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Abstract

The measurement of radical species in the atmosphere has far reaching impli-
cations. For example, it is necessary to both understand and improve our
knowledge of radicals in the atmosphere to better inform the models which in
many cases are the best way of predicting future air quality and climate
change. Although many of these models are often not fully representative of
all the processes occurring, they are the current best estimate based on the
knowledge available, and can be useful in informing and directing future pol-
icy. The numerous, varied and interlinked cycles in the atmosphere are com-
plex and only by obtaining data on specific species can accurate concentrations

be retrieved and fed back into the models to improve their accuracy.

This work is concerned with the development and application of an ultra-
sensitive absorption spectroscopy technique to the problem of detection of the

peroxy radical, HO,. Noise Immune Cavity Enhanced Optical Heterodyne

Molecular Spectroscopy (NICE-OHMS) combines cavity enhancement tech-
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niques (in order to increase the path length) with frequency and wavelength

modulation techniques (in order to reduce the noise).

Following a discussion of the current detection methods used by atmospheric
scientists to accurately measure and quantitative concentrations, some pre-
liminary work on the detection of ammonia by a simple cavity enhanced ab-
sorption setup is presented. Pressure broadening and shift results were ob-
tained for a number of ammonia transitions in the near infrared region, broad-

ened by He, Ne, Ar, Xe, O, and N,.

The bulk of the work concentrates on the implementation of the NICE-OHMS
technique, presenting the first results with the use of an external cavity diode
laser and a ring shaped cavity. A sensitivity of 4 x 10! cm™ Hz'? is obtained
on an individual rovibrational transition of methane at 6610.063 cm™, along
with a selection of other data from the atmospherically important molecules
methane, nitrogen dioxide and carbon dioxide, highlighting the broad wave-
length range over which the instrument can operate. Finally, the NICE-OHMS

technique is used to probe HO, radicals formed through the photolysis of a
Cl,/CH,0OH/O, mixture. Following the creation and detection of HO, radicals

in the cavity, and based on the optimum sensitivity outlined above, a mini-

mum concentration of 1 x 10° molecules cm3 has been demonstrated.
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Chapter 1

Introduction to methods for

atmospheric detection

1.1. Atmospheric Sensing

Accurate measurements of the absolute concentrations of trace gases present
in the atmosphere are invaluable for better understanding of atmospheric
processes and their impact on earth systems. Atmospheric events such as
photochemical smog can be exceptionally hazardous to human health and so
accurate understanding of the processes occurring and their outcomes are

essential. Field measurements add tremendous value to theoretical modelling
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thus driving the development of increasingly effective measurement
techniques [1]. Trace gas monitoring is an enormous field which presents a
bewildering array of measurement challenges. For example, the atmospheric
lifetime of species can vary from many years through to fractions of a second;
requirements for measurement locations can present hostile, inaccessible or
transient environments, and complex interactions and cycles between
atmospheric species require accurate modelling to be undertaken. Much trust
is placed in climate models which predict various future climate scenarios, on
which many important and far reaching global economic decisions are based.
Accurate measurement of atmospheric species is imperative to verify and

refine the models on which such important decisions are based.

This introductory chapter aims to provide an overview of the work presented
in this thesis, followed by a discussion of the role that certain species of
atmospheric importance play in atmospheric chemistry. These species have

been selected as they play a critical role in tropospheric cycling of HO,, the

hydroperoxyl radical, for which a new method of detection is presented in this
thesis. The remainder of this chapter highlights some important examples of
trace gas detection in the atmosphere, demonstrating, by virtue of the broad
range of techniques applied to their detection, the various requirements that

each species demands.
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1.2. Overview of the thesis

The work presented in this thesis involves the use of diode lasers and optical
cavities to perform absorption spectroscopy on trace gases of atmospheric
importance. As outlined in this chapter, the preferred method of detection
depends on the atmospheric concentrations of the species under investigation;
the lower the concentration, the larger the measurement challenge and as a
result the more experimentally complex the detection technique required. For
species which have concentrations on the ppb (parts per billion) level, such as
ammonia, their detection can involve the use of the relatively simple
experimental cavity technique of cavity enhanced absorption spectroscopy
(CEAS). In Chapter 2, a full theoretical description of the CEAS technique is
given. As well as using this technique to perform relatively sensitive detection
of ammonia, results are presented involving more specific transition
properties, including pressure broadening and shift coefficients for a selection

of rare gas colliders.

Following on from the relatively simple technique of CEAS presented in
Chapter 2, starting from Chapter 3 the thesis focuses on the more taxing

detection requirements for radical species such as HO,, employing absorption

within a resonant optical cavity. With the daytime maximum concentrations
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HO, around 2 x 10® cm? (10 ppt), improvements in the minimum detection

sensitivity must be implemented in order to meet the detection requirements.
In an attempt to meet these particularly stringent detection requirements with
absorption spectroscopy, there is currently only one technique which has
reached the required sensitivity: Noise Immune Cavity Enhanced Optical
Heterodyne Molecular Spectroscopy (NICE-OHMS) [2]. The remainder of the
thesis is concerned with the theory, experimental implementation,
characterisation and measurements involving a diode laser based NICE-

OHMS spectrometer.

Chapter 3 outlines the various techniques such as locked-CEAS, frequency
modulation spectroscopy (FMS) and wavelength modulation spectroscopy
(WMS) which are combined together in the NICE-OHMS technique in order to
attain higher sensitivities. Each technique is discussed individually, including
its theoretical description, with specific relevance to the NICE-OHMS
experimental technique. Following this, a description of the synergic
combination of these techniques is discussed resulting in the full NICE-OHMS

signals being elicited.

Having discussed the relevant theory for the NICE-OHMS technique, Chapter

4 moves on to the experimental implementation of the various techniques in
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the setup, and characterising the performance of the setup by sensitive

analysis of a selection of trace gases including CH,, N,O and CO,. As well as

presenting the first application of the NICE-OHMS technique in an optical
ring cavity, the most sensitive detection results to date for a NICE-OHMS

spectrometer using an external cavity diode laser (ECDL) are presented.

Finally, building on the characterisation work outlined in Chapter 4, Chapter 5
moves to the application of the NICE-OHMS technique to the detection of

atmospherically important HO,. The method of generating HO, within the

cavity is outlined, including a kinetic study of the reactions involved.

Following this, results are presented for HO, detection, with a study of
potential interfering species as part of the HO, verification process. This work

constitutes the first measurements of radical species of atmospheric
importance with a laboratory based NICE-OHMS spectrometer, including the

significant progression towards direct measurements of HO,. The thesis ends

with a critique of the method and its possible improvements.

1.3. Detection methods for trace gases

With their critical importance to science policy makers, climate scientists and

atmospheric chemists alike, the measurement of trace gases in the atmosphere
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is a crucial input to climate models. When measuring trace gases, particularly
in the field, as well as achieving detection at the necessary sensitivity, it is also
highly desirable that any detection system can operate at room temperature
and pressure, without the need for extensive sample preparation. It is also an
important requirement that absolute number densities of molecules can be

obtained.

Furthermore, when detecting trace gases in the atmosphere, as well as
retrieving absolute concentrations of species, determining the isotopic
composition can often be very useful as it can indicate the origin of a certain

compound e.g. discerning anthropogenic CO, from biogenic sources of CO,.

A technique which can be applied for this purpose, is gas chromatography
isotope ratio mass spectrometry (GC-IRMS), which can achieve very precise
measurements, within 0.1 % accuracy [3]. For example, Rice et al, [4] use GC-
IRMS to monitor formaldehyde concentrations in urban air via the
measurement of carbon and hydrogen isotope ratios. Given the relatively
short lifetime of formaldehyde in the atmosphere (of the order of hours) and
its temporal variability, a method that can provide temporal resolution is
particularly advantageous. However, despite the impressive accuracies that

instruments such as these can reach, they are less than practical for field
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measurements, due to time consuming requirements such as sample

preparations, and physical size and cost of the instrument.

A more practical approach involves the use of laser based absorption
spectroscopy which can produce the requirement of quantitative
measurements at a sufficiently sensitive level. In order to minimise the
economic outlay, it is highly desirable to utilise established laser technology.
The availability of relatively cheap laser sources in the near-infrared (NIR)
means that these laser sources are integral to many of these detection systems.
Their commercial importance in the telecommunications industry drives their
ongoing development, resulting in lasers being available at a wide range of
wavelengths (375 - 2700 nm) with suitable powers and narrow linewidths [5].
Furthermore, developments in Quantum Cascade Lasers (QCLs), enables

expansion into the ca. 3 - 300 um range [6].

With laser based absorption spectroscopy enabling selective measurements to
be undertaken, the most appropriate detection scheme in terms of sensitivity
must be investigated. Direct absorption spectroscopy over extended path
lengths could be used; initially this was by the use of multi pass cells, such as
Herriott [7] or White [8] cells giving rise to interaction lengths of tens of

metres. Coupled with the addition of a noise reducing technique such as
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wavelength modulation spectroscopy (WMS), minimum detectable absorption
coefficients (detection sensitivities) of the order of 4 x 10° cm™ Hz'? can be

achieved [9].

Another technique experiencing a renaissance from its origins in the 1880s is
the photoacoustic effect (PA) [10]. The photoacoustic effect is based on the
detection of acoustic waves produced by the absorption of pulsed or
modulated laser radiation and the subsequent transient localized heating and
expansion in a gas. The absorption of modulated laser radiation generates an
acoustic signal, which can be amplified by tuning the modulation frequency to
one of the acoustic resonances of the sample cell, e.g. a longitudinal mode in a
cylindrical chamber. In this resonant case the cell works as an acoustic
amplifier and the photoacoustic signal is amplified by the Q factor of the
resonance which usually is in the range between 10 and 300; the signal is
proportional to the optical power on the sample. With this zero background

technique, sensitivities of ~ 10" cm™ Hz'2 can be achieved [11].

The benefits of utilising a long path length for trace gas monitoring has been
outlined with the use of multi pass cells. An alternative absorption based
technique is long path Differential Optical Absorption Spectroscopy (DOAS)

[12] which has been used for detection of NO,, IO and BrO along with SO,
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[13]. However, with the advent of very highly reflective mirrors working in
the spectral region of interest, optical cavities are especially useful in trace gas
detection. With high mirror reflectivities (~0.9997) path length enhancements
result in interaction lengths of kilometres in a tabletop setup, meaning that
optical cavity techniques are particularly suitable for application to trace gas
detection. There are currently a number of cavity based detection techniques
which have been employed in atmospheric detection, such as the use of a

broadband CEAS spectrometer to measure NO, [14], NO, [15] and I, [16], and
Cavity Ring Down Spectroscopy (CRDS) measurements on NO, [17] and 10

[18], and a few of these techniques are now briefly outlined.

1.3.1. Examples — Broadband CEAS
As will be outlined in the following section, NO and NO, are important in
ozone creation; NO and NO, (collectively known as NOx) undergo catalytic

photochemical cycling, the net result of which provides the principal source of
tropospheric ozone [19]. Ozone is a respiratory irritant and thus a hazardous
component of urban photochemical smog. Ozone photochemistry also
produces hydroxyl radicals which are key tropospheric oxidants during the

day, and reaction of NO, with ozone produces the NO, radical which is an

important oxidant at night.
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Broadband cavity enhanced absorption spectroscopy (BB-CEAS) was
introduced in 2003 by Fiedler et al. who employed a short-arc Xenon lamp to
record absorption features of oxygen and gaseous azulene [20]. The
advantages of utilising BB-CEAS include a broad wavelength range over
which multiple species can be detected at the same time, enabling more
specific targeting of spectral regions in order to avoid interfering species. As
well as specific targeting of spectral regions containing isolated transitions,

BB-CEAS has the flexibility to record spectra related to broadband absorbers.

CEAS involves measuring the transmitted light intensities through an optical
cavity, consisting of two highly reflective mirrors between which the light is
reflected multiple times, thereby greatly increasing the effective path length.
The change in the time integrated intensity of the transmitted light with and
without an absorber can be related to the concentration of the absorbing
species present. In order to provide quantitative measurement of gas
concentrations, it is necessary to know both the reflectivity values of the cavity
mirrors by wavelength, and to perform regular calibrations. The wavelength

dependent absorption coefficient of the gas sample is given by [14]:

a(z):(M-l}x—l‘R@)

I(A) d Equation 1.1
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where I(A) is the light intensity transmitted through the cavity when an

absorbing gas sample is present within the cavity, I(A) is the intensity

transmitted when the cavity is flushed with an non-absorbing gas, d is the
cavity length, and R(A) is the wavelength dependent reflectivity of the mirrors.
It is necessary to know R(A) accurately, and this can be achieved in the field by
calibration with the use of an absorber with a specific transition of well

characterised parameters.

Langridge et al [14] used a BB-CEAS instrument based upon a light emitting

diode (LED) to record absolute NO and NO, concentrations compared to that

of a commercial chemiluminescence analyser and found good agreement.

(a) ;

collimatin )

e a [[ ringdown cavity II fibre coupler
550um 200um
0.22NA 0.92NA

flore fibre
LED
temperature laptop
controlled mount PC P

Figure 1.1 - BB-CEAS setup

Coupled with the flexibility of the instrument, the potential for further

application of LED based BB-CEAS to compact atmospheric field instruments
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is far reaching. In addition to NO, a wide range of species that absorb

throughout the visible and near UV spectrum are accessible without
significant modification of the experimental approach: in principle, only the
light source and the cavity mirrors need be exchanged to access a different
wavelength range. The experimental setup, shown in Figure 1.1 shows the
simple nature of the technique, and indeed its applicability to field sensing

requirements.

Following the development of the BB-CEAS technique, a number of field
studies have exploited its compact and portable nature, including the
measurement of molecular iodine in marine environments [21]. Iodine
chemistry has an important impact on the trace gas composition of the marine

boundary layer. I, undergoes solar photolysis and the subsequent I atoms

react with ozone to form IO radicals which drive catalytic cycles and act to
deplete tropospheric ozone. They also affect the oxidising capacity of the

coastal atmosphere by perturbing the partitioning within the NO,/NO and
HO,/OH radical families [22, 23, 24]. The iodine measurements were taken at

the sample site with spectra recorded over the spectral range 522 - 554 nm, a

region in which I, exhibits characteristic and highly structured absorption

bands. The detection limit of the system for I, was around 25 pptv (parts per
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trillion by volume) for an integration time of 7.5 s, thus allowing the emission

of even small quantities of I, to be monitored at high time resolution,
broadening the diversity of seaweed species (which emit 1)) under

investigation.

The application of a portable and flexible cavity based trace gas detection
scheme to this situation has enabled some interesting conclusions to be drawn,
not available with previous measurement techniques. Molecular iodine is
notoriously difficult to measure in the field due to its specific spatial
variability dependent on time, tide and species of plant. Similarities between
seaweed species not previously believed to exist were found due to the fast
time resolution of the BB-CEAS detection method, notably that large emitters

of I, (such as L. digitata) produce a burst of I, when first exposed to air. It was

also noted that the strongest hotspots are likely to be found over areas of kelp
species in the first few minutes after having been exposed by a receding tide,
which is useful for temporal modelling. Although examples of seaweed
species similarities are beyond the scope of this thesis, it can be seen from this
example that the application of a simple BB-CEAS technique to field
measurements can progress the understanding, enabling better modelling and

directing future studies [25].
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Direct transference of such a portable technique, covering a broad wavelength
range, as discussed above, to the detection of transient species and highly

reactive molecules, such as radicals (OH, HO,, NO, or 10), is not immediately

possible as their short lived nature results in lower concentrations than can be
detected by this system. Furthermore, species such as these cannot be
collected and transported to a laboratory for analysis, and so they must be
measured in-situ. Cavity ring down spectroscopy (CRDS) is an alternative
sensitive absorption based technique which is capable of detecting target

species below the 1 ppbv level.

1.3.2. Examples — Cavity Ring Down Spectroscopy

CRDS has been used as a sensitive absorption technique for a number of years,
being first described in 1988 [26], but since the development of appropriate
dielectric highly reflective mirrors, the number of applications to which CRDS
has been applied has increased. CRDS employs a similar setup to CEAS, i.e.
an optical cavity is constructed between two very highly reflective mirrors.
However, rather than measuring the change in light intensity of light exiting
the cavity both with and without an absorber present, CRDS measures the loss
rate of light intensity from the cavity when the source is abruptly switched off,

allowing the cavity to “ring down”. A time domain measurement is
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advantageous as it is free from laser intensity fluctuations that decrease the
sensitivity of direct laser absorption techniques, and as such is generally more

sensitive than CEAS.

Ring-Down

Cavit
avity Photodetector  Spectrum

Pulsed
Laser

Figure 1.2 — A Cavity Ring-Down Experimental setup. From the ring-down times taken for
the cavity with and without the absorbing species concentrations of absorbing species can
be deduced [27].

The intensity of light exiting the cavity decays exponentially with time

according to [28]:

Icro(t) o J‘ : 1(v) exp{—%} dv Equation 1.2

where I(v) is the spectral intensity distribution of the incident laser light pulse,
and t(v) is the cavity ring-down time (CRD time), defined as the time taken for
the intensity exiting the cavity to decay to 1/e of its initial value. In an empty

cavity the ring-down time 7,(v), is solely dependent on losses at the mirrors.
Typical ring-down times for field instrumental setups are on the order of tens

of us, corresponding to path lengths in the range 1-30 km travelled by the light

[17]. As described previously, the increase in path length afforded is the root
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of the sensitivity in CRDS, with the added benefit of it being a time domain

measurement conducted within a compact instrumental housing.

When considering atmospheric trace gas detection, CRDS has often been used

to measure the NO, radical [17], due to its importance in night time

atmospheric cycles, and a good match between commercially available laser
sources, suitably coated highly reflective mirrors and broad spectral regions

free from interference from other absorbers [29].

The benefits afforded by using CRDS to measure atmospheric NO, include the

possibility to perform air column analysis revealing the vertical structure,
something not possible with the traditional techniques such as long path

DOAS [30]. This is particularly important given the suggestion that the NO,

concentrations in the night time boundary layer were not well represented in
the previous approach to modelling which used input data from ground based
observation techniques [31]. The requirement for better vertical spatial

resolution when detecting NO, concentrations demonstrates the benefits of

progressing laboratory based investigation with a view to develop
spectrometers for field measurements, a topic with which the following
chapters of this thesis is concerned. King ef al [17] demonstrated the facility to

measure NO, radical concentrations using a CRDS absorption spectrum with a
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baseline noise of 1 x 10° cm™ in a 30 s acquisition time, being equivalent to a

mixing ratio of 2 pptv for NO,. They also represented the first in-situ
measurements of NO, at fast timescales. = Following on from this, the

technique has been used in field campaigns on airborne craft, such as the
NOAA WP-3D Orion aircraft used to fly tracts over the North-Eastern
seaboard of the USA. A CRDS instrument was used to simultaneously collect

NO, and N,O, measurements on board the aircraft [32] with detection limits

reported of 6 x 10° cm?, corresponding to 0.2 pptv at 1 atm and 294K. Further
developments in laser source stability, accurate correction for Rayleigh and
Mie scattering losses and in-situ calibration methods in field instruments will
improve their applicability to field based situations, increasing the accuracy

and breadth of data for input to improve the atmospheric modelling.

So far in this discussion, the techniques under consideration have involved the
detection of molecules, however, it is noted that aerosols are another
important constituent of the atmosphere. Extending the measurement range
to include measurement of aerosols presents an alternative set of challenges, to
which cavity techniques have been applied. Atmospheric aerosols are
important radiative forcing agents in the atmosphere; however the magnitude

of this forcing is not well known, and so is insufficiently modelled. The
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forcing effects of aerosols are determined by their optical properties, which
depend not only on the physical characteristics of the aerosol (size, shape,
etc.), but also on the wavelength-dependent refractive index of the particle
medium. The measurement of aerosol optical properties to retrieve refractive
index information is critical to understanding and predicting perturbations in
the radiative balance of the atmosphere [33]. Measurements must be able to
retrieve extinction data, morphology and refractive index information,

presenting further challenges in detection techniques [34].

