beam-splitter, and the dotted lines indicate the feedback light.

Using the optical attenuator setup, 16% of the incident light was coupled into
the cavity; 52.3 mW of incident light at 858.8 nm produced 2.0 puW of blue light
(adjusted for the filter transmission) after the resonator. This value is larger than
in the single-pass setup, and the efficiency is partly limited by the radii of curvature
associated with the resonator mirrors, meaning that the light cannot be focussed
down to quite the beam waist size needed to achieve optimal conversion efficiency.
The Boyd-Kleinman [326] focussing parameter, h(€), took a value of 0.5 in this
case, compared to 0.8 for the single-pass arrangement. An estimate of the expected
conversion efficiency, accounting only for the focussing effect of the cavity, can be
obtained by scaling the single-pass efficiency value by the ratio of the relevant fo-

cussing parameters. In this case, then, the cavity-enhanced efficiency is estimated
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by:
405 —4 -1
Yor = 3.43 x 10 08) = 214 x 107" W (6.16)

An experimental conversion efficiency, 7.,, is simply taken as the ratio of the

second harmonic power to the square of the incident fundamental power:

~ Psu
761‘]) - PF2vH

=731x107*W! (6.17)

Comparing these two results indicates that there is an enhancement due to the
cavity beyond the focussing effect, since the experimental result exceeds the effi-
ciency expected for a single pass through a focussing arrangement analogous to the
resonator.

Equation 6.17 does not take account of the coupling into the cavity, or the
enhancement within it due to the cavity finesse. The circulating power within the

resonator can be estimated from the result of equation 6.16:

PFH:

2Psiy (1
0.85

) = 148 mW (6.18)
YCE

with Pspy giving the power of the second harmonic radiation transmitted by the
cavity. This value is scaled to give the power of blue light within the cavity, by
including the losses at the folding mirror, which has a specified transmittance of
0.85, and there are two loss routes for the blue light out of the folding mirror in a
cavity of this geometry.

The enhancement in the circulating power is directly related to the cavity finesse,
and so the latter value can also be estimated. With 16% coupling into the cavity,

and an incident fundamental power of 52.3 mW, the finesse is:

F = PFH,circulating - 148

= = =17 6.19
PFH,incident 016(523) ( )

That this value is so small is reasonable, and reflects the great losses when the

crystal is introduced, causing the finesse to drop by a factor of approximately thirty



Towards Optically-Locked Second Harmonic Generation 176

when the KNbOj is included. Others have implemented SHG within a “bow-tie”
cavity configuration [330,334]; in the work of Gibb [334], a finesse of 72 was cal-
culated, although the experimental measurements suggested a lower value of 20.
Nonetheless, it is sufficient to allow significant build-up of constructively-interfering
waves on consecutive passes within the resonator, thereby giving rise to the enhance-
ment in the observed conversion efficiency with respect to the single-pass case.
The structure of the cavity transmission of 858.8 nm (—) and 429.4 nm (—) light
is shown in Figure 6.13. It can be seen in this figure that, compared to the case
for the empty resonator without the crystal, the mode structure of the fundamental
harmonic was found to be more chaotic once the crystal was used. Correspondingly,

the blue light appeared as short, intense spikes.
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Figure 6.13: Transmission through the cavity of the fundamental (—) and second
harmonic (—) using the optical attenuation system, showing intense spikes of the
frequency-doubled blue light close to 500 and 1500 ms; the two traces are vertically
offset for clarity.
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6.4.2 Optical Isolation

A system involving an optical isolator was then investigated, aiming controllably to
attenuate the level of optical feedback without reducing the level of light incident
on the resonator. The crucial part of the optical isolator is the Faraday rotator;
when the light is passed through this rod, which is encased within a strong magnet,
it rotates the polarisation of the light propagating in both forward and backward
directions through an equal angle and in the same absolute sense. As such, two
polarisers set orthogonal to one another with a 45° Faraday rotator between consti-
tutes a system whereby the forward beam is subject to maximal transmission, and
the reverse-propagating light is rejected. Since the isolation is never total — imper-
fections in such a system are inevitable — a slightly-detuned isolator offers a useful
way to attenuate (but not entirely eliminate) the feedback light without greatly
depleting the light intensity incident on the cavity.