Having outlined a selection of direct monitoring examples and methods, focus

now turns to the detection of the HO, radical, its importance in the

atmosphere and possible improvements to its current detection by the

implementation of cavity based absorption techniques.

1.4. The importance of HO, in the atmosphere

Radical species, such as OH and HO,, control virtually all of the oxidative
chemistry in the atmosphere, and they are responsible for the transformation
of primary emissions into secondary pollutants such as NO, O, and

particulates [36]. The complex atmospheric cycles which exist can be

represented diagrammatically, as shown in Figure 1.3.
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Figure 1.3 Day-time tropospheric chemistry of the formation of O,, H,0,, ROOH, RONO,,
RO,NO,, HO,NO,, HONO, HONO,, CH,O and other carbonyls via OH initiated oxidation

of Volatile Organic Compounds (VOCs) or non methyl hydrocarbons (NMHCs) and CO in
the presence of NO and NO, [37].

Important climate gases such as methane and ozone are also intricately related

to the radical concentrations of HO,. Their atmospheric lifetimes depend on
the concentration of HO, which also controls the production of acidic species,

with their well known detrimental effects to the environment. Current
predictive models for future air quality and climate change necessarily contain
complex chemical schemes. In order for these to be refined and improved,
comparison with measurements of radicals in the present atmosphere
constitutes the best validation of these schemes. It is often problematic when

the measurement of these short lived species is technically too demanding,
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and the lack of data for even a few of the input species can seriously limit the
usefulness of the climate model. This has been evident when some field
campaigns report significant discrepancies between models and in situ

observations of OH and HO, radicals, for example in marine, forested and

urban environments [35]. Although the proportional composition of these

radical species (such as HO,, OH, NO and NO,) is very small, their chemistry

is very important.

1.4.1. Current measurement techniques for HO,

HO, provides a range of challenges when considering appropriate detection
techniques. Atmospheric daytime levels of HO, are very small (2 x 108
molecules cm™ (10 ppt)) and so require very sensitive detection techniques. It
is desirable to use absorption spectroscopy as the detection technique as it
offers the required selectivity and is absolute and may have the required
sensitivity levels. In the UV portion of the spectrum, where optical techniques

traditionally operate, the cross sections for electronic excitation of HO, are

large, but yield a broad and structureless spectrum, and there is interference

from other molecules and radicals, such as RO,. Moving to the near-infrared

region means that the spectra are far less congested, and although the
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transitions are much weaker, diode laser spectroscopic techniques offer the

potential for the prerequisite specificity and sensitivity. Currently, HO, is

measured by the indirect techniques FAGE (Fluorescence Assay by Gas
Expansion) which is essentially laser-induced fluorescence at low pressure [36,
37, 38, 39, 40, 41, 42], and PERCA (PEroxy Radical Chain Amplification)
whereby HO, and RO, catalyse the oxidation of NO and CO into CO: and NO,
which can then be measured [43, 44, 45, 46, 47]. Although FAGE specifically

measures HO, (indirectly via its conversion into OH), PERCA measures the

sum of all RO, and so it is desirable to have a direct and speciated technique.

1.4.1.1. The FAGE Technique

The FAGE (Fluorescense Assay by Gas Expansion) method has provided an
accurate and reliable method of detecting OH and hence HO, for a number of
years [36], and is sufficiently robust to have been used in various field
campaigns, such as NAMBLEX [36] and RHaMBLe [48]. The FAGE technique
specifically measures OH by using laser induced fluorescence coupled with

gas expansion, and measures HO, by first chemically converting it to OH by

adding NO, and then proceeding with the detection regime, as outlined

below. The initial reaction proceeds as follows:
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HO, + NO - OH + NO,

The strong transition A2x* (v'=0) € X201 (v’= 0) Qu(2) at 308 nm is used for
the laser excitation of the OH as well as for the detection of the resultant
fluorescence.  In order to better discriminate between the desired laser
induced fluorescence and the scattering from the source laser radiation, the
laser induced flourescence is measured 50 ns after the laser source is switched
off. Experiments are carried out at low pressures (~1 Torr) which also has the
added benefit of both prolonging the lifetime of the fluorescence of the OH
radical and reducing the interference effects of water vapour. The short time
delay also avoids detector saturation, with the detector being inoperative
during the duration of the laser pulse. The fluorescence process from which
the concentrations of OH are measured competes with non-radiative
collisional quenching at high pressures. Although the expansion leads to a
reduction in the concentration of the OH radicals, this is more than
compensated for by the increase in fluorescence quantum yields, due to the

reduced collisional quenching of the OH 2X* excited state.

The size requirements of the system are quite large — having to house a
suitable laser system, fluorescence detection system and calibration cells, data
acquisition and calibration analysis equipment means that instruments used in

field campaigns must be housed in large containers, up to 20 feet long.
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Detection limits of 10° - 107 molecules cm® for HO, have been achieved [49],

however the system is complicated to use and does require careful calibration.
Although suitable for detection requirements of long term static field
campaigns, a more mobile, compact system would be beneficial, to enable

better spatial coverage and ease of use.

1.4.1.2. The PERCA Technique

Peroxy radical chain amplification is an alternative, but still indirect, method

of measuring the sum of all RO, in a sample. Although this technique is
sensitive to the total concentration of RO, (OH + HO, + RO + RO,), in reality
with atmospheric concentrations of OH and RO being much lower than HO,
and RO,, the technique can be assumed to record concentrations of HO, and
RO: only.

With the PERCA technique, the key features are to use NO and CO to convert
HO, and RO, to NO,, by reactions with an excess of NO, and subsequently
recycle most of the OH products back to HO, (with an excess of CO in O,) to

create an amplified level of NO, which can be measured in a flowing system,

by various techniques [50]. The concentrations of RO,/ HO, are then
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calculated by determining the number of NO, molecules produced per peroxy

radical - the chain length. The reaction scheme is as follows:
R'CHO, + NO = NO, + R"CHO Equation 1.3

R'CHO +0O, - HO, + R'CO Equation 1.4

Following on from the formation of HO, (in addition to that already under

investigation from the initial sample), a chain reaction is set up which converts

NO to NO: through the following reaction scheme:

HO:2+NO - NO, + OH Equation 1.5
OH+CO > CO,+H Equation 1.6
H+O,+M > HO,+M Equation 1.7

In summary,

R’CHO, +2NO + CO + 20, = 2NO2 + R’'CO + HO2 + CO: Equation 1.8
These amplified levels of NO, can subsequently be measured by sensitive
detection techniques, such as a chemiluminescence reaction with luminol [45]
(detection sensitivity of 0.2 to 2 pptv over a 30 minute acquisition time), LIF
(detection sensitivity of around 3 pptv) [51] or in more recent examples,
detection by cavity ring down spectroscopy (with a reported detection

sensitivity of 0.1 ppbv in 50 s at atmospheric pressure) [52].
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To measure accurately the concentrations of RO,/HO, in the PERCA method,
the number of NO, molecules produced per peroxy radical, which is called the

amplification factor or chain length (CL) is required. This can be defined as:

A[NO:]

= m Equation 1.9

where A[NO:] is the amount of NO, produced from the difference between
the average of ~20 s of amplification mode data and ~20 s of termination mode
data (amplification and termination mode refer to whether the reactions are
occurring at the inlet or outlet of the monitoring equipment [45]). The chain
length depends on the intermediate reactions. In order to obtain accurate

concentrations, the number of NO, molecules produced per peroxy radical

must be accurately known (shown in Equation 1.8). This is determined by a
variety of factors including concentrations of species present, flow rates,
removal rates and processes and other losses. Twice daily calibration

measurements are required with known NO,/air mixtures. A further

drawback of the technique is that it is not speciated — it does not discriminate

between concentrations of RO, and HO,.
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1.4.1.3. The NICE-OHMS Technique

In this thesis, a NICE-OHMS spectrometer is characterised which could

provide a feasible alternative to the HO, detection problems currently faced.
The technique enables the fast, accurate and direct detection of HO, and here

its potential is shown by measurements of HO, in a laboratory environment.
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2. Chapter 2

Spectroscopic Measurements of

Ammonia using CEAS

As described previously in chapter 1, one of the primary aims of this thesis is

to develop spectroscopic measurements for HO,. As will be described in

Chapter 5, the most appropriate band for detection is centred around 1504 nm,
therefore the work in this thesis utilises an external cavity diode laser operat-
ing between 1480 — 1540 nm. Ammonia is another atmospherically important

species, with transitions in the (v, + v;) combination band lying within this

wavelength range, convenient for its detection. In this chapter, cavity en-

hanced absorption spectroscopy (CEAS), a key component of the NICE-OHMS
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setup, is performed on a low pressure sample of ammonia around 1516 nm.
The experimental setup is detailed, followed by a demonstration of a CEAS
sensitivity of 6 x 10®#cm™ Hz'? within a cavity whose finesse is 1150. The tech-
nique is then utilised to measure pressure induced broadening and shift coef-
ficients with six gases (helium, neon, argon, xenon, oxygen and nitrogen) at
room temperature for four transitions of ammonia. Comparisons of the
broadening coefficients with previous work in this region, where it existed,
showed good agreement. Following this, an application of the Parmenter-
Seaver formalism to estimate the potential well depth of the ammonia dimer
from the measured broadening coefficients is presented, with the obtained

well depth agreeing well with theoretical calculations.

2.1. Importance of Ammonia Detection

Atmospheric ammonia is increasingly being recognised as a key environ-
mental pollutant [1]. Ammonia as a trace gas in the atmosphere contributes to
several environmental problems such as: direct toxic effects on vegetation, at-
mospheric nitrogen deposition leading to the eutrophication and acidification
of sensitive ecosystems, and to the formation of secondary particulate matter
in the atmosphere with effects on human health, atmospheric visibility and

global radiative balance [2]. Produced from activities including livestock
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breeding and the use of nitrogen fertilizers, emissions of ammonia are increas-
ing rapidly in many parts of the world, and so without intervention, the envi-
ronmental concerns outlined will be expected to grow in future. Across
Europe, air quality targets and associated efforts are currently being made to
reduce ammonia emissions, alongside reductions in other air pollutants, nota-
bly sulphur dioxide and nitrogen oxides. However, reducing ammonia emis-
sions has proved to be challenging, with only modest regional reductions
achieved to date. As the emissions of sulphur dioxide and nitrogen oxides are
reduced, ammonia will increasingly dominate the air pollution climate of
Europe. The consequent environmental impacts highlight the importance for

its atmospheric detection.

As an introduction to the sensitive detection techniques forming the basis of
investigation in this thesis, an application of laser spectroscopy is used to de-
termine the pressure broadening and shift coefficients for transitions in the (v,
+ v,) combination band of ammonia using basic cavity enhanced absorption
spectroscopy (CEAS). For accurate monitoring, specific knowledge of the im-
pact of broadening and shifting effects on line shape parameters is essential [3,
4,5, 6, 7). Following on from this, a more theoretical discussion is presented in

order to demonstrate that for rare gases, the obtained pressure broadening co-
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efficients can be used to estimate the intermolecular well depth of the ammo-

nia dimer.

2.2. Cavity Enhanced Absorption Spectroscopy (CEAS)

A large number of industrial applications and environmental monitoring
techniques require accurate, fast and species specific detection of trace gases.
With the development of diode lasers for the telecommunications industry,
laser spectroscopic techniques in the near infrared have become popular for
trace gas detection due to their ease of use and the low costs involved [8, 9, 10,
11]. CEAS, with its low cost and robust, flexible and simple experimental
setup can meet the requirements of speciated gas phase detection. CEAS in-
volves measuring the transmission of light through an optical cavity, consist-
ing of two highly reflective mirrors between which the light is reflected multi-
ple times, thereby greatly increasing the effective path length [8, 9]. The basic

CEAS experimental setup is shown schematically in Figure 2.1.
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Figure 2.1 Basic setup for a CEAS experiment — light is passed into the high finesse cavity,
with the change in intensity being recorded on a photodetector as the laser is scanned.

The change in time integrated intensity of the transmitted light can be related
to the concentration of the absorbing species present through a modification of
the Beer-Lambert law [8]. This will be described in Section 2.2.2 following a

discussion of cavity modes.

2.2.1. Cavity Modes

In general, when the distance travelled by the light in one round trip of the
cavity equals an integer multiple of the wavelength, nA, constructive interfer-
ence (resonance) occurs, allowing light intensity to build up within the cavity
and correspondingly enhancing the transmission. These resonant frequencies
are termed cavity modes. The light exiting the cavity when the resonant con-
dition is satisfied (and the cavity modes are excited), can be observed by plac-

ing an IR camera at the exit cavity mirror, as shown in Figure 2.2.
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Figure 2.2 Cavity modes observed using a near IR camera, showing the TEMoo mode (a and
b), and the higher order TEM1 mode (c).

The modes of an optical cavity are properly described as solutions to the three
dimensional wave equation. In full, the frequencies of the modes of a two-

mirror optical cavity of length L, with mirror g-parameters g, and g,, where g,

=1-L/r,, can be expressed as [12]:

_c n+m+l
Vg = EYa q+ T arccos /g, 8, Equation 2.1

where g is the longitudinal mode index, and m and n specify the number of
optical nodes in the two directions perpendicular to the propagation axis with
r being the radius of curvature of the mirror. Two modes with the same val-
ues of m and n, but consecutive g values (longitudinal modes), define the free

spectral range of the cavity by their difference in frequency, i.e. Avgy, = ¢/2L.

Modes of the same g, but differing in their values of m and/or 7, are termed the

transverse modes of the cavity, and are generally denoted TEM,, modes.
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The TEM,, mode, where m = n = 0, is the highest-intensity mode of a simple

two-mirror optical cavity. Shown in Figure 2.2 (a) and (b), it describes a Gaus-

sian beam. Higher order transverse modes, TEM, , modes, where the stable

cavity mode is non-Gaussian, also exist and have slightly different resonance
frequencies, as shown in Figure 2.2 (c), where the cavity has been aligned such

that the TEM,, mode is dominant.

If the laser is allowed to remain at a fixed frequency matching the mode fre-
quency, these individual modes will be excited to resonance but then quickly
fall out of resonance due to mechanical perturbations; the transmission of the
cavity will show strong cavity mode-structure that is transient. In CEAS, the
mirrors are misaligned to excite as many of the cavity modes as possible, giv-
ing a congested mode structure as a function of frequency. By rapidly scan-
ning the laser frequency back and forth in the region of interest, resonance
with any single mode is suppressed to give a smooth average transmission so
that absorptions occurring within the cavity can be easily identified [10, 11].
This simple technique utilises the path length enhancement of the optical cav-
ity without the need for complicated locking as is used in locked CEAS ex-

periments presented later in this thesis [13, 14].
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The cavity’s ability to support constructive interference over the extent of the
enhanced path length of the cavity can be described by the finesse of an opti-

cal cavity F, whereby:

iR

T1_R Equation 2.2

where R is the geometric mean of the mirror reflectivities. The cavity finesse
can also be defined as the ratio of the cavity free spectral range to the mode

width of the cavity resonances.

2.2.2. Theoretical Description of CEAS

The Beer-Lambert law provides the basis of the theory for CEAS to obtain con-

centrations of absorbing species. It relates the transmitted (I) and incident (1)
light to the concentration (C), interaction length (L) with the sample and the
wavelength dependent strength of the absorption of the medium (the absorp-
tion cross section, o(A)):

I =lLexp{—c(A)CL}. Equation 2.3

For small absorptions where o(A)CL <<1,

I=0L1-0c(1)CL) Equation 2.4

giving
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-1
2 =a(A)L
7 (A)

o

Equation 2.5

where a(A)= o(1)C, the absorption coefficient of the sample at wavelength A.

For CEAS, the transmission through the cavity can be represented by the

modified Beer-Lambert law

(I,-1) a()L
I (1-R)

Equation 2.6

where [ and I, are the transmitted intensities with and without an absorbing

species present respectively, a(v) is the frequency dependent absorption coef-
ficient (the product of the absorption cross section, ¢, and the absorber number
density, N), and L is the cavity length [15]. It is noted that the CEAS signal
does not result in an absolute measurement; it is necessary to calibrate the
setup for a well defined transition at a known volume of gas, to determine the
mirror reflectivity R. The total concentration of the absorbing species C is
commonly determined by integrating the area under the recorded absorption

feature using;:

[L@-10),, _ CS.

= Equation 2.7
1(v) (I-R)

where S is the integrated absorption cross section, cm? cm, as used in for in-

stance the HITRAN database. It should be noted that the integrated absorption
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cross section defined in this way is temperature dependent, via the Boltzmann
relation between the total concentration C and the concentration, C.j, of the

level for which the absorption is measured.

The typical path lengths achieved for CEAS are in the order of kilometres. For
example, for a high finesse cavity of 10500, a path length of the order of 6 km
can be obtained using a bench top setup with a resonant optical cavity of
length around 1 m formed from mirrors with reflectivity R of 0.9997. This is in
contrast with a simple multipass cell, where the equivalent 1 m cell used for
infrared absorption measurements gives an effective path length between 3

and 150 m [16].

The derivation of Equation 2.6 has been described in the review of Mazurenka
et al [12], where the output intensity was related to the incident light, consider-
ing mirror reflections (each giving rise to a term in 1-R) and single-pass ab-

sorptions (1-A) for an infinite number of passes within the cavity:

trans

... =1 (1- R (1- A)Z:Rz'7 (1-A4)™" Equation 2.8
n=0

For R <1 and A <1, this can be rewritten as the sum of a geometric progres-

sion:

_,; U=RP(A-4)
trans — Tin 1- R? (1- A)2 Equation 2.9
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The ratio of intensities measured both with and without an absorber present,

I/ 1, can be calculated, and with substitution of the one-pass fractional intensity

change caused by absorption, (1-A) = e*® is:

1, _1-R'exp{-2alL}
I B (1- Rz) exp{—alL} Equation 2.10

In the limit where R is approaching 1 and a is approaching 0, this results in

Equation 2.6.

2.2.3. Signal, Noise and Sensitivity

As in all detection techniques, the maximum sensitivity that can be attained is
governed by an optimal relationship between signal and noise. It is generally
desirable to measure a large change in signal upon a relatively noise free
background, however, particularly in absorption methods such as CEAS, limi-
tations are imposed due to the requirement of being able to discriminate very
small changes in light intensity against a background of high intensity trans-

mitted light [12].

Laser absorption spectroscopy fundamentally relies on the change in intensity
of light recorded on a detector as the light is passed through an absorbing me-
dium. The maximum detection sensitivity that can be attained is referred to as

the shot-noise limit and occurs when the laser has no additional amplitude
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modulations other than its statistical/intensity fluctuations. The minimum de-

tectable absorption signal, at the shot-noise limit is defined by:

/2

1
2eB
((XL )min | T 5 :
n E) Equation 2.11
where ¢ is the electron charge (C), B is the detection bandwidth (Hz), 7 is the

responsivity of the photodetector (in A/W) and P, is the incident power (W)

[17]. In the ideal case, where 1 mW of radiation travelling over a path length
of 1 m, is incident on the detector with a (typical) responsivity of 1 A/W, and a
bandwidth of 400 Hz, the system is limited to a maximum absorption sensitiv-
ity of ~4 x 107 cml. However, in practice, it is unlikely that this limit will be
reached, due to interfering noise from various sources such as variations in the
laser intensity, 1/f noise, detector noise and external instability influences. In
order to try to attain the more demanding detection sensitivities required for
practical applications in sensitive trace gas detection, improvements must be
made by increasing the optical pathlength whilst also reducing the noise in-
herent in the measurement; both of these improvements are implemented in

the NICE-OHMS technique.

Sensitivity is used as a metric for comparing different spectroscopic tech-

niques in order to assess their effectiveness, and so it is necessary to clearly de-
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fine what is meant by the term. In absorption spectroscopy, sensitivity is gen-

erally defined as the minimum detectable absorption coefficient, «,,,, (in cm™),
associated with a S/N = 1. Including the option for varying the interaction

length term, the minimum detectable absorbance, (aL,,,) in the case of CEAS,

is equivalent in amplitude to the shot-noise limit for a cavity with finesse F:

/2

/8 2eB1

(aL)min == 5 :
F n PO Equation 2.12

If the sensitivity of a given technique could be improved by averaging, then it
is generally given that the sensitivity is reported in terms of either a defined
bandwidth (cm?), or a bandwidth reduced sensitivity (cm? Hz- ). This en-
ables a fair comparison across different absorption techniques to assess their
respective performance. In CEAS, the average transmission of a CEAS cavity
is very small (< 100 uW generally reaches the detector), resulting typically in
sensitivities of around ~ 10® — 10° cm™. Improvements in the light levels and
therefore the signal to noise ratio are required for more sensitive gas phase

measurements to be undertaken.
2.3. Experimental details

The experimental setup used for the acquisition of the data presented in this

chapter is shown schematically in Figure 2.3. A tunable external cavity diode
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laser (Sacher Lasertechnik, quoted bandwidth < 2 MHz) operating around

1516 nm provided the light source.

Diffraction
1520nm s
ECDL lasen
SpectrumE
Detector Reference Cell analyser
Detector _J High finesse optical cavity [
“\\ /

Exit mirror Cavity Super Mirrors Entry mirror

Figure 2.3 Experimental setup for the CEAS measurements.

The laser was operated around 34 °C with a current of approximately 100 mA
which gave an output power of 1.8 mW. The frequency of the laser diode was
ramped via the PZT of the external cavity, with a triangular wave at 5.1 Hz to
scan the frequency over approximately 0.6 cm®. The wavelength of the laser
was monitored with a wavemeter (Burleigh WA-1000) and a frequency scale
for the scan was generated by monitoring the laser output with a spectrum
analyser (10 GHz Melles Griot 1300-1500 nm, aligned for a free spectral range

of 0.752 GHz).

The laser radiation was directed onto a diffraction grating (Thorlabs GR-13-
0646) and then passed through a pinhole to remove the amplified spontaneous

emission (ASE) from the laser output. The radiation was then coupled into the
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cavity formed by two high reflectivity mirrors (Newport 10CVOOSR.70T),
which were separated by a distance of 0.67 m. The light transmitted through
the cavity was detected on a photodiode (Thorlabs DET410) and the amplified
signal then recorded with a digital oscilloscope (LeCroy 9304) and passed to a
computer. A chopper motor, operated at 400 Hz, was placed on top of the
cavity housing in order to disrupt the mode structure further and thereby

provide a smoother baseline.

In order to perform pressure shift measurements, an accurate frequency refer-
ence is needed with which to concurrently compare the data acquired. A
beam sampler (Thorlabs BSP10-C1) was used to direct 10% of the light
through a glass reference cell containing a pressure of 12.1 Torr of ammonia,
and the transmitted intensity was recorded on a photodetector (New Focus
1611). This cell was held at a constant pressure with the respective ammonia
absorption spectra recorded simultaneously with the data from the cavity to
provide an absolute frequency reference from which the line shift could be

measured.

The optical cavity was enclosed within a glass and steel vacuum assembly
with separate inlets for the ammonia and broadening gases. The pressure in

the system was recorded with two gauges (Edwards Pirani gauge PRM-10 and
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Edwards Active Strain Gauge). Ammonia was introduced to the evacuated
cavity at a pressure of 150 mTorr in order to passivate the cavity. During this
time, the pressure in the cavity decreased as ammonia was adsorbed on to the
cavity walls. Once the ammonia pressure in the cell had stabilised, the broad-
ening gas was added to obtain a total pressure of 700 Torr and the mixture
was allowed to equilibrate over 5 minutes. The initial pressure of ammonia
was chosen to provide a sensible cavity enhanced absorption signal through-
out the range of pressures investigated whilst ensuring that the contribution of
the self-broadening of ammonia was negligible in comparison with the meas-

ured linewidths.

For each measurement, data were recorded simultaneously from the two

photodetectors, following the NH, cell and cavity respectively, along with

data from the spectrum analyser, all using the acquisition software on the os-
cilloscope. The first measurement, at 700 Torr, was recorded after the gas mix-
ture had stabilised. Following this, a portion of the gas mixture in the cavity
was removed using the vacuum system attached to the cavity and then the
next set of data recorded. This was repeated at pressures from 700 Torr down
to 5 Torr with all experiments carried out at room temperature (295 + 2 K). The
procedure was repeated for the six broadening gases (helium, neon, argon,

xenon, oxygen and nitrogen) for the four ammonia transitions under investi-
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gation. A measurement was taken of the evacuated cavity with no absorbing

species present in order to have a background signal for data processing.

2.3.1. Calibration and sensitivity measurement

To determine the frequency dependent mirror reflectivities, and thus the fi-
nesse of the cavity, absorption measurements of well known transitions of

N,O, at a known pressure, were made. This also enabled the calculation of the

sensitivity of the setup. As ammonia may adsorb onto the mirror surfaces and

affect the reflectivity, a finesse measurement using N,O was taken both before

and after the broadening and shift measurements had been carried out. As no
degradation of the mirror reflectivities was observed by monitoring the signal
level and seeing no change over time after the initial introduction of ammonia
to the cavity, a single finesse measurement is sufficient to describe the meas-

urement conditions. A known pressure of N,O (19.5 Torr) was added to the

cavity and the absorption spectrum recorded, shown in Figure 2.4; the inset

shows the fit to the recorded spectrum for the R51e transition of the 3v, band

at 6595.74 cm™ used for the finesse calculation which has an integrated absorp-
tion coefficient S of 5 x 10 cm™ cm?[18]. The spectral features on either side
of the transition in question were significantly stronger leading to distorted

line profiles and so could not be used for the finesse calculation.
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Figure 2.4 Recorded absorption spectrum of 19.5 Torr of N,O. Shown in the inset is a fit to
the recorded N,O spectrum for the R51e transition of the 3v, band at 6595.74 cm™ used for

the calibration.

From the CEAS signal amplitude returned from the Gaussian fit shown in the
inset in Figure 2.4 and using Equation 2.6 a mean mirror reflectivity of 0.997 +

0.01 was calculated, which corresponds to a finesse of 1150.
2.3.2. Region of Interest

The four ammonia transitions investigated in this work arising from transi-

tions in the (v, + v,) combination band are in the region from 6595 to 6596 cm™
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as shown in Figure 2.5, with the upper two traces, each including two transi-
tions of interest, being CEAS data acquired with the setup as described and
the lower trace showing a simulation using the data from reference [21].
These transitions are relatively strong, well separated, and free from interfer-
ence by other absorbers [19] making them ideal for use in detection systems

[20].
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Figure 2.5 The ammonia absorption spectrum around 6595 cm?. The lower spectrum is a
simulated spectrum based on the data in reference [21] with the upper two spectra showing
data in the two regions of study (B and C) recorded using the cavity filled with 150 mTorr of
ammonia. The absorption feature at 6595.8 seems to be an unreported NH, transition. The data have

been offset (in the y-axis) for clarity.

This region has previously been studied by Gibb et al [19] with the earlier
work involving measuring nitrogen, oxygen, air and self-broadening coeffi-

cients for six ammonia transitions in the (v, + v;) combination band of ammo-
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nia within the region 6595 to 6600 cm™ using Wavelength Modulation Spec-
troscopy (WMS). The transitions measured here were described by Gibb et al.
as regions B and C, with two transitions in each region in the publication. The
work presented by Gibb et al [19] also included transitions Al and A2 at
6600.182 and 6599.893 cm, respectively. However, these transitions are unas-
signed, and due to their position in the spectrum, careful realignment of the
system would have been necessary to extend the work to include them, hence
only the B and C lines have been considered here. This naming convention is
continued here to refer to the four transitions studied in this chapter, with
their labelled positions being indicated on Figure 2.5 and Table 2.1 respec-

tively.

Table 2.1 Details of the ammonia transitions studied with their wavenumbers and assign-
ments (for notation see main text).

Line Wavenumber/cm? Assignments [ref 21]
B1 6595.923 RQ(4,1) (a)
B2 6595.616 QP(10,6) (s)
(G 1 6595.241 RQ(5,1) (s)
C2 6595.063 RQ(5,1) (a)

The transitions have been assigned by Lundsberg-Nielsen et al. [21] with their
line positions given in Table 2.1. The assignment notation corresponds to 2KAJ

(J”, K”) where (J”, K”) are the lower state quantum numbers of the (J', K') €<
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(J”, K”) transition and (s) and (a) relate to the symmetric and asymmetric in-
version symmetry of the ground vibrational state. The four transitions studied
are well separated, but there are also other weaker absorption features in this
region, including some not reported by Lundsberg-Nielsen et al., which ap-
pear on the spectrum and should be noted. During the fitting routines under-
taken, the smaller absorption features were included in order to achieve the

most accurate fit.

2.3.3. Data analysis

Figure 2.6 shows three typical CEAS spectra for 150 mTorr of NH, broadened

and shifted by three different pressures of Xenon for the Bl transition at
6595.923 cm™'. As the pressure of broadening gas is increased from 5 to 250
Torr, the absorption profiles become wider due to the pressure broadening ef-
fects. Figure 2.6 also shows the pressure shift effect with the absorption pro-
file centres shifting to lower frequencies at higher pressures. In order to ob-
tain the broadening and shift coefficients for each gas, the data were trans-

formed into the form (I,-1)/I, where I, was taken from the empty cavity meas-

urement recorded with each data set.
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Figure 2.6 The absorption profile for the B1 line of ammonia at 6595.923 cm™ broadened and
shifted by three different pressures of xenon.

The low pressure absorption traces, shown in Figure 2.5, (~150 mTorr of NH,

before the broadening gases were added) were well represented by a Gaussian
profile returning a Gaussian width of 591 + 5 MHz (FWHM) compared with
the theoretical value of 593 MHz. With the broadening gas present, the data
were fitted using a Voigt profile (a convolution of a Gaussian profile and a

Lorentzian profile) as given in Equation 2.13:

7x2

f(v)=4 J. ¢ dx Equation 2.13

2 2
- (\/m 2 A% j + {\/4111 2 VA_ Yo _ x}

Av,
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where A is a scaling factor, v, is the central transition frequency, Av, is the half

width at half maximum (HWHM) of the Gaussian component of the fit and

Av, is the HWHM of the Lorentzian component of the fit. The fitting routine
had Av, fixed to the theoretical value, while Av,, v, and A were allowed to

vary. From this fit, the Lorentzian width of each absorption profile and the
central frequency were obtained. As demonstrated by the fits shown in Fig-
ure 2.6, throughout the fitting procedure the absorption feature was well rep-
resented by a Voigt profile and no evidence of collisional narrowing and/or

line mixing was observed.

To determine the pressure broadening coefficient, the HWHM of the Lor-
entzian component from each absorption feature was plotted as a function of
pressure. A straight line fit (without forcing the intercept through zero)
through these data returns a gradient y, the pressure broadening coefficient.
Data were recorded at pressures from 5 to 700 Torr, however, in some cases, at
higher pressures (above 500 Torr), the pressure broadening can cause merging
of the transitions and can compromise the accuracy of the fitting routine for

the features, with the features becoming indiscernible as specific transitions.

When calculating the pressure shifts, it was necessary to record the change in

the line centre (v,) of the absorption feature relative to a constant low pressure
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gas sample and measure the difference between the centre frequency of the
transition at pressure, P, in the cavity and the centre of the same transition in
the fixed pressure static cell. This difference was plotted against pressure and
a linear fit through these data returned a gradient 0, the pressure shift coeffi-

cient.

The errors (corresponding to one standard deviation uncertainty, 1o, as will be
the case throughout this thesis) on the individual measured data points for
broadening and shift are those arising from the Voigt fitting procedure along
with an estimate of the reproducibility of the results acquired and systematic
errors from readings of the pressure gauge. The errors reported for broaden-
ing and shift coefficients are from a weighted linear fit of the data. Error bars
are shown on the figures, however, in the case of the broadening data, the er-

ror bars are small and so cannot be clearly seen.
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2.4. Results and Discussion

2.4.1. Pressure Broadening Measurements

(a) B1 (b) B2
1600 - 1400 4 .
A Helium A Helium
1400 m  Neon o 365 ® Neon ®
4 Argon 4 Argon
1200 ® Xenon
5 200 ® Xenon P 2 1000 é
= =
= 1000 o y = .
s * = a0+
I 800 A
S [ ] *- R = ®
T w0 s - s I 500+ _
£ * i f’_; . = 3 ) —-";L. 3
g 400 o ” . T 400 .
8 o 0w 2 e
S o P W 3 4
= 200 ° 2 - 200 -
7% 04
-200 T T . . . r r r T T T T T T T T
-100 0 100 200 300 400 500 600 700 -100 0 100 200 300 400 500 600 700
Pressure / Torr Pressure / Torr
(c) C1
1400 - ) 1400 (@) C2 !
A Helium A Helium
558 ® Neon b ®  Neon L -
il 4 Argon 7 4 Argon v
@ Xenon d @ Xenon &
£ 1000+ » P £ 1000 P e
= e = =
= ® e = P
= 800 P = 800
é L [ ] e A
- s« = o g .
T 600 * I T 600 e i
= ] —K c &> A
2 7 - 8 .. .,,,- -
2 400 of N - £ 400 T 5 f
5 P o o o =
- .'ﬁ/'/.- S et o
200 i’“ 2001 }ﬁ e o
0 /ﬂ' 04—
- T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Pressure / Torr Pressure / Torr

Figure 2.7 The Lorentzian HWHM as a function of pressure for the (a) B1, (b) B2, (c) C1 and
(d) C2 lines of ammonia for broadening by the rare gases-He, Ne, Ar and Xe.

The recorded Lorentzian HWHM'’s were plotted as a function of pressure, as
shown in Figure 2.7 for each of the four ammonia lines under consideration
broadened by four noble gases: Helium, Neon, Argon and Xenon with the

gradients through these points returning the pressure broadening coefficients,
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shown in Table 2.2. Also shown in the table are the results for previously pub-
lished work on the same transitions, with which these results show good

agreement.

Table 2.2 Pressure broadening coefficients for the four absorption lines with six collision
partners, all referring to HWHM values. Also shown are previously published measure-
ments for the same lines where available [19]. Errors were calculated as explained in the
text.

Pressure broadening coefficients / MHz Torr!

Line Frequency  y-He v-Ne Y-Ar Y-Xe v-O2 v-N2 Y-O2 Y-N2
/ cm! [ref. 19] [ref.19]

B1RQ(4,1) 6595.923 1.11+0.02  1.05+0.02 1.85+0.02 2.42+0.02 2.10+0.02 3.45+0.03 1.93+0.10 3.63+0.19

B2 QP(10,6) 6595.616 0.71+0.02 0.83+0.02 1.05+0.02 2.12+0.03 1.44+0.02 2.75+0.03 1.48+0.10 2.74+0.15

C1RQ(5,1) 6595.241 0.96+0.02 0.94+0.02 1.52+0.02 232+0.03 2.19+0.02 2.80+0.02 1.73+x0.08 2.97+0.16

C2RQ(5,1) 6595.063 1.04+0.02  0.99+£0.02 1.80+0.02 2.52+0.02 1.81+0.02 3.52+0.02 1.69+0.09 3.39+(0.18

Pressure broadening effects result from the increasing collisions at higher
pressures causing an associated reduction in the average lifetime of both levels
involved in the transition [22]. It should be noted, however, that the pressure
broadening parameters are not solely dependent on collision rate but are sub-
tly determined by the intermolecular forces which operate during the interac-
tion between the molecule and the radiation field [23]. The broadening coeffi-
cients are therefore expected to increase through the rare gases as their po-
larisability increases. The rare gases have a dipole induced dipole interaction

with ammonia and so a larger temporary induced dipole results in a stronger
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interaction and associated larger broadening coefficient. This trend of increas-
ing broadening coefficients through the rare gases is observed in the pressure

broadening results for all lines and broadening gases, as shown in Table 2.2,

and illustrated in Figure 2.7.
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Figure 2.8 The Lorentzian HWHM as a function of pressure for the (a) B1, (b) B2, (c) C1 and
(d) C2 lines of ammonia for broadening by the diatomic gases O, and N,.

The broadening coefficients for N, and O, measured are shown in Table 2.2
and illustrated again for the four ammonia lines in Figure 2.8. Both oxygen
and nitrogen have a quadrupole-dipole interaction with the ammonia, with

nitrogen having the larger quadrupole moment and, as such, would be ex-
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pected to have the larger broadening coefficient. Recently Koshelev et al. [20]
have measured pressure broadening coefficients, y, for a number of *P(J",0)

transitions in the (v, + v,) band of NH, with N, and O, as collision partners.

They find, as have studies of pressure broadening in other bands [24, 25, 26,
27, 28, 29], that vy decreases with increasing ], by approximately a factor of 2

for N,, and 1.8 for O, between ]’ =2 and 9. For the v, [27, 28] and v, [29] bands

v increases with increasing K" for a given ], with the increase being of the or-
der of 10% over the available K" space for all measured colliders except for
self-broadening, where a more marked variation is observed [27]. As the tran-
sition J” (initial rotational level) = ]’ (upper rotational level) involves transfer
of energy, it can be suggested the decrease in vy for a increasing J”” could be ac-
counted for by the increased difficulty of transferring larger amounts of en-
ergy as ] increases. The limited results obtained in this work, shown in Table
2.2 generally confirm this trend (y values are lower for the J"= 10 line than for
J" =4, 5 for all colliders), and thus the results in this work for ]" =4, K” =1 can
be confidently compared to with those of Koshelev et al. for J” = 4, K”= 0. For
Oz and N, the measured broadening coefficients were y = 2.10 and y = 3.5
MHz Torr, respectively, which is in excellent agreement with the reported
values of 2.08 and 3.60 MHz Torr! [20]. They are also in good agreement with

measurements undertaken at higher frequencies [30].
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Koshelev et al. [20] have shown that for given values of J” and K”, v is largely
independent of the vibrational band measured, and this has been previously
noted [31]. It follows thus that the results from this work should be able to un-
dergo comparison with previous measurements and calculations in other
bands [29, 32, 33], particularly the extensive calculations carried out by Dhib et

al. on NH, broadening coefficients [29, 33, 34], on the v, band in collisions with
He and Ar [29], and N, and O, [33]. The calculated values for the v, band are in

good agreement with the experimental data: for example the averaged values
on the *Q(5,1) lines in Table 2.2 (C1 and C2) are 1.00 and 1.66 MHz Torr", re-
spectively, compared with the calculated values for He and Ar on the *P(5,1)

lines of 1.12 and 1.64 MHz Torr [29].

The calculations referred to above are based on the semiclassical formalism of
Robert and Bonamy (RB) [35] and have also been performed for the transitions
presented here by Dr Dhib, (Laboratoire de Physique Moleculaire, Ecole Supe-
rieure des Sciences et Techniques de Tunis) in a collaboration for this work

and associated publication [36]. In this theory, the relative trajectories of NH,

and perturber are treated classically and are developed up to second order in
time. The collisional half-width, y, and frequency shift, 5, of an isolated, pres-

sure broadened transition are given by
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o o VN2
y+i = i;p,}[uf(u)duj 2. dr. (%) S(r,uJ), Equation 2.14

where 7 is the number density of the perturber gas, f(i) is the Maxwellian dis-

tribution of relative speed, u, of the absorber-perturber collision pair, p is the
relative population of the perturber in the |J,v = 0) state, and S is the complex

differential cross section representing the collisional efficiency, which includes

contributions from the intermolecular potential. 7, r. and u’. are position and

co/

velocity parameters related to the parabolic relative trajectories [33, 35, 37, 38].

For the N, and O, colliders the intermolecular potential is calculated directly

from the known dipole, quadrupole, octapole and hexadecapole moments of

NH, and the colliders as well as the induction and dispersion energy contribu-

tions. For the rare gases, where no accurate interaction potential is known, a
potential described by Legendre polynomials up to second order terms is used
[29]. The four coefficients of the repulsive and attractive parts in this potential
are treated as adjustable variables. Since the data presented constitute only
four transitions, any calculations based on these data should be treated with
caution and should be tested over a wider range of measurements. Therefore,
calculations for the rare gas data are not reported here. Since the calculations

for N, and O, colliders require only known parameters to calculate the inter-

molecular potential, these have been undertaken for the transitions studied
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here. The molecular parameters used in these calculations are shown in Table

2.3 and Table 2.4.