Magnetic Field

Faraday Rod

Input PBS Output PBS

L o —
Optical Isolator

Figure 6.14: The optical isolator setup. As in Figure 6.12, PBS indicates a
polarising beam-splitter, and the dotted lines indicate the feedback light.

On implementation of this system, the coupling efficiency into the cavity was
improved to a value of 21%, and a total of 3.6 uW of blue, second-harmonic light
was generated. This corresponds, through equation 6.17, to a value of ez, = 2.62 x
1073 W1, which indicates a significant improvement with respect to the attenuator-
based setup (Yesp = 7.31 x 107 W™1). Additionally, an improvement was seen in
the spectral characteristics of the laser, as can be seen from the spectrum analyser
trace in Figure 6.15, when the feedback level was reduced with the isolator. The
broad peaks in that trace are consistent with the frequency locking of the laser to

modes of the V-cavity as its frequency is being scanned.
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Figure 6.15: Cavity transmission and spectrum analyser (—) traces showing the
fundamental (—) and second harmonic (—) light as the laser is ramped across a
single scan (—).

The corresponding estimate for the cavity finesse (equation 6.19), treating this
system in an analogous fashion to the treatment of the attenuator-based setup, is
25. This is consistent with the improvement in the action of the optical feedback,
bringing about better frequency locking and the improved coupling efficiency of the
fundamental light into the V-cavity.

The blue light generated using this optically-isolated arrangement remained
somewhat chaotic in structure, as shown in Figure 6.15. Careful monitoring of the
fundamental output of the laser on a wavemeter indicated that, when the resonator
was blocked, the laser scanned consistently and without mode-hopping across the
spectrum. However, once the resonator was uncovered, mode hops were seen in the
laser output, especially near the ends of the laser scan. One explanation for this lies
in the cavity bandwidth exceeding the laser bandwidth (~ 10 MHz), meaning that

the injection seeding is inefficient and not effective.
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6.5 Conclusions and Outlook

The proof-of-principle work presented in this chapter has demonstrated the potential
of an optically-locked resonator-enhanced second harmonic generation setup employ-
ing a V-shaped cavity. A V-cavity similar to that used in the OF-CEAS experiments
of Chapters 3 and 4 was designed and implemented, with a combined cavity length of
9 cm, and a corresponding free spectral range of 1.7 GHz. Optical feedback locking
of the fundamental output of an 860 nm Fabry-Pérot diode laser was demonstrated
without active feedback phase control, and the expected effect of manual control of
the feedback phase was observed. The cavity arrangement was optimised for the
interaction between the fundamental radiation through the use of an input-output
coupler with a greater transmission to the blue, second harmonic, radiation, and
use of an asymmetric cavity configuration with simple mode-matching, so that the
beam waist could be caused to occur within the centre of the PPLN crystal.

Optical attenuation (in both directions) and isolation (attenuation of the optical
feedback only) were both implemented and investigated as methods to control the
feedback level. Better coupling, optical locking, and therefore second harmonic light
intensity were found for the optically isolated system, in the lower feedback regime.
Evidence has been presented for successful locking of the diode laser during the
production of blue second harmonic light.

The conversion efficiency, 7e.p, presented for each of a series of enhanced SHG
systems in the literature [329-332] is typically close to 1 W=, As such, the best
reported efficiency for this system of 2.62 x 1073 W~ is several hundred times poorer
than these. However, the measurements reported in this chapter were carried out
without any impedance matching of the crystal and input coupler, and it was shown
at section 6.2 that the crystal that was employed here had significant defects asso-
ciated with it. Considering these issues with this preliminary setup, it is reasonable
to expect a considerable improvement with respect to this preliminary value from a
fully impedance-matched setup constructed with optimised, bespoke components.