Table 2.3 Molecular parameters for NHs, Oz and N: used in the theoretical calculations.

Molecule NH, o, N,

M (u.m.a) 17.03 31.9988 28.013
1 (D) 1.4715 bl 0 0
QD4 -2.32131 -0.40871 -1.30871
Q (D 42) -1.2019) 0 0

@ (D 2%) - 4.301%) 2,713

o (A) 3.01810 3.58411 3.816121
e (K) 294 31401 117.51121 9291142
ai(A3) 2.181 1.58120401 1.741501
U (ev) 10.161431 12.0631431 15.5761431
Y 0.054p1 0.2380391 0.137691
Ay (A%) -0.063305] 0 0

A, (A% 0.7931%1 0 0

Table 2.4 Rovibrational parameters used in the calculations for NHs in the ground and (v, +

v,) states, and for O, and N, in the ground vibrational state.

Molecule  State B (cm™) (C-B) (cm™) D @10#*cm?) Dk (10“4cm?)  Dx(10%cm™)
s 9.94664 -3.71828 8.4953 -15.783 10.107
Grd. ™ a 994159 -3.71123 8.32742 -15.3197 9.78949
NHs s 9.9500 -3.8309 8.3370 -24.5772 5.9024
vitvs4l a 9.9444 -3.8405 21.6163 -59.0978 23.9308
Oz Grd.14l 1.437654 4.837 10

N2 Grd.#7] 1.989622 — 5.763 102 — —
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The calculated pressure broadening coefficients, together with the experimen-
tal results obtained, are shown in Table 2.5. The calculated values show good
agreement with the experimental data considering that the expected accuracy

of the calculations is around 20% [55].

Table 2.5 Experimental and theoretical values of the broadening coefficients for diatomic

gases.

Line Frequency v-O, YN,
Exp Calc Exp Calc
B1*Q4D  6595.923 2.10 1.94 3.45 3.90
B29P(10,6)  6595.616 1.44 148 2.75 3.42
C1rQ(5,1)  6595.241 2.19 1.93 2.80 3.58
C2RQ(5,1)  6595.063 1.81 1.93 3.52 3.58

2.4.2. Parmenter Seaver Calculations

It has been shown that it is possible to estimate the well depth of the ammonia
dimer from the broadening coefficients for a range of the colliders using the
Parmenter-Seaver relationship [22], however it is emphasised that this rela-

tionship is best used as a qualitative tool for prediction and comparison.

The collisional cross section, o,, is related to the pressure measured broaden-

ing parameter, v, as follows:

_y2mkyT
Owm = % Equation 2.15

rel
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where k; is the Boltzmann constant, T is the temperature and V,, is the mean

relative speed of the collision partners.

For collision induced state changes between an excited molecule A* and a col-
lider M, Parmenter and Seaver [48] defined the following correlation between

the collisional cross-section, ¢,, and the intermolecular well depth:

0, =Cexp(e' ./ kyT) Equation 2.16

where C is a collection of constants (depending on the model used) and ¢’,.,,

is proportional to the intermolecular well depth for A* with collider M, where
A* and A refer to the excited and relaxed states of the perturbed species. Well
depths involving the excited state, A*, are assumed to be approximately equal

to those involving the relaxed state, A.

As noted by Parmenter and Seaver [48], the interpretation of ¢’,.,, should be
approached with caution as it is only proportional to the true well depth ¢,.,

to within a factor of 2, with the exact proportionality constant dependent on

the form of the model chosen to represent the potential. Assuming that &',.,, =
e,y and the proportionality constant = 1, then, a plot of In o), against €.

should yield a straight line, with a slope of 1/(k;T).
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Since the intermolecular potentials for the interaction between the colliding
species have not always been investigated, the interspecies well depth is usu-

ally substituted by the geometric mean:

/
A CAR 8MM)1 ’ Equation 2.17
Here ¢,,, is the well depth for the dimer species MM (and is generally well

known) and ¢ ,.,. is proportional to that of the A* molecules and contains the

well depth correction. The cross-section, therefore, becomes:

o, =Cexp[B(e,, k)] Equation 2.18
with
B=(&"4s/ kBTZ)l/2 Equation 2.19

From this, a plot of In(o,,) against (€,,,/k)?, yields a gradient 3, from which the
broadening with different gases can be calculated. Equation 2.19 gives the
gradient of the linear fit of the data as , from which ¢’,.,. can be extracted
(usually assumed to be roughly equal to ¢,,) and used to estimate the poten-

tial well depth of the dimer. In Figure 2.9, the Parmenter-Seaver plot for the

C2 transition is shown.
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Figure 2.9 Parmenter-Seaver plot using the pressure broadening coefficients of the C2 line
of ammonia.

The data points for the rare gases, which all have a dipole induced dipole in-
teraction with the ammonia gas, lie on a straight line. The fitted line does not
include the points for the diatomic molecules, oxygen and nitrogen, since the
dominant intermolecular interaction is of a different type (e.g. dipole quadru-
pole as in the case of N,). The slope of the rare gas data on the Parmenter-
Seaver plot was thus used to calculate the dimer binding energies and the re-
sults for each transition are given in Table 2.6. These binding energies show
variation, as might be expected given the transitions have different upper rota-

tional states.
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Table 2.6 Measured and theoretical values for the potential dimer well depth for ammonia,
U, calculated as explained in the text.

Ammonia This This This This This work Theory Theory
work work work work average result result
line B1 line B2 line C1 line C2 [49] [50]

UJmol) 139+02 145+02 11.6+01 158+01 139+18 13.6 13.2

The average binding energy from these transitions is 13.9 + 1.8 k] mol™.
Theoretical calculations of the dimer well depth of ammonia have been re-
ported in the literature [49, 50] and give values of 13.6 and 13.2 k] mol?, re-
spectively, corresponding well with the average value found from the slopes

of the Parmenter-Seaver plots.

2.4.3. Pressure Shift Measurements

Figures 2.10 and 2.11 show the shift in line centre as a function of pressure for
each of the six added gases, for which the gradient of the linear fit yields the
pressure shift coefficient, d. The results for the measured shift coefficients, o, in

MHz Torr! for He, Ne, Ar, Xe, O, and N, are given in Table 2.7.
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Figure 2.10 Line centre shift versus pressure for the (a) B1, (b) B2, (¢) C1 and (d) C2 lines of am-
monia for the rare gases-He, Ne, Ar and Xe.

Table 2.7 Pressure shift coefficients for the four absorption lines with six collision partners.
Errors were calculated as explained in the text.

Pressure shift coefficients/ MHz Torr?

Line Frequency o-He 0-Ne 0-Ar 0 -Xe 0-0O, 0-N,
/cm?
B1rQ(4,1) 6595.923 0.03+0.03  -0.11+0.03  -0.66+0.03  -0.95+0.03  -0.47+0.04  -0.33+0.05
B22opr(10,6) 6595.616 0.06+0.03  -0.08+0.03  -0.48+0.06  -1.27+0.03  -0.55+0.03  -0.54+0.05
C1rQ(5,1) 6595.241 0.03+0.03  -0.08+0.03  -0.53+0.03  -0.93+0.04 -0.34+0.03  -0.32+0.03
C2 rQ(5,1) 6595.063 0.01+0.03  -0.11+0.03  -0.56+0.03  -1.03+0.04 -0.52+0.03  -0.30+0.03
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Figure 2.11 Line centre shift versus pressure for the (a) B1, (b) B2, (c) C1 and (d) C2 lines of
ammonia for the diatomic gases Oz and No.

It is noted that line shifts are (with the exception of collisions with He) all
negative, which would be expected if the perturbed transition took place be-
tween levels which were lowered by attractive interactions to a larger extent in
the excited state than in the ground state. Shifts in other vibrational bands

have been observed to be positive for v, [34, 51] and 2v, [52, 53] and negative

for v, [52, 54, 55].

To describe the shift theoretically, the intermolecular potentials between

ammonia and the collider for the both the upper and lower states of the transi-
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tion must be considered. One major contributor to the intermolecular poten-
tial can be associated with the dipole moment of the ammonia molecule. This
depends crucially upon vibrational quantum numbers [56], and has been

measured to be higher in the (v, + v,) level (1.5167 D) [56] than in the ground

state (1.472 D). When there is a large change in dipole moment between the
ground and excited states, the change in the intermolecular potentials will be
dominated by this and we would expect the sign of the shift to follow the
change. However, if the change in dipole moment is small then additional
terms (e.g. the polarisability or other long range parameters) must be taken

into account.

Pressure shifts occur due to interactions between the two colliding pairs, for

example NH, and Ar, with dipole moments being important contributors to

the intermolecular potentials. The change in intermolecular potentials is re-
sponsible for the shift. At large separation distances between the collider and
the ammonia, there is no interaction and so the energy levels remain at the
same distance apart, and there is no shift (as there is no change in the intermo-
lecular potential. However, at closer distances, interaction occurs. The
strength of this interaction depends on the dipole moment strength of the col-
lider. Measurements have shown [56] that the temporary induced dipole (on

the Argon collider due to its polorisability) will interact more strongly with
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the upper state in ammonia than with the ground state, due to the dipole mo-
ment in the upper state (1.5167D) being greater than that of the ground state
(1.472D). This increased interaction with the upper state causes a reduction in

the energy level of that state, therefore the overall transition between (v, + v;)

and the ground state becomes smaller with increasing pressure, thus shifting
the line centre to lower wavenumbers. If the dipole moment were larger in the

ground state than upper state, then a positive shift would occur.

Table 2.8 shows that the largest difference in dipole moment is -0.2266 D [56]

between the v, =1 level and the ground state and this is observed to give rise

to a positive shift [34].

Table 2.8 Dipole moments for the ground state and the vibrationally excited states under
consideration [37].

Band Dipole moment (Debyes) Change in dipole (Debyes) Observed Shift sign

ground state 1.4715 - -

v+, 1.5167 0.0452 negative
v, 1.2449 -0.2266 positive
v, 1.4554 -0.0161 negative

It can be seen that the change in dipole moments for both the v, and the (v, +
v,) band are much smaller than for the v, band but similar in magnitude, al-

though they have different signs. These are observed to give a negative shift,
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suggesting that other long range parameters are indeed important and that
they tentatively favour a negative shift since they overcome the positive shift

we might expect from the change in dipole moment of the v, band.

Following on from the broadening calculations which were undertaken for N,
and O,, the Robert and Bonamy (RB) theory is also used to calculate the line

shift for these colliders. This theory has been successfully used in the past to
account for the magnitude and sign of the shifts in other bands [34, 51, 54, 55].

Central to the calculation of the line shift is the S5, term (given in ref [55])

which includes both a term arising from the change in dipole between the
ground and exited states and an adjustable term accounting for other long

range forces (polarisability in the case of O,). The full line shift calculations

involve the following three inputs: the molecular parameters found in Tables
2.3 and 2.4, the dipole moments found in Table 2.8 and an additional single
adjustable term to account for intermolecular forces. The values for the adjust-
able term used, following the same terminology as Dhib et al. [52], are Aa =

0.08 A3 for the NH,-O, system and AC,/C, = 0.02 for the NH,-N, system. These

values are similar (within a factor of 2) to values used to calculate the correct
magnitude and sign of shift coefficients across a range of bands and colliders

[29, 33, 34, 52, 54, 55].
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The results of these calculations (performed by Dr Dhib) together with our ex-
perimental measurements are presented in Table 2.9. As can be seen these
show good agreement, successfully accounting for both the magnitude and

the sign of the shift for both colliders.

Table 2.9 Experimental and theoretical values of the pressure shift coefficients for the dia-
tomic gases.

Line Frequency 6-0, o-N,

Exp Calc Exp Calc
B1rQ@4,1)  6595.923 -0.47 -0.51 -0.33 -0.32
B20eP(10,6) 6595.616 -0.55 -0.60 -0.54 -0.39
C1RQG,1)  6595.241 -0.34 -0.56 -0.32 -0.37
C2RrQ(5,1)  6595.063 -0.52 -0.56 -0.30 -0.37

It is noted that the sign of the shift of all of the data for this work is the same
and negative with the exception of He where a small positive shift is observed.
This is consistent with the trend observed in measurements of the line shift for
other bands, where the sign is the same for a variety of colliders, for example

the v,band has been observed to have a negative shift for H,, CO,, N,, Ar, and
some He transitions [52, 54]. The He data for the v, was observed to be close

to zero and also displayed a small positive shift for some transitions [53],
again consistent with the trend observed. These trends are also seen in theo-

retical calculations using the RB theory for He and Ar, where one of the terms
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in this RB theory for the line shift includes the effect of polarisability. Based
on these, an increase in line shift with the polarisability trend though the rare
gases is to be expected. The data for He, although small in value and close to
the detection limit, appear to be slightly positive and presumably indicate the
importance here of either the repulsive part of the potential or higher order

terms.

2.5. Conclusion

In this chapter, CEAS around 1516 nm has been used to measure the pressure

broadening and pressure shift coefficients for four transitions in the (v, + v,)
combination band of ammonia. Work in the (v, + v,) combination band has

important uses in atmospheric sensing and accurate knowledge of line broad-
ening and shift coefficients is both useful and necessary. The relative ease
with which a CEAS setup can be used to measure the accurate line parameters
as shown here, with a sensitivity of 6 x 10® cm® Hz'?, is encouraging for at-
mospheric monitoring due to the relative simplicity of the setup and ease of
data acquisition. The sensitivity of this setup could easily be improved by

employing higher reflectivity mirrors resulting in a higher finesse cavity.

To our knowledge, this is the first reported measurement of pressure shift co-

efficients in this band. Comparisons of the broadening coefficients with pre-
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vious work in this region, where it exists, show good agreement. Calculations
for the pressure broadening and shift coefficients of nitrogen and oxygen have
been undertaken using the Robert and Bonamy theory and these are also in
good agreement. Both the broadening and shift coefficients show a clear trend
through the rare gases, which can be explained in terms of the varying magni-
tude of the long range attractive forces operating between the colliding part-
ners. The measured pressure broadening coefficients are used to estimate the
potential well depth of the ammonia dimer using the Parmenter-Seaver for-

malism. The obtained well depth agrees well with theoretical calculations.

The remainder of this thesis explores more complex but increasingly sensitive
diode laser spectroscopic techniques, in order to improve the detection sensi-
tivity from the 6 x 10® cm™ Hz'2? obtained here, to higher sensitivities, ap-

proaching the 102 — 10! cm™ necessary for atmospheric detection of HO, in

real-world scenarios. The following Chapter 3 presents a more theoretical de-
scription of the basic optical cavity technique used here, followed by an ex-
pansion to more complicated CEAS based techniques, modulation spectros-
copy and finally ultra-sensitive laser absorption spectroscopy, NICE-OHMS.
Chapters 4 and 5 build on the theoretical basis of the experiments presented in
Chapter 3, and present applications of various sensitive absorption techniques

to atmospherically important species, such as CH, N,O, CO, and HO,.
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Chapter 3

Theoretical development of

NICE-OHMS

3.1. Introduction

Previously in this thesis, the use of detection methods for trace gases has been
introduced and discussed, noting that the development of these techniques
was enhanced by the availability of high performance and economically viable
diode lasers from the telecommunications industry. With their ease of use and
ever increasing wavelength coverage, particularly in the near infra-red portion
of the spectrum, they are an ideal choice for sensitive and selective spectro-
scopic gas detection. In the previous chapter, the technique of CEAS was in-

troduced. This is a good technique to use when sensitivity does not have to be
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of ultimate importance, but the ease of use and robustness of the technique is
paramount. However, when the species under investigation are of much
lower concentration, for example, for the detection of atmospherically impor-
tant species, or the analysis of trace compounds in human breath, CEAS often
does not provide the required detection sensitivity, and so other techniques to
improve the sensitivity of laser absorption spectroscopy must be employed
[1]. This can be achieved by a suite of methods including locked CEAS,
whereby the laser is locked on resonance with the cavity, utilising the increase
in path length and signal, and various modulation techniques whereby the de-
tection regime is moved to higher frequencies in order to achieve a reduction
in the noise. Noise Immune Cavity Enhanced Optical Heterodyne Molecular
Spectroscopy (NICE-OHMS) is an ultra sensitive spectroscopic technique that
combines frequency modulation spectroscopy with resonant cavity enhanced
spectroscopy. It is one of the most sensitive spectroscopic techniques in exis-
tence due to the combination of signal enhancement by the use of the optical
cavity, and noise reduction due to the modulation techniques, giving rise to

sensitivities which are approaching the shot noise limit [2, 3].

This chapter outlines the theoretical description of modulation spectroscopy
within a locked cavity with a view to providing a theoretical description of the

NICE-OHMS experiment. A description of frequency modulation spectros-
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copy (FMS) is provided first, followed by an application of this through the
use of the Pound Drever Hall technique to lock the laser to a resonant cavity.
Following this, a description of the application of FMS in a cavity is presented,
and finally a description of wavelength modulation spectroscopy (WMS) as
the final component of the full NICE-OHMS method, along with simulations

of the full NICE-OHMS signals.

3.2. Frequency modulation spectroscopy (FMS)

The techniques described previously in this thesis have been primarily con-
cerned with increases in signal size by the use of an optical cavity to enhance
the path length. However, residual sources of noise still remain, arising from
fluctuations in the laser’s frequency stability and output intensity, along with
background fluctuations and also frequency dependent 1/f noise. If this resid-
ual noise is reduced or effectively eliminated, detection sensitivities approach-
ing that of the shot-noise limit may be attained [4]. A very effective technique
for reducing residual noise is that of modulation spectroscopy, where the sig-
nal detection is shifted to higher frequencies thereby reducing the contribution

of the noise to the measurements [5].

Two variations exist for modulation spectroscopy: frequency and wavelength

modulation spectroscopy, which differ only in the regime under which they
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operate. The theory of the two modulation spectroscopy methods can most
easily be described by considering the specific regime for each case; this is

highlighted pictorially in Figure 3.1. If the modulation frequency, w,, is small

m

compared to the linewidth, I, of the absorption feature, i.e., w, << I, and the

modulation index S is large, i.e., f >> 1, measurements are said to be con-
ducted in the Wavelength Modulation Spectroscopy (WMS) regime [6, 7, 8, 9,
10, 11]. However, if the modulation frequency is similar to or larger than the

absorption linewidth, i.e., @,, > T, and the modulation index is kept small, i.e.,

P < 1, Frequency Modulation Spectroscopy (FMS) provides a better descrip-
tion. WMS and FMS are thus very closely related, effectively being limiting
cases of the various modulations possible. For FMS, when g < 1, the

modulated field consists of a triplet comprised of the carrier frequency, w,,

and one set of sidebands, with the sideband separation from the carrier
frequency, o,, being relatively large, so w,; = w, * w,. In contrast, the
corresponding separation for the sidebands in WMS is much smaller, with a

progresion of n sidebands on either side of the carrier frequency and so w,, =

W, * nw

me
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(a) (b)

Modulation index Modulation index
B<1 B>>1

I > Frequency Frequency
W, W, Wy

Figure 3.1 Pictorial representation of FMS (a) and WMS (b) modulation regimes.

The modulation of the signal therefore involves the imprinting of a sinusoidal
variation of the frequency or phase onto a central carrier frequency either by
applying the modulation directly to the injection current of a diode laser or
externally by the use of an electro-optic modulator (EOM). In FMS, this is
manifest as an FM triplet with sidebands at plus and minus the modulation

frequency, w,, on either side of the central carrier frequency (Fig 3.1(a)). If the

modulated light is then passed through an absorbing sample, then the absorp-
tion converts some of the frequency modulation (FM) into an amplitude
modulation (AM). This can then be detected with a square-law detector and
phase sensitive detection techniques, such as a lock-in amplifier or a radio fre-
quency mixer, at the modulation frequency to retrieve the resulting FMS sig-
nal in the absorption or dispersion phase. This FMS signal is caused by the

combination of the two beat signals from the “beating” of the sidebands
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against the central carrier frequency with a beat frequency w,,. Figure 3.2

shows schematically the effect upon a phase modulated radiation field inter-
acting with an absorption feature and shows the resulting FM absorption sig-
nal. When the modulated light frequencies are off resonance, the beat signals
from each of the sidebands against the carrier frequency are equal but of op-

posite sign, and so they cancel out and there is no net signal.

vegnae 107 b 1V 1
} ! {

=(Dm
a) b) c) d) e)

Figure 3.2 The direct absorption (black) and the corresponding FM absorption signal (red)
profiles. The effects upon a phase modulated radiation field are schematically illustrated
for the magnitude and phase of the radiation as the carrier frequency is scanned across the
resonance. a) Off-resonance the magnitudes of both sidebands are equal. b) +wm sideband
magnitude attenuated. c¢) At line centre, maximum attenuation for the carrier and both
sidebands attenuated to same extent. d) —wm sideband magnitude attenuated. e) Off reso-
nance again. Picture modified from [12].

However, as the carrier frequency passes through the absorption feature, each
sideband is attenuated to a different extent, and this causes an imbalance in

the beat signals as the carrier frequency is scanned over an absorption feature,
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resulting in a non-zero signal. The detected beat signal also cancels out to zero
at the transition centre, where the beat signals are equal, as shown in Figure

3.2 (o).

The laser source used in this thesis is an external cavity diode laser (ECDL),
with diode lasers providing good light sources to perform FMS as they can be
modulated directly by the addition of a radio frequency (rf) signal to their in-
jection current, via the bias-tee. However, although this is economically more
desirable, direct rf modulation of the current leads to a phase change in the
output signal, and also additional noise which appears as residual amplitude
modulation (RAM) on the signal. The RAM interferes with and can mask the
required modulated carrier frequency signal, and so is undesirable for ultra
sensitive detection techniques. Although more expensive, the use of an EOM
placed into the laser beam path to phase modulate the light is much better,
greatly reducing the RAM effects when aligned carefully in the experimental
system. An EOM provides the modulation for the work presented in the re-

mainder of this thesis.

3.2.1. Theoretical description of FMS

Frequency modulation spectroscopy has been described in detail previously

by a number of workers [13, 14, 15, 16, 17, 18, 19, 20, 21], and here only a brief
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description is given. The unmodulated time-varying electric field of the laser

radiation is given by:
E(1) = E, exp(io,!) Equation 3.1

where E is the amplitude and @, is the angular frequency, which is related to
the frequency by v = /2. Modulation of the radiation at a frequency, o,, re-

sults in modulation of both phase and amplitude:

E(1) = E,[1+ M sin(w,t + ¢)lexp[i(ayt + Bsin(w,1))] Equation 3.2

where f is the modulation index and ¢ is the phase difference between the
amplitude and frequency modulation. M is the residual amplitude modula-
tion (RAM) and in pure modulation spectroscopy it is zero. In reality most
experiments do have some degree of RAM, though this theoretical description

presented here assumes perfect alignment of the EOM and no RAM.

The modulated electric field can therefore be written as:
E(t) = E, expli(oyt + fsinw,1)] Equation 3.3
Equation 3.2 can be re-written as a Fourier sum of frequency components:

E(t) = Eyexpliog) D J,(B)exp(in,1) Equation 3.4

n=

where the modulated field has a progression of n sidebands on either side of

the carrier frequency separated by integer multiples of ®,. The amplitude of
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the n™ sideband is determined by the n* order Bessel function, ] (f). The
symmetry of the Bessel functions vary with n as J (8) = (-1)"],(8), which there-

fore dictates that even and odd sidebands are in and out of phase with the car-
rier frequency, respectively. In the limit where f << 1, Equation 3.4 simplifies
to the electric field with only three frequency components, the FM triplet:
E(t) = Ey{=J,(B)expli(w, — o,)t]+J,(B)expliot]

+J,(B)expli(w, + ®, )]} Equation 3.5
When monitoring the light from a frequency modulated laser beam in the cur-
rent setup on a spectrum analyser, the sidebands can clearly be seen on either
side of the carrier frequency, as shown by the data in Figure 3.3. Fitting the
amplitude of the three frequency components by the resulting function follow-
ing Fourier transformation of Equation 3.5 in frequency space provides the
modulation index, . The modulation index allows suitable modulation am-
plitudes to be selected for a given absorption profile. In order to obtain the
value of f, the fitting routine approximated each of the three frequency com-
ponents of the FM triplet to a Lorentzian profile; for the applied modulation

frequency of 219 MHz f was found to be 0.55.
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Figure 3.3 Example of the FM triplet from the spectrum analyser and corresponding fit to
return the  parameter.

The transmitted electric field as a result of the interaction of matter with an

electric field can be described as:

E.(t)=E0)T(0) Equation 3.6

where T(w) is the transmission function. The transmission through an absorb-
ing medium with an absorption coefficient, a(), and a refractive index, n(w) is

given by the frequency dependent complex transmission function:

T(w) = exp [(-6(w)-ip(w)] Equation 3.7

The frequency dependent amplitude attenuation, 5(w), and associated phase
shift, ¢(w), describe the absorption and dispersion profiles respectively, re-

flecting the physical properties of the absorbing medium. In general, the line-
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shape profile for the absorption signal is given by the frequency dependence

of 6:

o(w)= @ Equation 3.8

where the absorption coefficient of the sample of length L is a(w). Corre-

spondingly the dispersion signal is given by the frequency dependence of ¢:

() = n(w)Low

Equation 3.9
where n(w) is the sample refractive index. Thus, after passing through the
sample, the electric field of the FM triplet is:

E (1) = E){-J,(B)expli(®w, — o, )t]exp[-6_, — i, ]
+ J,(B)explioyt]exp[—06, —id, ] +

+J,(B)expli(w, + @, )t]exp[~0, —ig ]}

Equation 3.10

where the subscripts -1, 0, 1 on d and ¢ correspond to the frequencies w,-®,,

®y OFO,.

The light intensity of the transmitted electric field is proportional to the square
of the electric field (I o E(f)12) and in the limit of low absorption, where aL <<
1, the absorption leads to an amplitude modulation on the transmitted light
given by:

I(t) = 1,{1+2J,(B)J,(P)[-06_, = ,]cos(w,1)
+2J,(B) (B, —2¢, — ¢ sin(w,1)} Equation 3.11
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where [, is the intensity of the light in the absence of absorbers. For a single

absorption feature, the lineshape profiles can be re-written as:

o L —abs
o(w) = ; 2 (o) Equation 3.12
and

(04 L —disp
p(w)=—"—x (0 Equation 3.13

—abs
where a, is the peak absorption coefficient of the line, X (@) s the peak-

—disp
normalised absorption lineshape function and # (@) is the dispersion line-

abs
shape function related to £ (@) through the Kramers-Kronig relations [22,

—disp

23]. Note that this does not imply that £ (@) i peak normalised.

From Equation 3.11, it is clear that the detected FM signal output from the
photodetector is a linear combination of both absorption or dispersion signals.
In order to extract the pure absorption or dispersion signal, the measured cur-
rent from the photodetector must first be processed through an I/Q demodula-
tor. The signal from a local oscillator (a reference signal at the specified modu-
lation frequency) is mixed with the photodetector signal and then two sepa-
rate demodulated signals are output from the double balance mixer and phase

shifter (in the I/Q demodulator) with a fixed phase difference of 90° between
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them. These two signals are referred to as the In-phase and Quadrature (I and
Q) signals and are related to the absorption and dispersion signals through the
phase angle 6. This phase difference arises from differences in the path length
taken by the local oscillator signal and the detector signal which contains the
required modulated absorption information (in this case referring to both an
optical path and an electrical path relating to cable lengths etc). At an arbi-
trary phase, 0, the final output from the double balance mixer and phase
shifter will be a sine and cosine weighted sum of the absorption and disper-

sion contributions:
I"(w)=A4,,(w)cos@+D,, (w)sinO Equation 3.14
where A;,(w) and D,,(w) are the absorption and dispersion components re-

spectively of the signal in FM space. In general, the resulting FM signal after

demodulation at an FM detection phase 0 is then given by:

5" (w,.0,,0) =1,J,(B)J (B)Pa,L
X {[;abs (0,—m,)— Eabs (o, + a)m)}cos 0
Equation 3.15
—disp —disp —disp .
1" @ -0)-2" @)+ 7" (@ +0,)|sino|

where 1, is an instrumentation factor that includes the detector responsivity

and the gain within the FM detection system and P, is the incident power.
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3.2.2. FMS Lineshape analysis

As shown in Equation 3.15, five different lineshapes constitute the FM signals.
In order to detect a pure FM absorption signal, the phase 0 is chosen to be 0.
The cosine term of the FM signal then gives the resulting absorption signal
consisting of the combination of the lineshapes resulting from the leading or

trailing sideband resonant with the transition, shown in Figure 3.4.

ABSORPTION
Laser
- Absorption
signal
| Frequency Frequency
I Amplitude Attenuation (‘
Laser \/

- DISPERSION Dispersi
ispersion
signal

Frequency Frequency

Figure 3.4 — The resulting absorption and dispersion signals and the 5 different lineshapes
from which they are comprised [from 14].

In order to detect a pure FM dispersion signal, the phase difference is chosen
to be 0 = t/2. The dispersion signal, given by the sine term consist of the com-
bination of three lineshapes, arising from each of the FM triplet components
(the carrier plus two sidebands) being resonant with the transition. These are

shown in Figure 3.4 where the lineshapes comprising the signals can be seen.
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Figure 3.5 FMS Lineshape variation as a function of the modulation frequency for absorp-
tion (with 6=0) upper, and dispersion (with 0=mt/2) lower. The dispersion FMS signal is
scaled for clarity.

The results of a simulation of pure absorption and dispersion FM signals vary-
ing the modulation frequency can be seen in Figure 3.5. The simulation is for

a CH, transition at low pressure which has a Gaussian width of 611 MHz and
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no pressure broadening. The absorption and dispersion lineshape profiles

used for this will be discussed later.

3.3. Applications of FMS in the NICE-OHMS system

Having outlined the theoretical description of FMS, two applications of FMS
in the NICE-OHMS setup are now presented. The first is the active locking of
the laser frequency to a resonant cavity mode using the Pound Drever Hall
technique, with the second being the application of FMS in an optical cavity to

reduce the noise and achieve an increased sensitivity.

3.3.1. Pound Drever Hall Locking

In a CEAS experiment, the high reflectivity mirrors provide a greatly en-
hanced path length within the optical cavity. Coupled with this, if the light
injected to the cavity is on resonance with the cavity (i.e. an integer number of
wavelengths of the light fit exactly within the cavity), signal enhancement oc-
curs at these points, called cavity modes. In CEAS, the cavity mode structure
is purposefully disrupted to excite as many higher order cavity modes as pos-
sible as the laser is scanned. This leads to a congested mode structure as a
function of frequency resulting in a smooth average transmission. In CEAS,

the average transmission of the cavity is very small (< 10 uW generally reaches
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the detector). Improvements in the light levels, and therefore the signal to
noise ratio, are required for more sensitive gas phase measurements to be un-
dertaken. However, in order to make use of the signal enhancement occurring
at a cavity mode, it is necessary to inject light of the correct frequency so that
only that single mode is excited. Locked CEAS is a technique which accom-
plishes this, by locking the laser to the cavity and consequently improving the
sensitivity of the detection technique. This provides the first stage of devel-
opment from a basic CEAS setup towards the NICE-OHMS setup described in

this thesis.

With high finesse cavities, because the free running linewidth of the laser is
generally an order of magnitude larger than the cavity modes, locking the la-
ser to a single mode of the cavity becomes technically challenging. With vary-
ing temperature drifts and mechanical disturbances within the setup and
within the laser, the laser needs to be actively controlled and locked to a cavity
mode to prevent the drift, and to maximise the transmission through the cav-
ity. The initial lock of the laser to the optical cavity used in the NICE-OHMS
technique is effected by use of an electronically controlled feedback technique,
called the Pound-Drever-Hall (PDH) technique, a specific application of FMS

[24, 25, 26, 27].
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In the PDH technique, light which is resonant with the cavity is monitored by
measuring the reflected signal from the cavity with a photodiode. It is not
possible to use the reflection of a single frequency from the cavity in order to
generate the required error signal as, from the intensity change for a single re-
flection, it is not possible to ascertain whether an increase or decrease in laser
frequency is required in order to keep the laser and cavity in resonance.
Hence, in order to monitor the light resonant with the cavity, and to produce
the necessary error signal to correctly move the laser in the correct frequency
direction, frequency modulation (FM) techniques can be used as the signal is 0

on resonance, and + or — on either side.

In order to employ the PDH technique, an Electro-Optic Modulator (EOM) is

used to phase modulate the laser light at a frequency v, resulting in side-
bands being added to the central carrier frequency at + v_,,. The modulation
frequency chosen for v, must be smaller than the free spectral range of the

cavity, but larger than the linewidth of the laser. In the NICE-OHMS system,
Upan 18 chosen to be 25 MHz, with the cavity free spectral range being 109.5
MHz. The modulation frequency is larger than the width of the cavity modes
(~50 kHz) so that only the central carrier frequency is transmitted through the

cavity, with the sidebands being reflected and monitored. This creates an FM
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triplet, of the central carrier frequency of the laser and two sidebands, as

shown in Figure 3.6 (a).

Laser frequency drifts La_ser frequency altered
Laser out of resonance with Laser :ig?;ggﬂzﬁg;%g?ﬁgen Laser
Laser resonant i the cavit i i
with cavity carrier y carrer laser and cavity restored carrier
frequency frequency frequency

Vodh I

| — -~

Figure 3.6 Schematic of the Pound-Drever-Hall locking showing how the technique is used

to maintain resonance between the laser and the optical cavity.

Rather than monitoring the single reflection of the central carrier frequency
from the cavity, the beat signal between each sideband and the central carrier
is monitored. When the laser is on resonance with the cavity, as shown in
Figure 3.6 (a), the beat signals are equal as the sideband phases are equal (but
opposite) and so they cancel to zero. However, as can be seen in Figure 3.6 (b),
if the laser drifts off resonance with the cavity, the combined beat signal from
the sidebands and the carrier is disrupted and is no longer zero, due to the dif-
fering absorption effects for each sideband, causing a signal to be recorded on
the photodiode. This signal is monitored, and from it, an error signal is gener-
ated, such as that shown in Figure 3.7, with the corresponding cavity modes.
Following reflection from the cavity, the light is directed on to a fast

photodetector.
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Figure 3.7 Cavity transmission for an unlocked cavity, drifting in and out of resonance over
time (blue), and PDH error signal (red) for locking the laser to the cavity modes. When the
laser drifts into resonance with the cavity, this is reflected in the large peaks seen.

In order to determine whether the reflected cavity signal is on or off reso-
nance with the cavity, the signal received at the photodiode is demodulated
using a double balance mixer (DBM) and low pass filtered so that the PDH er-
ror signal can be retrieved, and then used in a servo control loop which feeds
back to the laser to alter its frequency and bring it back into resonance with the
cavity. When the bandwidth of the laser and the gain are optimised for the
setup, a narrowing of the laser linewidth occurs thereby increasing the power

in the mode to which the laser is locked, maximising the cavity transmission.
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Once the laser is locked, it is able to follow a change of frequency induced by a
change in the cavity length, which is required to scan across an absorption fea-
ture. This is achieved by mounting one or more of the cavity mirrors on a
piezo electric transducer (PZT) and applying a voltage ramp to this. This en-
ables the laser to remain locked to the optimal cavity mode whilst scanned
across a transition. A discussion of the servo locking system is beyond the
scope of this thesis, however it is similar to that described by Fox et al [28]. A

schematic of the locked CEAS setup is shown in Figure 3.8.

Cavity modes
Fast

Detector
Gas-Filled

High Finesse
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Modulator Fréaquency
EOM ource _
at vrDH Locked CEAS signal

Figure 3.8 Schematic of the locked CEAS setup with PDH locking.
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Figure 3.9 Typical Locked-CEAS spectrum of 25 Torr of CH, at 6595.90 cm",

Figure 3.9 shows a typical locked CEAS trace for 8.59 Torr of CH, for an unas-
signed transition at 6595.90 cm, along with a Voigt fit with the Gaussian
width fixed to the calculated Doppler width of 611 MHz for a sample at 298 K.
The returned Lorentzian component of the fit was 91 + 3 MHz which agrees
reasonably well with the calculated value for self broadening of 85 MHz [29].
This locked CEAS signal was acquired by scanning over 5 GHz at a scan rate
of 1 Hz. The signal was acquired with 20 averages over an acquisition time of
20 seconds. The sensitivity calculated for this spectrum was 2.13 x 10® cm,

for a cavity finesse of 2600. That the sensitivity is not an order of magnitude
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better than in Chapter 2, is due to the fact that in locked CEAS part of the fre-
quency modulation is converted into residual amplitude modulation which
increases the noise on the signal. Having demonstrated the application of FM
to lock the laser to the cavity and then conducted locked CEAS, the next sec-
tion details a further use of FM to perform frequency modulation spectroscopy
on the locked CEAS signal to reduce the noise and further increase the sensi-

tivity.

3.3.2. FMS in a Cavity - fm-NICE-OHMS

In fm-NICE-OHMS, a specific case of frequency modulation spectroscopy is
performed with an optical cavity in which the modulation frequency is care-
fully selected so as to exactly match that of the cavity free spectral range, or

multiples thereof. By selecting the FMS modulation frequency, o,, to match

the free spectral range of the cavity, the “noise-immunity” feature of NICE-
OHMS is obtained. As the frequency components of the FM triplet (carrier
frequency and sidebands) are all separated by the free spectral range, each is
transmitted through the cavity in the same way (i.e. maintaining the resonance
with a cavity mode), with each component being affected identically by the
cavity. As the fm-NICE-OHMS signal arises from the beating between the car-

rier and the sidebands, the signal is noise-immune to jitters in the laser fre-
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quency, which is responsible for most of the sensitivity limiting noise in the
signal.
Figure 3.10 shows schematically how the selection of the modulation fre-

quency can be undertaken so as to match exactly the free spectral range of the

cavity, thereby coinciding with the cavity modes.

Cavity modes 1 FSR Cavity modes

UL AL

Laser | Frequency

Laser Frequency

FMS CE-FMS

Figure 3.10 Modulation frequency differences between FMS used for PDH locking and fm-
NICE-OHMS.

In NICE-OHMS, the FMS signal is cavity enhanced by a factor of 2F/mt where F
is the cavity finesse and so the full fm-NICE-OHMS signal can be described by
extending the equations in Equation 3.15 with the addition of the cavity en-

hancement factor and an instrumentation factor, 15, to give [18, 30, 31, 32]:

m—no 2F
S (wo,wmﬁ)=77A,-”,—J0([3)Jl(ﬂ)PoapL

{[Eabv(a) ®)— )( (a) + o )}cos@
Equation 3.16

[_d” (w,—o,)— 2;( ((o)+;( (a)0+a)m)}sin9}
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For purely Doppler-broadened signals, the absorption profile is given by the

peak-normalised Gaussian lineshape function [19]:

—abs _ _ . 2 2
x V)= exp[ 4In2(v —v,) /5‘/0 ] Equation 3.17

where v, is the centre frequency of the absorption profile and dv is the full

width at half maximum (FWHM) of the Doppler broadened absorption pro-

file, given by:
2vy [2kTIn2 )
ov =— Equation 3.18
c m

where T is the temperature, and m and is the mass of the analyte (in grams per

mole).