Further improvement of the current setup might yield a more regularly-structured
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output as well as a greater power of the second harmonic light. In this preliminary
realisation, the bandwidth associated with the low cavity finesse (dominated by the
crystal losses) is too great to injection-seed the laser effectively. Employing a custom
input coupler with a transmission coefficient chosen to match the losses at the crys-
tal would allow the achievement of a greater cavity finesse, reducing the associated
bandwidth and increasing the effectiveness of laser injection seeding. This in turn
would yield better optical frequency locking and a more stable, higher-power second
harmonic output. A variable isolation system, reducing the power of the feedback
without attenuating the light beam coupling into the cavity, as well as active feed-
back phase control, are additions to the setup that might also be expected to bring
improvements. Use of a different type of diode laser, such as a DFB, which might be
slightly less sensitive in its response to optical feedback, could further improve the
stability of the resulting second harmonic light. An arrangement facilitating tighter
focussing of the beam in the crystal, to bring it closer to the calculated optimum
value of ~ 15.2 um, could bring great improvements to the observed conversion effi-
ciency. Even modest improvements in this efficiency could yield a second harmonic
power on the order of 0.1-0.5 uW of blue light, and powers of that order have been
demonstrated to be sufficient for a successful implementation of CRDS [335].

The potential usefulness for this type of light source, after such improvements,
is great. The light which is produced could be intense, is inherently pulsed and
produced at a well-spaced frequency interval; as such, if the cavity transmission were
stabilised according to some of the strategies outlined here, it could lend itself very
well to use in a cavity ring-down experiment. The V-cavity strategy for resonator-
enhanced SHG need not be limited to this wavelength, type of laser, or crystal.
Indeed, one potential application of the principle shown in this chapter would be
to generation of ultraviolet light from a shorter-wavelength laser in the red. In the
ultraviolet region, there are strong electronic transitions associated with many small
molecules of chemical and analytical interest.

In summary, the experiments presented in this chapter have shown the promise
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associated with V-cavity-locked second harmonic generation for a spectroscopic
source of great usefulness. By implementing such a system with some of the im-
provements outlined here, an enhanced-power, consistently-spaced sequence of sec-
ond harmonic light pulses could be produced conveniently and economically, with

many potential applications.



Appendix A

Ray-Transfer Matrices

In order to describe the propagation of light through an optical system composed of
planar and spherical elements, we adopt the model [336] of a plane wave described

by a wavevector k, where:
_ 2mn

k= 3 (A.1)
with n being the refractive index of the medium through which the light is passing,
and A being the wavelength of the light. The finite size and non-planar nature of
the optical elements means that the model of a plane wave cannot be exact; non-
planar optical components bring about further deviations from the planar model of
the wave, so the wave’s direction varies across its wavefront. In an optical system
with cylindrical symmetry, parazial rays are those propagating at sufficiently acute
angles to the optical symmetry axis that we may adopt a small angle approximation,
such that sinf ~ #. Within this parazial ray approximation, we may formulate a
ray tracing description simply by considering the reflection and refraction at each
optical surface.

In both cases shown in Figure A.1, the distance OA = S is the object distance,

and OB = 5’ is the image distance; the distance OC' is the radius of curvature, R.

From Figure A.1(a):

Rsinf = CAsin6; = (S — R)sin6, (A.2)
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(b) Refraction at a lens

Figure A.1l: Illustration of reflection at a concave mirror, and refraction at a
convex lens.

Rsin® = BCsinfy = (R — S) sin 6, (A.3)
Simply invoking the law of reflection, § = €', and so:

sinthy R-S5
— A4
sin 0, S—R (A-4)

For the refraction system shown in Figure A.1(b), an analogous analysis leads

to:
sinfpy S"— Rmny
SiH92 N S—l—Rm

(A.5)

Within our model, we can describe a ray in terms of its distance, d, away from the
symmetry axis (Z), and the angle, 6, that it makes with that same axis. Within the

paraxial approximation, there is a linear relationship between the values describing
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the input and output rays, respectively (dy, 6;) and (ds, 02):

As such, we can use a matrix to describe the propagation through an optical
system:

dy A B dy dy
_ - M (A.8)
0, C D 01 01

where M is the ray tracing matriz, which has a determinant of AD — BC' = 1.