The corresponding dispersion lineshape for a Gaussian-shaped absorption

profile is given by [19]:

—disp

2 2 7 2
Xe =——F—=exp[—y ]|exp[y " ]1dy' Equation 3.19
G \/; _([
where y =2JIn2(v —v,)/6v,.
Figure 3.11 shows the experimental schematic of the setup to record the fm-

NICE-OHMS signals, however its full experimental operating details will be

described in the following chapter.
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Figure 3.11 Experimental schematic of the CE-FMS setup. EOM - Electro Optic Modulator,
PD - Photo diode and PZT - Piezo Electric Transducer.

Experimentally, the laser light is modulated at the cavity free spectral range

o,, with the use of a second EOM. The modulated light interacts with the gas

sample within the cavity, and is then detected by a fast photodiode (PD1). The

ac signal is then demodulated at w, to produce the fm-NICE-OHMS signal.

However, there is noise associated with the changes in phase as the frequency

modulation is applied to the laser light.

Figure 3.12 shows a typical fm-NICE-OHMS spectrum for 1.83 Torr of an un-

assigned CH, transition at 6595.90 cm™, and the associated fit. The returned

Gaussian width of the fit was 612 + 5 MHz which agrees very well with the
calculated Doppler width for this transition of 611 MHz. This fm-NICE-

OHMS signal was acquired by scanning over 5 GHz at a scan rate of 1 Hz.
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The signal was acquired with 10 averages over an acquisition time of 10 sec-

onds. The sensitivity calculated for this data o, is 9.6 x 10° cm™, showing an

order of magnitude improvement from that reported for the locked-CEAS sig-
nal previously. To enable a fair comparison across different absorption tech-
niques, to assess their respective performance and to qualify performance

gains from averaging alone, the bandwidth reduced sensitivity (a,,, (BW eff))

can be employed. This is defined as .., (BW ¢f) = a,;, * \/% where B is the

detection bandwidth given by B = (1 / 2rtt), where 7 is the demodulation time

constant and 7 is the number of averages. The corresponding «,,,, (BW eff) for

fm-NICE-OHMS is thus 7.7 x 10° cm™ Hz'2,

03 —— Data for 1.83 Torr CH4
Fit - Width 612 MHz

0.2
0.1+

0.0

-0.1 4

fm-NICE-OHMS Signal / V

-0.2

-0.3 4

| o | ! | 3 | L | " I
0 1000 2000 3000 4000 5000
Frequency / MHz

Figure 3.12 Typical fm-NICE-OHMS signal for 1.83 Torr of CH,.
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3.4. Wavelength modulation spectroscopy (WMS)

Having presented the theoretical description for fm-NICE-OHMS, in order to
produce the full NICE-OHMS signal, a further layer of low frequency wave-
length modulation is applied to the fm-NICE-OHMS signal which aims to ef-
fectively remove any residual amplitude noise in the system still present after
the FM stage of the experiment. Similar to FMS, WMS reduces background
noise sources from a detected signal by modulating the laser radiation with a
specific frequency f, then demodulating the detected signal at that same ap-
plied frequency with the use of a lock-in amplifier. Only signals at the same
frequency and phase as that applied to the laser radiation are passed by the
lock-in amplifier and output for signal averaging, making an effective filter

removing all signals not at the desired modulation/detection frequency.

Detection of the WMS signals can be performed at a multiple of harmonic fre-
quencies nf, where n is a positive integer. n is chosen depending on the re-
quirements of the output signal; 1f harmonic detection results in a lineshape
which is zero at the transition centre whereas 2f harmonic detection leads to a
symmetric lineshape and is smaller in signal but often a flatter baseline. Both

signal intensities are related to the absorption strength of the feature.
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3.4.1. Theory of WMS

As previously stated, WMS is characterised by a modulation frequency that is
smaller than the half-width of the absorption feature. This leads to many side-
bands which interact with the absorbing medium. The resulting transmitted
electric field is given by:

E,(1) = E, exp(iot) 2 I(w,)J,(B)explinw,t) Equation 3.20

n=—w

Assuming a weak absorption, Equation 3.20 give rise to the wavelength

modulated signal:

|Eon(?)|” = Eo* exp(-25)

X|:1+2COS(a)mt)z.]m]n+l(5—)1—1—511+l+5—n—5n)

n=0 Equation 3.21

+2$in(a)mt)ijm]n+l(¢n1_¢n+¢n+l_¢n):|

n=0

where the two cos and sin terms relate to the absorption and dispersion terms
respectively and where the modulated field has a progression of n sidebands

on either side of the carrier frequency separated by integer multiples of w,,.

At the low modulation frequencies used for WMS the dispersion component

will be negligible (as the small sideband separation leads to ¢.+1—¢.~0) and
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the WMS intensity is therefore given solely by the cos(w,,t) absorption compo-

nent:

Iwm:22Jm]n+1(5—n—1—6n+1+5—n—5n) Equati0n3_22

n=0

This summation converges [14], and assuming a constant absorption differ-
ence (Ad(awo)) between the sidebands at frequencies near wn the intensity can

be expressed as:

Lim(w,) =-2A6(w,) = _2215 B Equation 3.23

(0]

The WMS signal is therefore the first derivative of the maximum frequency

deviation (Mw,,) from the carrier frequency. However, often the measure-

ments are not performed in the derivative limit resulting in modulation

broadening of the WMS signal.

In the theory describing NICE-OHMS it is common to use the Fourier formal-
ism for describing the laser modulation and subsequent demodulation by the
lock-in amplifier as any periodic frequency-dependent signal, S(w), can be ex-
pressed as a Fourier series; this theory is therefore also presented here. Kluc-
zynski et al [31] have published an extensive review of the work regarding the

Fourier formalism for treating WMS, which is followed here.
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When the laser is sinusoidally modulated at a frequency, o,, around its central
laser frequency, ®,, the overall instantaneous frequency, o, of the electric field

of the laser is described by:

=0+ cos(wrl) Equation 3.24

where w, is the modulation amplitude. Thus Equation 3.24 can be rewritten

as:

S(w)= 8" (0,,0,,0) =Y. S (0,,0,)cos(w,t)
n=0

s . Equation 3.25
+Y 81 (w,,0,)sin(w,1) a
n=1

even odd . .
where S (®,,0,) and S, (®,,®,) are the n™ even and odd Fourier coeffi-

cients of the periodic signal S""(®,,®,,) . This signal is typically demodu-

lated using a lock-in amplifier, where the n" harmonic output can be written

in terms of the nt Fourier coefficients of the input signal according to:
S"(w,,,)=n,, [S,‘fve” (w,,0,)cos(8, )

+ S:dd (a)L , a)a ) Sin(ew ):' Equation 3.26
where Oun is the detection phase of the WM detection and 1, is the instru-

mentation factor for WM detection that includes the gain of the lock-in ampli-
fier. When a pure cosine modulation is applied, fulfilling the condition that

any out-of-phase residual amplitude modulation is small, the modulated sig-
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nal is carried mainly by the even components. Therefore, for close to in-phase

detection, for which |Sin(9wm)| << |C05(9wm) , the n" harmonic output from the

lock-in amplifier can be described by:

S"Mw,,0,)=1,,5S,"" (0,0, cos(0, ) Equation 3.27

3.4.2. wm-NICE-OHMS

Equation 3.16 describes the case where FMS is performed at the free spectral
range of the cavity, i.e. the fm-NICE-OHMS signal. In order to obtain the full
wm-NICE-OHMS signal description, the low frequency WMS modulation
needs to be included. In wm-NICE-OHMS, the resulting demodulated fm-

NICE-OHMS signal is then fed into a lock-in amplifier for demodulation. The

resulting nt harmonic wm-NICE-OHMS signal S can then, in line with

Equation 3.27, be described by:

SJVm*nO (a)(] > a)m > a)a > 9) = lem S;.'lminn,gven (a)() > a)m > a)a > 9) Equation 3.28
where 8" (®,,0,,0,,0) is the n™ Fourier coefficient of the fm-NICE-
OHMS signal, given by Equation 3.16. In wm-NICE-OHMS, usually the 1f-

WMS signal is detected and therefore the resulting signal can be described by:
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wm—no 2F
Sl (a)o’a)m’a)m’e) = 77“,-,,,77”1 7']0 (ﬂ)"]l (ﬁ)PoapL

— abs,even
X [%1 (a)o _a)m’a)a)

— abs,even

-X, (o, +a)m,a)a)}cose

— disp,even — disp,even Equation 3.29
+ (0,-0,,0)-2y (w,,®,)
— disp,even .
+2, (o, +® ,0) [sinf
—abs even —disp,even —disp,even
where y, (0, t0,,0,), x (0, tw,,0,)and y, (w,,®,) are the even

components of the first-order Fourier coefficients of the peak-normalised ab-
sorption line-shape function for the sidebands and the corresponding disper-
sion line-shape function for the sidebands as well as the carrier, respectively.
By setting the FM phase to 0 = 0 or /2, a pure wm-NICE-OHMS absorption
signal consisting of the square bracket of the cosine term or a pure wm-NICE-
OHMS dispersion signal consisting of the square bracket of the sine term can
be detected. A schematic diagram showing the experimental setup for the full
wm-NICE-OHMS technique is shown in Figure 3.13. This setup will be more

fully explained in the following chapter.
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Figure 3.13 Schematic of the wm-NICE-OHMS setup showing the modulating electronics.
ECDL - External Cavity Diode Laser, EOM - Electro Optic Modulator, PD - Photo diode
and PZT - Piezo Electric Transducer.

The low frequency modulation provided by the lock-in amplifier is chosen to
be 60 Hz, and applied to effect the change to the cavity length via PZT2 and
thus the laser via the locking circuit. A typical wm-NICE-OHMS trace is
shown in Figure 3.14 with the additional layer of modulation improving the

sensitivity of the technique to 4.3 x 10'® cm™. The corresponding «,,,, (BW eff)

for wm-NICE-OHMS is thus 5.9 x 10 cm™? Hz'2 This NICE-OHMS signal
was acquired by scanning over 4 GHz at a scan rate of 0.3 Hz. The signal was

acquired with 6 averages over an acquisition time of 10 seconds.
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Figure 3.14 Typical wm-NICE-OHMS spectrum of 1.83 Torr CH, at 6595.90 cm™.

3.5. wm-NICE-OHMS Lineshape Simulation

The following description of the theory and simulation relates to the specific
experimental conditions for which the experimental data presented later in
this thesis was taken. As described in section 3.4.1, the simplest way of obtain-
ing a simulation for a given wm-NICE-OHMS signal is to take the first deriva-
tive of an fm-NICE-OHMS signal. The fm-NICE-OHMS absorption signal has
been simulated for an unassigned weak overtone transition of methane at
6610.06 cm™ using the equations given in section 3.3.2 for a purely Doppler-
broadened absorption profile as shown in Figure 3.15. The modulation fre-
quency was chosen to be 219 MHz (twice the free spectral range of the cavity),

with the Gaussian width set at 611 MHz. The result of the first derivative of



Chapter 3 — Theoretical development of NICE-OHMS 112

this fm-NICE-OHMS absorption signal is shown on the green trace of Fig 3.16.
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Figure 3.15 Simulation of an FM spectrum of a methane transition at 6610.063 cm-'.
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Figure 3.16 Comparison of a simulation (blue) based on the theoretical wm-NICE-OHMS
lineshape, and the first derivative of fm-NICE-OHMS data (Green).
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In order to provide a more comprehensive investigation, simulations of the
wm-NICE-OHMS signal were undertaken for a phase angle of zero, corre-
sponding to a pure absorption signal. This greatly simplifies Equation 3.29 to

involve only the absorption term:

Vm—no 2F
5" (0,0,,0,,0) =11, —J,(M)J (M)Ra,L
B b'ﬂ . Equation 3.30
% [llﬂ S ,even (a)o _ a)m ’ a)ﬂ) _ Zla S ,even (a)o + a)m , a)q )}

The wm-NICE-OHMS signals recorded in this work can be described by a
Gaussian lineshape function. The even components of the first-order Fourier
coefficient of a wavelength modulated Gaussian lineshape function have been
outlined in the analytical work of Kluczynski et al [31]. In the case where the
normalised modulation amplitude of the wavelength modulation,

.=, /(6v,12) <1, only the 1%t term of the analytical expression for the even

components of the first-order Fourier coefficients of the Gaussian peak-

normalised absorption line-shape function is needed and is given by:

2 (0, @) = —ewa In(2) {e‘(“"’ )ln(2)}
Equation 3.31

where w4 =(w,—®,)/(6v,;/2) with w, the centre frequency of the absorption

line. The result of the wm-NICE-OHMS signal simulated for the same transi-

tion is shown in Figure 3.16 as the blue trace. It can be seen that both the first
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derivative of the fm-NICE-OHMS signal and the first term only solution for
the wm-NICE-OHMS signal show very good agreement. Further comparison
of simulated wm-NICE-OHMS signals with experimental data will be dis-

cussed in Chapter 4.

3.6. Concluding Remarks

In this chapter, the theory has been laid out for the constituent components
which, when combined together, enable the generation of full wm-NICE-
OHMS signals. Although the technique can achieve highly sensitive meas-
urements (see next chapter), it is experimentally complex and demanding.
Achieving the initial lock of the laser to the high finesse optical cavity is diffi-
cult, due to the necessarily narrow linewidths involved for the cavity. Per-
forming the frequency modulation, whilst maintaining the initial cavity lock is
challenging, as is matching and tracking a changing cavity free spectral range

with the appropriate modulation frequency.

The following Chapters use the basic theoretical information described here
and expand them through the implementation of the NICE-OHMS setup, de-
tailing the experimental setup for characterisation of a range of stable species.
The ultra-sensitive nature of the technique is demonstrated with measure-

ments on a range of species in various spectral regions.
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Chapter 4

Characterisation of a diode laser
based ring cavity NICE-OHMS
spectrometer

4.1. Introduction

Following on from the theoretical discussion presented in the previous chap-
ter, this chapter describes the experimental setup in more detail, and then pre-
sents the results obtained with the NICE-OHMS spectrometer for a selection of

stable species used to characterise and optimise the setup. Relatively few
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NICE-OHMS setups are in operation in the world, due to the experimental
and technical complexities associated with the technique. A sensitivity of
1x10* cm™ close to the shot noise limit has been demonstrated [1], which in-
volved the use a highly frequency and amplitude stabilised YAG laser source.
However, this initial demonstration of the outstanding sensitivity which can
be reached with the technique was used to investigate only saturated line
shapes. For more practical applications, including molecular spectroscopy
and the detection of transient atmospheric species such as HO: presented here,
the particular setup described by [1], would be unfeasible as the source is not
tunable over a useful spectral range. Subsequently NICE-OHMS has been
used to study both Doppler and pressure broadened lineshapes [2, 3, 4, 5, 6, 7,
8] as well as sub-Doppler spectroscopy, [9, 10, 11, 12] resulting in sensitivities
in the 10°-10"! cm! Hz'2 range. The application of NICE-OHMS to both Dop-
pler and pressure broadened samples, where wavelength scans are performed
over 100s of MHz, is limited by fluctuations in the level of residual amplitude
modulation (RAM) and the fringes associated with etalons formed between or
within optical components [4, 7]. Reflections between the optical cavity mir-
rors and other optics, such as detectors, fiber surfaces and turning mirrors,
and reflections within single optical components, such as electro-optic modu-

lators, fibers, and cavity mirrors, can be difficult to minimise.
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In this chapter, the characterisation of an external cavity diode laser based
NICE-OMHS spectrometer with the first application of a ring cavity and a re-
sidual amplitude modulation (RAM) reduction circuit to improve the sensitiv-
ity is presented [13]. An initial demonstration of a method of using a pre-
cavity FMS signal to improve the sensitivity of the NICE-OHMS apparatus by
the use of a RAM reduction circuit on the pre-cavity laser radiation in conjunc-
tion with the modulating EOM is presented. Furthermore, a demonstration of
the application of the NICE-OHMS spectrometer for the extraction of spectro-

scopic information, such as pressure broadening parameters, is presented.

4.2. Experimental Details

4.2.1. Laser sources and optical cavity configuration

The laser source used in this setup is an External Cavity Diode Laser (ECDL).
Only a few NICE-OHMS setups have used an external cavity diode laser
(ECDL) [5, 6, 7, 9], primarily because they are more difficult to lock than the
very low noise solid state and fiber lasers used in other NICE-OHMS experi-
ments. The ease of locking a typical fiber laser, such as an Erbium Doped Fiber
Laser (EDFL), can be offset by the limited scan range of 0.7 nm offered by the

system, drastically reducing the number of species and transitions which can
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be investigated. In contrast, ECDLs have the advantage that they are rela-
tively cheap, compact, easily tunable and controllable devices, and available
over a wide wavelength range (375-420 and 630-1700 nm) allowing the obser-
vation of a wide range of molecular species desirable for atmospheric sensing.
Development of ECDLs for the telecommunications industry means that their
established technology and commercial importance brings the price down and
widens the selection of laser sources available, along with the added benefit of
being able to scan over 80 nm, compared with a similar EDFL which has a cor-

responding scan range of typically <1 nm.

So far in this thesis, the optical cavity mirrors have been arranged in a linear
configuration, increasing the ease of alignment. However, the setup outlined
here utilises a ring cavity, in a bow-tie configuration. With linear cavities, is-
sues can arise from reflections from cavity mirrors propagating directly back
down the beam path and causing etalon effects. Using ring or bow-tie con-
figurations reduces this problem. The initial development of the NICE-OHMS
technique was a proof of principle, rather than trace gas sensing, and as such,
moving away from linear cavities was not of great importance. In most NICE-
OHMS experiments, the spectrometer is used for Doppler-free spectroscopy in
which counter propagating beams within a linear cavity are required. This is

mainly due to scanning limitations of the laser sources being insufficient to
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traverse a broadened transition. In addition, issues can also arise when using
some piezo electric transducers at pressures greater than 1 Torr [3], thereby

limiting the experiments to sub-Doppler investigations.

4.2.2. Experimental setup

Photographs showing the setup in its entirety are shown in Figure 4.1 and
Figure 4.2, with a schematic of the experimental setup shown in Figure 4.3.
The light source was an external cavity diode laser (ECDL) (Sacher Lasertech-
nik LION, linewidth < 2 MHz) tunable in the range 1480 — 1540 nm with a
maximum output power of 3.2 mW providing a mode-hop free tuning range

of 56 GHz using current coupling. The laser light was first directed through an

optical isolator to prevent optical feedback.

‘

-4
cal table in

Figure 4.1 Photograph of the NICE-OHMS experimental setup showing the opti
the centre, the electronics boxes, lock-in amplifier and oscilloscope on the right and wave-

meter on the left.

Two beam shaping lenses were employed to reshape the elliptical beam out-

put from the laser to a predominantly Gaussian shaped beam, mimicking the
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TEMo mode of the cavity. This decoupling enabled modifications to be made
to alignments before the cavity without altering the alignment into the cavity.
Two electro-optic modulators (EOMs) were situated after the lenses: EOM1
(Nova Phase Electro-Optic Phase Modulator (EO-PM-NR-C3)) to modulate the

light for locking of the laser frequency to a TEM,, mode of the cavity, and

EOM2 (Quantum Technologies (TWAP 10-1350-1650 nm)) for the modulation

at the cavity free spectral range and hence post cavity FM detection.

Figure 4.2 — Photograph showing the metal and Perspex assembly housing the bow-tie op-
tical cavity on the optical table. The gas handling apparatus can be seen on the right of the
cavity with the EOMs shown on the far left.

As well as isolating the alignment of the cavity from adjustments to the laser
and EOMs, the light was fed through a single mode polarization preserving
tiber (OZ Optics) and to also provide a clean, predominantly Gaussian shaped

beam.
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The resulting power incident on the cavity was 1 mW. The wavelength of the
laser was monitored with a wavemeter (Burleigh WA-1000) and a frequency
scale for the data was defined by monitoring the laser output with a spectrum

analyser (10 GHz Melles Griot 1300-1500 nm, adjusted for 0.81 GHz).
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Figure 4.3 Experimental setup for the NICE-OHMS experiments detailing the ring cavity

and a schematic diagram of the RAM circuit and electronics. (ECDL - External Cavity Di-

ode Laser; EOM - Electro-Optical Modulator; PD1, PD2 and PD3 - photodiodes 1,2 and 3
respectively; PZT1 and PZT2 - piezoelectric transducers).

The ring cavity was formed by four high reflectivity mirrors (1 inch diameter,
radius of curvature of r = -1 m) in a bow tie configuration with a half-round
trip, L, of 137 cm and a cavity FSR of 109.5 MHz. L is defined as shown in Fig-

ure 4.4 below, by the green line.
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Ring Cavity

Figure 4.4 - Schematic diagram showing the definition of L, the half round trip length of a
bow-tie configuration optical cavity.

The specified reflectivity of the input and output coupling mirrors was 0.9994
(Newport 10CVOOSR.70T), and that of the other two mirrors was 0.9997
(10CVOOSR.70F). The two highest reflectivity mirrors were mounted on piezo-
electric transducers (PZTs): PZT1 (PiezoMechanik HPSt 150/20-15/55) was
used for scanning the cavity length and PZT2 (Physik Instrumente GmbH P-
622.10L) was used for the faster modulation of the cavity length for wave-
length modulation spectroscopy (WMS). The vacuum chamber housing the
ring cavity was evacuated to 10* Torr before it was filled with a given pressure
of gas, monitored with a capacitance manometer (MKS instruments
722A11TBA2FA, 0-10 Torr). To avoid etalons, wedged windows (antireflec-

tion coated for 1050 to 1600 nm) were used.

The electronics components are numerous and finely tuned to the power and
frequency of the laser source and are now discussed. For the locking of the

laser frequency to a cavity TEM,,, mode and the FM frequency to twice the cav-

ity FSR, three linked frequencies were generated by two voltage controlled os-



Chapter 4 — NICE-OHMS characterisation 125

cillators (VCOs, Mini-Circuits JTOS-300). Signals were generated at 219 (twice
the cavity FSR and used for the FSR locking) and 244 MHz and mixed and fil-
tered to produce the 25 MHz difference frequency (used for locking the laser

to the cavity). The laser frequency was locked to a TEM,, mode of the cavity

using the Pound-Drever-Hall (PDH) method [14], with EOM1 used to produce
sidebands at + 25 MHz on the laser frequency. The laser light reflected from
the cavity was directed onto a fast photodetector (PD1) (New Focus 1611) and
amplified (Mini-Circuits ZFL-500LN), and demodulated at 25 MHz using a
double balance mixer (Mini-Circuits ZAD-1) to generate the PDH error signal.
This was processed by a fast (MHz) locking circuit with a bandwidth of ~2
MHz, and fed back to the laser injection current for primary locking of the la-
ser frequency to the cavity. With the laser locked to the cavity, the cavity
length was changed such that the laser frequency was scanned up to 12 GHz
by applying a sinusoidal voltage ramp, at a frequency of 1 Hz, to PZT1. A
slow locking circuit followed the change in cavity length and generated a sig-
nal which was fed back to the laser PZT input for the ECDL, to maintain the
lock of the laser to the cavity whilst scanning the cavity length. The band-
width of the laser when locked was necessarily better than ~50 kHz. A feed

forward loop was implemented in the locking scheme to reduce the load
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placed on the locking electronics and increase the scan rate for which mode-

hop free tuning of the laser was maintained.

The transmission of the cavity was monitored by a fast photodetector (PD2)
(New Focus 1611) with a bandwidth of 1 GHz. The dc output of the detector
was recorded in a locked cavity enhanced absorption spectroscopy (CEAS)
experiment with a digital oscilloscope (Lecroy 9304) and stored on a computer
to determine the cavity finesse, as outlined in Chapter 3. For the determina-
tion of the cavity finesse, 8.1 Torr of methane was introduced into the cavity

and the methane spectrum for an unassigned CH, transition at 6595.90 cm,

with a integrated absorption cross section S of 1.115 x 10%® cm? cm’, was re-
corded with 20 averages. A mean mirror reflectivity R of 0.9988 + 0.0001, and
thus a finesse of 2600 + 200, was calculated from the integrated area, A of the
locked CEAS data using 1-R = ScL/A, where c is the concentration in cm® and L
is the half round trip length of the cavity. Repeated measurements of finesse

were undertaken to record any mirror degradation over time.

To perform fm-NICE-OHMS, EOM2 frequency modulated the laser light at f,,,

~219 MHz in order to generate sidebands which are + 2 FSRs of the cavity for
FM detection. However, the FSR of the cavity changes slightly during a fre-

quency scan over an absorption as the length of the cavity changes. The noise-
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immune aspect of NICE-OHMS requires a good match between the modula-
tion frequency and FSR of the cavity. To lock the modulation frequency to the
FSR the DeVoe and Brewer method [15] was implemented. A fraction of the
amplified signal from PD1 was split off (Mini-Circuits ZFSC-2-1-S) and de-
modulated with a double balance mixer (Mini-Circuits ZAD-1) at 244 MHz
(the sum of the cavity FSR and the PDH locking frequency) to produce an er-
ror signal for locking the FM frequency to the cavity FSR. This error signal was
fed into a proportional-integral locking circuit to adjust the tuning voltage on
the VCO and thus the modulation frequency of EOM2 to match twice the free

spectral range.

To produce the fm-NICE-OHMS signal, the ac output of PD2 was amplified
(Mini-Circuits ZKI-1R5 and ZFL500HLN) and high-pass filtered (Mini-Circuits
SHP-175), before being demodulated at ~219 MHz with a double balance
mixer (Mini-Circuits ZDM-1W-S). This signal was passed through a 100 Hz
low-pass filter and recorded using the same oscilloscope and data acquisition
system. Changing the demodulation phase allowed either the absorption or
dispersion FMS signal to be acquired. In order to select either the absorption
or dispersion phases, a network analyser was used. This enabled the phase
angle between two signals passed to it to be returned. By selecting the absorp-

tion phase as the maximum signal size, the dispersion phase was selected by
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selecting a phase 90° away from this, using the network analyser, and fitting

both of the acquired signals to verify that 6=0.

Following the generation of the fm-NICE-OHMS signal, the detection sensitiv-
ity was further improved by applying an additional modulation to the cavity
in the form of WMS. The cavity length and, via the locking circuit, the laser
frequency, was dithered using PZT2 at a low frequency of 60 Hz with a fre-
quency excursion of 0.1 GHz. To produce this wm-NICE-OHMS signal, the fm-
NICE-OHMS signal was demodulated at 60 Hz using a lock-in amplifier
(EG&G 7265 DSP). Demodulation of the signal occurred with a time constant
of 50 ms, corresponding to a bandwidth of 3.2 Hz. Again, the processed sig-
nals were recorded with the oscilloscope and passed to a computer for analy-

sis.

4.2.3. Residual Amplitude Modulation

The maximum sensitivity that could be achieved was limited by residual am-
plitude modulation (RAM) that results from imperfections in the EOMs and
etalons before the cavity, whereby some of the rf applied by the EOM induces
amplitude modulation leading to undesirable noise on the detected signal.
Etalon effects were minimised with the use of wedged windows, careful

alignment of the optical components, and using optical fibers with angled
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ends. Assuming that the majority of the cavity etalons have been reduced
with the ring cavity arrangement, the remaining etalons are likely to be caused
by the optical components before the optical cavity. A simple method of re-
moving a background variation would be to implement a background subtrac-
tion technique, whereby the signals are taken both with and without the ab-
sorber present in the cavity and then subtracted from one another to remove
the background variation. However this is not possible with this NICE-OHMS
setup, given the drift in the laser, and the necessity to maintain the laser lock
to the cavity over the entire data acquisition period. Taking a background
would extend this time to that greater than the time that the laser background

variation remained constant and as such would be ineffectual.

In order to remove the RAM, an electronic circuit on the FMS dispersion signal
was implemented based on the method described by Wong et al. [16]. The
RAM on the laser radiation before the cavity was monitored by using a beam
splitter to direct 8% of the laser radiation onto the fast photodetector PD3. The
ac output of PD3 was amplified (Mini-Circuits ZKI-1R5 and ZFL1000LN), and

high-pass filtered (Mini-Circuits SHP-175), before being demodulated at f;,,

with a double balance mixer (Mini-Circuits ZDM-1W-S). The RAM detected in
this way provided an error signal to stabilize the level of RAM prior to the

cavity, by using EOM2 to create amplitude modulation (AM) with the oppo-
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site sign. For this, two polarisers, with their angle set at 10 degrees from verti-
cal, were positioned at either side of EOM2. The polariser before and the po-
lariser after EOM2 are aligned such that their polarization angles f and y rela-
tive to the EOM crystal z axis (extraordinary axis) are between 10-20° (the an-
gles are not critical as long as they are non zero). They can be used to control
the gain of the optical signal and with the associated half wave plate, be used
to generate the correct sign for the error signal used for the RAM removal. A
bias voltage applied to the EOM produced AM at the same phase as the FMS
dispersion signal, and feedback of the processed error signal controlled the
RAM level at this phase. By stabilizing the RAM observed before the cavity, a
flatter, less noisy baseline on the fm-NICE-OHMS dispersion signal can be

achieved, thus increasing the sensitivity.

4.3. Results and Discussion

In the next sections, observations of a selection of weak transitions of methane,
carbon dioxide, and nitrous oxide across 52 cm (6595 to 6647 cm) are pre-
sented, demonstrating the broad range of the tunability of the ECDL. Table
4.1 shows the line positions and relative intensities of the transitions in the
spectral region of interest, and lists their assignments. Although the methane

lines are unassigned, they are very well characterised in terms of intensity and
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spectral positions in both HITRAN [17] and the work by Deng et al [18]. The
transitions will be referred to with reference to their identifier in the table. The
spectral region used does have a large concentration of water lines, and so
careful consideration was taken to ensure that transitions were selected in nar-
row water free regions. Initially, measurements have been undertaken for
both fm-NICE-OHMS and wm-NICE-OHMS for a number of transitions, with
sensitivity data being recorded for each, in order that the system could be
characterised. Following this, a series of more specific measurements were
taken in order to obtain spectroscopic information, such as pressure broaden-
ing parameters. Further to this, the effect of the implementation of a RAM
removal circuit on the reduction/minimisation of any remaining residual am-
plitude modulation (RAM) noise and the additional increase in the sensitivity
of the system is also discussed. = In Chapter 3, simulations of the wm-NICE-
OHMS data were undertaken, in order to test the validity of the theoretical de-
scription presented; here the comparisons of these with the actual data ob-
tained are discussed. Finally, a brief discussion on the optimal signal acquisi-
tion time of the wm-NICE-OHMS data is presented, followed by a discussion

of some limitations to the technique and some general conclusions.
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Table 4.1 Line positions, line strengths and assignments for the species under investigation.

Identifier | Species | Position | Line strength (cm? cm™?) Assignment
(cm™)
A CH, 6595.90 1.12x10*» Unassigned
B CH, 6596.10 1.45x10» Unassigned
C CH, 6610.063 7.56 x 10% Unassigned
D CO, 6646.58 5.19 x 10# P34(e) (v +v,+2v,)
E N,O 6596.11 1.34 x 10% R28(e)

4.3.1. Methane results — ultimate sensitivity and noise reduction

Three different transitions of methane, labelled A, B and C are investigated in

this section and described in Table 4.1. Figure 4.5 shows typical fm- and wm-

NICE-OHMS spectra for the three transitions, without the RAM removal cir-

cuit in operation. As outlined in Chapter 3, the expected line shapes of the

WMS signal are the same as those for the first derivative of the FM signal.

Figure 4.5 shows the fm and wm-NICE-OHMS signals obtained from the three

transitions, with their respective sensitivities obtained reported in Table 4.2.

Also shown on Figure 4.5 (a) is the fit to the fm-NICE-OHMS signal where the

width returned is 612+11 MHz from a Gaussian fit, whilst the calculated width
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for this transition is 611 MHz. This shows good agreement with the theoreti-

cal value.

Table 4.2 Summary of sensitivities obtained for transitions A, B and C

Transition of CHa

Pressure / Torr

fm-NICE-OHMS

sensitivity / cm!

wm-NICE-OHMS

sensitivity / cm™!

A 1.83 9.6 x 10-1° 4.3 x 1010
B 0.3 1.2 x 1010 8.2 x 101
C 0.5 5.2x10? 2.7 x 1010

Although each of these measurements shown in Figure 4.5 demonstrates a
good sensitivity, there are still significant background fluctuations and noises
evident in the baseline on all of the traces, resulting in the observed variation
in sensitivities. In order to try to eliminate these and achieve the best sensitiv-
ity possible with the setup, it was necessary to implement the RAM locking
circuit, described previously, to reduce unwanted etalon effects and residual

noise.
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Figure 4.5 fm and wm-NICE-OHMS signals for CH, transitions A, B and C.
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4.3.2. RAM Removal circuit

To illustrate the effect of the RAM reduction circuit on the fm-NICE-OHMS

dispersion signal, a spectrum of 0.2 Torr of CH,, probing transition C [17, 18]

was recorded. The RAM reduction circuit works only the dispersion phase of
fm and wm NICE-OHMS signals as it is necessary to match the phases of both
the signal and the reference phase. The resulting dispersion signals with the
RAM reduction circuit on or off are presented in Figure 4.6. The data have not
been offset in the y-direction, the offset of 0.58 V is that induced by the imple-
mentation of the RAM removal circuit. The signal-to-noise (S5/N) ratio with
the RAM circuit off is 85 (where the noise is defined as the standard deviation
of the noise on the baseline). When the RAM reduction circuit is in operation,
a noticeable reduction in noise on the dispersion signal can be observed and
the S/N ratio improves to 177. This demonstrates the usefulness and benefits
of the RAM reduction circuit as noise which is present on the fm-NICE-OHMS
signal would be carried forward in the wm-NICE-OHMS signal. The effect of
the RAM circuit improves the S/N ratio to an even greater extent when operat-
ing the ECDL at different wavelengths where etalons and noise sources are

more significant, thus varying its efficacy.
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Figure 4.6 Demonstration of fm-NICE-OHMS signals on transition C with RAM removal

circuit off and on.

From the measurements, it was concluded that the RAM locking circuit was

more effective where the noise level was larger.

It is noted that despite the RAM reduction circuit an offset in the baseline sig-

nal is observed. This offset is relatively stable during the measuring period,

evident in the 0.5 V offset shown in Figure 4.6 and is a result of an equipment

based limitation in the range of our feedback to the EOM. To overcome this,

an offset voltage is added to the error signal to stabilize the RAM to a non-zero
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value; any further persistent offset may arise from changes in laser characteris-

tics across a scan.

4.3.3. Ultimate sensitivity measurements

Having demonstrated the benefits of the RAM reduction circuit in operation,
the first results of the technique using full wm-NICE-OHMS with both a ring
cavity and a RAM reduction circuit are presented. Figure 4.7 shows the wm-

NICE-OHMS signal for 0.04 Torr of CH, recorded for the transition C. This

NICE-OHMS signal was acquired by scanning over 4.5 GHz at a scan rate of
0.26 Hz. The signal was acquired with 6 averages over an acquisition time of
10 seconds. As will be discussed in a later section, this was the optimal acqui-
sition time to improve the S/N ratio without being limited by longer term laser
drift problems. The S/N ratio of the signal is ~ 1600 which gives a minimum
detectable absorption (under optimal conditions) of 4 x 10! cm? Hz'? high-
lighting significant improvements over the typical fm-NICE-OHMS sensitivi-

ties obtained with this instrument of ~ 2x101°cm*Hz2.
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Figure 4.7 wm-NICE-OHMS signal on 0.04 Torr of CH, for transition C.

The theoretical minimum detectable absorption [19] (i.e. the shot-noise limit)

of the wm-NICE-OHMS setup is given by

(aL)min

Equation 4.1

Via (ZeBJm \/5

“2F\nB ) J,(B)7,(B)

where F is the cavity finesse, L is the cavity length e is the electron charge, B is
the detection bandwidth, n is the responsivity of the photodetector in A/W,
and Po is the power incident on the photodetector in the absence of absorbing

media, J,(f) are the n"-order Bessel functions and f is the modulation index.

Here, B=32Hz, n=1A/W, F=2600, P, ~ 0.3 mW, g =0.55, which for a cavity



Chapter 4 — NICE-OHMS characterisation 139

of length 137cm, gives a minimum detectable absorption corresponding to «,,

= 1.6 x 102 cm™ Hz"2. Thus the sensitivity reported here is a factor 25 above
the shot-noise limit. The remaining residual signals are composed of random
background fluctuations which vary on a day to day basis, so they are onerous

to eliminate entirely.

4.3.4. Simulations

As described earlier in this thesis and shown in Chapter 3, theoretical descrip-
tions of the signals expected from the NICE-OHMS experiment can be used to

generate simulations of the expected lineshapes.

Figure 4.8 shows the results of the simulations of the first term only from the
analytical work outlined by Kluczynski et al [20], along with experimental wm-

NICE-OHMS data collected on transition C of CH,, shown in Figure 4.7. As
the data were taken in the regime where the modulation amplitude, @, was

<<1, only the first term was included. As can be seen from the figure, the ex-
perimental data agrees reasonably well with the simulated data, with the

width of the feature showing particularly good agreement.
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Figure 4.8 Comparison of simulation of wm-NICE-OHMS data with experimental data,
from Figure 4.4.

Although the width of the absorption feature is reasonably well represented
by the simulation, the amplitude of the signal is not as well represented. As
described in the previous section, although the NICE-OHMS technique im-
plements complex and extensive measures to eliminate noise sources, there
still remain residual noise sources arising from the complex modulation. This
may manifest itself as varying amplifications, non-zero offsets and asymme-
tries in the recorded data, thus explaining why the height of the signal does

not quantitatively match the simulations.
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4.3.5. Investigation into optimal averaging for data acquisition

In order to obtain the optimal number of averages to use when collecting
NICE-OHMS data, an analysis of variation in the signal to noise level of the
data with varying averaging time was undertaken. Considering the nature of
the data acquisition procedure, a more quantitative analysis, such as that pro-
vided by an Allan Variance is not especially pertinent. An analysis of how the
signal to noise ratio varies as the number of averages for data acquisition is

increased was undertaken, with the results shown in Figure 4.9.
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Figure 4.9 Signal to noise versus number of averages variance plot for wm-NICE-OHMS
data.
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As can be seen Figure 4.9, initially the signal to noise ratio roughly the ex-
pected trend (N2 where N is number of averages), with the S/N ratio improv-
ing as the number of averages is increased. However, following a maximum
at 8 averages, the S/N ratio decreases, due to the failure of the cavity locking as
the time increases. This provides useful information to guide the data acquisi-
tion procedure for the wm-NICE-OHMS setup. In order to best represent a
measure of both the high and low frequency noise on the baseline, a large sec-
tion of the baseline was fit to a 2" order polynomial, with one standard devia-
tion of the noise taken to be used in the signal to noise ratio. A typical exam-

ple is shown in Figure 4.10, where data was taken for 0.07 Torr of CH,, transi-

tion B, with 14 averages. From Figure 4.9, it can be seen that the signal to
noise ratio reaches already a maximum between 6 and 8 averages. Owing to
the difficulty in maintaining the lock over a long period of time, and meeting
the requirement that all of the data points were acquired during the same
locking period of the laser to the cavity, the maximum number of averages

possible was 16.
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Figure 4.10 Typical trace shown for 14 averages of transition B of CH, used in the analysis,

the red line shows the fit.

However, the data indicate that any further large increase in the acquisition
time period and the number of averages does not result in an increase in the
sensitivity of the data retrieved. Thus, to maximise the sensitivity achieved
when averaging, 6 averages was decided upon as the optimal length of time.
This relatively short averaging period, restricted by the stability of the lock, is
seen in other similar NICE-OHMS setups, such as Axner et al, [21] where 10

averages are taken over an acquisition time of around 12 seconds.



Chapter 4 — NICE-OHMS characterisation 144

4.4. Comparison with other work

Table 4.3 shows a brief comparison of the properties of the few other NICE-
OHMS setups around the world. The highest sensitivity ever achieved using
the NICE-OHMS technique, was obtained by Ye et al [19] with the use of a
powerful YAG laser with low intrinsic noise. The use of a highly stabilised
EDFL, as demonstrated by the work of the Axner group, optimises the ease of
locking the laser to the cavity, and having a powerful stable source is also

beneficial when attempting to maximise the sensitivity obtained.