There are some applicable conventions to the optical terms that make up a ray

transfer matrix:
e The propagation direction is generally taken as left-to-right.

e The distance of the ray from the axis in the upward direction is taken to be

positive.

e The radius of curvature of an optical surface is positive for a convex surface

and negative for a concave one.

Some examples of the simplest ray-transfer matrices are given below:

1 d
Translation along a distance d through free space.
01
1 0
) Passing through a thin lens with focal length f.
—4 1
L0 . . .
, Reflection at a curved mirror, with radius of curvature R.
-2 1
L0 . o
Refraction at a flat interface between media with indices n; 5.
0 ™
n2

Accordingly, a ray-transfer matrix can be built up for an optical system compris-

ing several components, allowing the complete system to be described in a convenient
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mathematical form. The Gaussian ABCD law relates the beam parameters before

(¢;) and after (qs) tracing the path described by a given ray-transfer matrix [54]:

_ Ag;+ B

- Cq+D (A.9)

ay



Appendix B

The Optical Stability Condition

The analysis of optical stability within the optical cavity begins with the formation
of an ABC D-matrix for a single pass through a simple two-mirror cavity of mirrors

with equal radii of curvature r, spaced by a length L:

d; 1 0o\ (1 L\ [d

- (B.1)
0, —2/r 1) \0 1 0
and therefore:
d 1 L d
H = ’ (B.2)
01 =2 12 ]\,

The confinement condition requires that the output vector be the same as the
input vector for the light - 7.e. each pass of the light through the cavity makes no
alteration to the direction of the light’s path. This allows us to set up an eigenvalue
condition [54]:

1 L dy dy

=\ (B.3)
=2 12 0 0

T T

This leads to a characteristic equation of the following form:

) L 1 L
A —tr A+ det =0 (B.4)
=2 q_2L =2 1 _2L
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wherein tr(M) is the trace of matrix M, and det(M) is its determinant:

1 L 2L
tr S et (B.5)
—2 1 2L r
1 L
det =1 (B.6)
=1 1_ L
2r 2r

We can simplify this equation by defining a stability parameter, g, so that:

M =29\ +1=0

1 1 L L (B.7)
g =—=tr =1-—
2 -2 1_% r

which has solutions of:
A=gEt+g?>—1 (B.8)

After N passes through the cavity, then, the condition becomes:

=\ (B.9)
On 0o

For a stable resonator, the value of AV cannot diverge, and this implies that A cannot
be purely real:
Im{A} #0
=4 -1<0 (B.10)
= lg| <1

Given the form of g defined in expression B.7, this implies that:

0<L<2r (B.11)



Appendix C

OF-CEAS Phase Control Electronics

At the end of this appendix, the full circuit diagrams relating to the feedback control
electronics are given, without annotations.

Each of the major steps in the electronic circuit is carried out by an operational
amplifier (“op-amp”). These are the components in the circuit diagram represented
by the large triangular symbols. They are high-gain, dc-coupled differential ampli-

fiers with a single output, represented as in Figure C.1.

Figure C.1: Circuit diagram representation of an operational amplifier (op-amp).

Horowitz and Hill [337] enumerate two golden rules for the understanding and
use of op-amps:
1. The output seeks to make the voltage difference between the two inputs zero.

2. The inputs draw no current.

Their first “rule” does not mean that the op-amp changes the voltage at the

inputs— which would in any case be impossible without drawing current — but rather
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that it changes its output signal such that the feedback network around the op-amp
in the circuit brings the difference between the inputs closer to zero.

By way of example, applying Horowitz and Hill’s “golden rules” [337], it becomes
clear that the op-amp represented in Figure C.2(a) will function as a simple voltage
follower, whilst that in Figure C.2(b) will produce an output that is the differential
of the input signal. The latter type of op-amp essentially comprises the first major

operational stage of the feedback circuit within the OF-CEAS servo loop.

R,
R,
VvV, —— +
RI '_Vout
in v, -
p— out
R,
(a) Voltage follower (b) Differentiator

Figure C.2: Representations of two simple operational amplifiers (op-amps).

The gain value corresponding to the op-amp in Figure C.2(b) is simply Ry/Rj;

the associated output voltage is given by:

Vout = —(Vz - Vl) (C-l)
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