Table 4.3 Comparison of various NICE-OHMS setups highlighting finesse, laser source and
sensitivity. (* indicates the power level incident on the photodetector after the cavity)

Detection Laser Type Finesse Species Power (mW) Group
Sensitivity (incident on the
Otmin (cm?) cavity)
1 x 10 Nd:YAG 100000 C2HD 75 Hall, Ye and Ma et
al. [1]
2 x 101 Ti:sapphire 16400  “C,H, - Silva [22]
4 x101 ECDL 2600 CH, 1 This thesis
9.7 x 101 QCL 2415 N,O 0.10* Taubman et al [10]
8 x101 EDFL 4800 CH, 0.64 Axner et al [12]
9.5 x 10 ECDL 300 CH, 1 Ishibashi et al [9]
8 x 1010 ECDL 11 000 O, 0.12* van Leeuwen et al

[7]
2 x 1010 DFB 460 CH, 0.96 Axner et al [23]
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However, when using very highly stabilised sources such as YAG lasers or
EDFLs, the tuning range they are able to work over is very restricted, limiting
their use to the study of just one or two transitions. It can be seen that the sen-
sitivity reported for the Oxford NICE-OHMS setup compares very favourably
with other setups, especially in view of the low finesse of the cavity, and the
type of laser source used in the experiment proving to be the most sensitive
detection instrument of its type (ECDL — External Cavity Diode Laser). Fur-
ther comparisons of the current setup with other setups operating with differ-
ent laser sources also compare favourably, especially considering the im-

provements gained by utilising a clean TEM,, mode output through the use of

commercial Ti:sapphire laser or an erbium-doped fiber laser (EDFL). The
setup presented in this work has demonstrated, using a relatively cheap,
widely available telecommunications diode laser (with a much greater tuning
range), an impressive sensitivity of 4 x 10" cm™ Hz'?2, whilst opening up the

potential for investigations across a broader range of spectral regions.

4.5. Applications of the NICE-OHMS technique

To analyse the performance of the spectrometer over a broad wavelength

range, and to demonstrate that the technique is capable of measuring spectral
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parameters, the following section details observations on CO, measurements

and the measurement of pressure broadening parameters.

4.5.1. Broad wavelength tunability — CO, detection

Figure 4.11 shows fm- and wm-NICE-OHMS signals for transition D of CO, (in

Table 4.1) with the highest sensitivity achieved with this measurement being 2
x 101° cm™, taken without the RAM removal circuit being in operation. Addi-
tionally, it should be emphasised that the position of the CO: transition is 40

cm™ away from the spectral position where the CH, data were taken, and the

response of the laser is not the same across the broad spectral region, so the
different locking response of the laser, or the varying amplitude modulation
associated with the particular region, displays a different level of noise re-
sponse, manifesting itself in the signal as increased noise. It was noted that
the highest sensitivities achieved with the system occurs in the spectral region

around 6596 cm™, for which the system was initially designed and optimised.
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Figure 4.11 fm- and wm-NICE-OHMS signals for CO, transition D.

From measurements across the tuning range of the laser, it is clear that opti-
mising the electronics at each spectral region is particularly important and can
markedly improve the sensitivity attained, yet this is time consuming and of-
ten not possible when designing a field instrument for practical application.
However, despite this variation in sensitivity across wavelength regions, we

note that the ability to apply NICE-OHMS to various transitions across differ-
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ent portions of the spectrum whilst still achieving sensitivities of around 10-1°
cm’, is of great benefit when designing a spectrometer which can meet a wide

range of detection requirements.

In order to verify the linearity of the technique with increasing pressure, the
relationship between the height of the absorption feature and the pressure of

added gas was recorded, for both the fm-NICE-OHMS signals and wm-NICE-

OHMS signals, with increasing pressures of CO,. The signal amplitudes for

transition D (a typical case being shown in Figure 4.11) were plotted against
pressure. In both cases this increased linearly with increasing pressure of gas,
with the results being shown in Figure 4.12. The non zero origin intercept

gives an indication of the noise inherent in the measurements.



Chapter 4 — NICE-OHMS characterisation 149

| u CO2
—— Linear fit

FM signal peak to peak / V

| |— Linear fit

NICE-OHMS signal Peak to Peak / V
N
]

O I l T I L] l
0.0 02 0.4 0.6

|
0.8 1.0 1.2
Pressure / Torr

Figure 4.12 Plots of signal height against pressure of added CO, gas for fm-NICE-OHMS
(upper) and wm-NICE-OHMS (lower).
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4.5.2. Pressure Broadening

Following the verification of the linearity of both the fm and wm techniques,
fm-NICE-OHMS was used to determine pressure broadening coefficients for

transition C of CH, broadened by helium to demonstrate the effectiveness of

retrieving transition specific information using the NICE-OHMS technique. 25
Torr of methane was added to the evacuated cavity, following which, increas-
ing amounts of helium gas were added, from 2 to 300 Torr. At each pressure,
fm-NICE-OHMS data were taken at both the absorption and dispersion

phases.

The FM data were fitted using a Voigt profile (a convolution of a Gaussian and
Lorentzian component), fixing the FWHM of the Gaussian component of the
fit to the theoretical value of 611 MHz and allowing the FWHM of the Lor-
entzian component of the fit to vary. From this fitting routine, the Lorentzian
width of each absorption profile and the central frequency were obtained. As
demonstrated by the typical trace showing the data (black line) and fit (red
line) shown on Figure 4.13, fitting for the absorption (upper) and dispersion

phase (lower) for 25 Torr of CH, broadened by 150 Torr of helium were well

represented by the Voigt profiles transformed into FM space. During the data

acquisition routine, only one phase of the data (absorption or dispersion) can
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be acquired per scan, with the operator selecting the phase by varying the
phase angle, 0. Hence, for the data taken here, at each pressure, both the ab-
sorption and dispersion signals were acquired separately, but during the same
lock. The time delay between each pair of measurements was around 20 sec-

onds.

1.0 S

0.5 +

0.0 S

_05 T T T T T T

-0.1 4

-0.2

relative fm-NICE-OHMS signal / V

T
-3 -2 -1 0 1 2 3 4 5
Relative Frequency / GHz

Figure 4.13 Simultaneous fitting for the absorption (upper) and dispersion phase (lower)
for 25 Torr of CH, broadened by 150 Torr of helium.
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Figure 4.14 shows the plot of the Lorentzian component of each fit against
pressure, with a straight line fitted to the points. From the graph, a pressure
broadening coefficient of 1.5 + 0.1 MHz Torr! (HWHM) is obtained, which
corresponds well with the literature values of 1.3-1.7 MHz Torr! [24] for varia-

tion with the 2v, band of methane at 1.65 um.
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Figure 4.14 The Lorentzian FWHM as a function of pressure for 25 Torr of CH, broadened
by He.

Figure 4.14 shows an offset on the y-axis of 87 + 10 MHz which corresponds to

the expected self broadened contribution of CH, of 85 MHz [17, 18].
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A similar procedure was undertaken to retrieve pressure broadening coeffi-

cients of N,O broadened by the addition of helium.
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Figure 4.15 Typical absorption fim-NICE-OHMS signal of 0.42 Torr of N20, with a fit to the
data returning a Doppler width of 370 MHz and associated residuals plot.

Figure 4.15 shows the fm-NICE-OHMS absorption signal (black) with the cor-
responding fit (red) for 0.42 Torr of N,O centred on transition E. Again, each
absorption based fm-NICE-OHMS trace was fitted with the Gaussian width
fixed to the calculated value of 366 MHz with the Lorentzian component of the
Voigt profile being allowed to vary. Figure 4.16 shows the plot of the Lor-

entzian component of each fit against pressure, with a straight line fitted to the
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points. From the graph, a pressure broadening coefficient of 4.4 + 0.2 MHz
Torr?! is obtained, which is in reasonable agreement with the literature values,
where Nakayama et al [25] reported broadening coefficients of 5.5 MHz Torr!

for work carried out on transitions in the same v, band.
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Figure 4.16 The Lorentzian HWHM as a function of pressure for 0.42 Torr of N,O broad-
ened by He.

The work of Nakayama et al investigated transitions around 6578 cm™ in the P
branch (up to 10(e)), whereas the current transition under investigation in this
work is located at 6596 cm”, in the R branch (28(e)). However, it is often the
case that the pressure broadening coefficient decreases with increasing values

of ] (see for example Chapter 2). Furthermore, the significant differences re-
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ported in the HITRAN database in the air broadening coefficients between
these two transitions could indicate that the branches vary quite significantly,
contributing to the difference we note between the pressure broadening coeffi-

cients obtained and those reported in literature.

4.6. Limitations and Improvements

The sensitivities achieved with the NICE-OHMS setup demonstrated in this
chapter show that the technique, for certain species, is capable of meeting the
stringent detection requirements for atmospheric detection. However, within
the technique, there remain intrinsic noise sources which are very difficult to
eliminate entirely. The main limitation to the performance of the instrument is
the varying RAM at different laser frequencies, manifesting itself as a varying
background signal and non-zero vertical offset. The drift of the laser was such
that subtraction of an empty cavity background signal (which would assist in
the removal of the stable but present background signal) was not possible.
Maintaining the lock of the laser to the cavity over the time scale needed to
evacuate the cell after an absorption measurement was impossible due to dis-
turbances it causes to the stability of the system and particularly limiting was
the change in background or baseline levels with each and every lock of the

laser to the cavity.
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Maintaining the polarisation of the light through the EOM during the modula-
tion process is difficult, with additional effects from temperature dependen-
cies and laser fluctuations. The use of polarisation preserving fibers require
very particular alighment to avoid inducing a phase change on the light pass-
ing through. Changing the wavelength of the laser source throughout the
scan and over the course of tuning to investigate difference transitions may be
sufficient to induce this change, without careful realignment at very regular
intervals. Active feedback to correct the phase by a DC correction directly
onto the EOM, as suggested by Wong et al [16] and used in the RAM removal
circuit described earlier, is the best method to deal with this variation, how-
ever as has been noted, its effect was not uniform across the wavelength range
investigated. The wavelength modulation portion of the setup should remove
this noise, however, the bandwidth of the locking circuit was insufficient to
deal with all of the fluctuations. Imbalances or disruptions to the fm triplet
matching exactly the FSR of the cavity led to the noise immunity condition be-

ing broken, and amplitude modulation dominating the required signal.

Although the sensitivities presented in this chapter for this system are impres-
sive, there are a number of improvements that could be made to further the
performance of the instrument and increase its ease of use. Improvements

could be made to the signal, by the use of a more powerful, highly stabilised



Chapter 4 — NICE-OHMS characterisation 157

laser, such as an EDFL [21]. This would have the added benefit of having a
much narrower laser linewidth, which would make the locking of the laser to
the cavity much more simple and stable. One of the more technically chal-
lenging aspects of the NICE-OHMS setup is the locking of the laser to the cav-
ity when it has a linewidth broader than that of the cavity modes. The locking
response of the laser to the feedback is difficult to manage and so would be
much easier with a narrow band fiber laser. Although problems with fiber la-
sers include the relatively restrictive operational wavelength range they oc-
cupy, developmental improvements mean that narrow linewidth fiber lasers
exist in several wavelength ranges, corresponding to the emission windows of
Yb, Er, and Tm doped fibers, i.e., from 1030 to 1121 nm, from 1525 to 1585 nm,
and from 1710 to 2100 nm, respectively. These frequencies open up opportu-

nities to study species such as N,O, CH,, NH,, H,S, CH,O, and HO,, although

a laser is needed per species.

The optical cavity used in this NICE-OHMS setup had a relatively low finesse,
compared with that of other NICE-OHMS setups. Increasing the finesse
would enable higher powers to circulate within the cavity, however, the lock-
ing response of the cavity would be adversely affected and both of these fac-

tors must be considered.
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4.7. Conclusions

In this chapter, measurements have been presented detailing the performance
of an external cavity diode laser based noise immune cavity enhanced optical
heterodyne molecular spectrometer (NICE-OHMS) employing a ring cavity
through measurements on weak Doppler-broadened transitions of various

species: CH, in the range 6595 to 6610 cm™, CO, around 6646 cm™ and N,O at

6596 cml. Residual background noises have been reduced by the addition of a
circuit to remove residual amplitude modulation on the pre-cavity laser radia-
tion, resulting in improvements to the sensitivity of fm-NICE-OHMS in the
dispersion phase by a factor of 2. The highest sensitivity achieved was 4 x 10!

cm™ Hz1?2 being obtained for wm-NICE-OHMS on an unassigned CH, transi-

tion, an impressive sensitivity when considering the laser source and low fi-
nesse of the cavity. The use of the technique in order to retrieve spectroscopic
information has been shown, first by the linearity of the signal strength with
increasing concentration of gas, followed by the fitting of fm-NICE-OHMS

signals at various pressures to retrieve broadening parameters for N,O and

CH,.
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The following chapter moves on to the application of the NICE-OHMS tech-

nique to detection of HO, radicals, with a long term view to using the instru-

ment for real time in-situ measurements.
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Chapter 5

Ultra sensitive detection of HO,

In addtion to presenting ultra-sensitive measurements of a NICE-OHMS
system using a ring cavity, this thesis presents the first application of NICE-
OHMS as an accurate and direct technique for measuring the concentration of

the hydroperoxyl radical HO,. In the atmosphere, HO, has a critical role in

controlling the chemistry of many trace gases such as ozone, and other
potentially harmful pollutants, as described in Chapter 1. Experimentally
challenging measurements of short lived (of the order of <0.1 s in urban air
increasing to around 1-10 s in very clean atmospheres [1]) and low
concentration species are important in order to enhance atmospheric models.

In this chapter, the generation scheme is presented in which HO, was formed

in the cavity, by the continuous photolysis of Cl, in the presence of methanol
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and oxygen. Consideration and further investigation is given to other reaction

products which could potentially interfere with the desired detection of HO,,
followed by a discussion of the spectroscopy of HO, in the region of interest.

Following spectroscopic investigation of these potentially interfering species,

such as formaldehyde, a number of HO, transitions were measured with the

fm-NICE-OHMS setup, as previously described in this thesis. Finally the

minimum detection sensitivity of HO, will be discussed.

5.1. HO, generation

Before beginning the experimental work, the method for the generation of
HO, in the optical cavity and any associated interfering species in its detection
needed to be considered. This involved the kinetic modelling of the HO, gen-
eration process. HO, can be generated via a number of mechanisms, including
photolysis of Cl, followed by reaction with hydrogen and oxygen [2] photoly-
sis of Cl, followed by reaction with methanol and oxygen [2, 3], irradiation of
benzene in the presence of oxygen [4], or by passing F, through a microwave

discharge in the presence of H,O, [5].
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The reaction scheme for generation of HO, via photolysis of chlorine in the
presence of hydrogen and oxygen results in the generation of HO, without

any interfering species being also generated, with the final stage of the reac-

tion being H + O, + M - HO, + M. Although this is beneficial for detection,
the H, + O, mixture is potentially explosive, and so the alternative method of
HO, generation via chlorine atom reactions with methanol and oxygen was

used. The principal reaction scheme is shown in Equations 5.1-5.3:

hv
CL->Cl+Cl Equation 5.1
Cl+ CH,OH - CH,OH + HCl Equation 5.2
CH,0OH + O, - HO, + CH,O Equation 5.3

A more complete reaction scheme including all the major reactions occurring

in the process of HO, formation with their rate constants is shown in Table 5.1.
Detailed modelling of the HO, production and reaction scheme was under-

taken in order to understand better the residence times and concentrations of

the products, particularly the HO, generated, and potentially problematic spe-
cies which absorb around 1.5 um, such as formaldehyde (CH,O). For the

modelling, an estimate of the rate constant of the chlorine photolysis (reaction

R1) is needed. Although values for the rate constant using other UV lamp
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powers and configurations were available in the literature, it was necessary to

determine the dissociation rate for Cl, for this particular setup and configura-

tion.

Table 5.1 Reactions occurring in the HO, generation with their correspond-

ing rate constants.

Reaction Rate constant and references
R1 |CL>Cl+Cl 7 x 10? s [this work]
R2 | Cl+CH,0OH - CH,0OH + HCl 5.5 x 10" cm?® molecule™s™ [3, 6]
R3 | CH,0OH+O:2-> HO, +CH,0O 9.1 x 102 cm® molecules? [7]
R4 | HO,+Cl-> HCl+ O 1.8 x 10" cm? molecule s [8]
R5 |HO,+Cl-> OH+CIO 4.05 x 10" cm?® molecule? s1[9]
R6 | HO,+CH,0OH - CH,OH + H,0O, | 1.34 x10"® cm® molecules™[10]
R7 | HO,+CH,0OH - CH,0 + H,0, 2.01 x 10" cm® molecule?s[10]
R8 | HO,+HO,> H,0O,+0, 1.7 x 102 cm?® molecule? s [11]
R9 | Cl+CH,OH - CH,0O + HCl 6.6 x 10° cm® molecule!s [12]
R10 | H,O,+Cl - HCl+ HO, 4.0 x 102 cm® molecule’s'[14, 7]
R11 | OH +H,0, - HO, + H,0 1.8 x 102 cm® molecules™ [6, 13]
R12 | CH,0O+Cl - HCO + HCl 7.4 x 10" cm® molecules™ [7, 8]
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In order to photolyse molecular chlorine, 5 UV lamps were fitted in the top of
the vacuum chamber, just above the bow-tie cavity, 2 cm above the beam path,
beneath the Perspex lid. The spectrum of one of the lamps (Philips Sylvania
TLD F18W black light blue tubes) was recorded using a Jobin Yvon spectrome-
ter (CP200), with a grating groove density of 360 grooves/mm and a spectral
coverage of 190 to 455 nm, dispersed over 19 mm. Knowing the power of one
lamp (18 W), from this spectrum the number of photons emitted (per nm per
second) was calculated. Considering the 5 lamp configuration inside the vac-
uum housing, the assumption was made that ¥4 of the radiation from each

lamp was incident on the sample. The flux of photons, I (A) (cm? s™), was thus

estimated at 2 cm below the lamps, i.e. at the beam path in the cavity. In the
case of weak absorptions, as here, the Beer-Lambert law can be applied to cal-

culate the number of photons absorbed in 1 cm®in 1 s:

1 ps(A) =1 (A)e(A)cl Equation 5.4

where ¢(A) is the wavelength dependent absorption cross section of chlorine (~

2 x 10" cm?), ¢ is the concentration of Cl, and [ is the interaction length, taken

to be 1 cm. Integrating this over the wavelength of interest results in the

number of photons absorbed per cm?® s* which corresponds to the rate of Cl,

dissociated (assuming the quantum yield for photodissociation is unity). The
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d[Cl]

rate constant of chlorine atom production k, is defined as =k[CL], and is

2?10(/1)3(/1) da,

therefore equal to this gives a rate constant for these ex-

perimental conditions of 7 x 10 s''. For a similar experiment, the rate constant
for chlorine atom production has been measured as 1.35 x 103 s for 1 lamp
[14], corresponding to a value of 6.7 x 103 s, if 5 lamps were used. The value
determined here, which uses the assumption that a geometrical factor of ¥4 of
the photons emitted interact with Cl,, does not control the HO, concentration;
modelling with this value increased by a factor of 4 led to the HO, concentra-
tion increasing by 1%, presumably because both production and loss rates of
HO, are dependent upon the photon flux, and as such, it was deemed unnec-
essary to undertake any more technically demanding tools, such as actinome-
try. Figure 5.1 shows the HO, transitions in the region of interest. The HO,
peak absorption cross sections in this region are typically around o =1 x 10
cm?[15], and in order to ensure that detection of HO, was successful and well
within the capabilities of the NICE-OHMS spectrometer, an initial o, of 107
cm? was decided upon. The required concentration of HO, molecules was

thus ~8 x 10" molecules cm?.
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Figure 5.1 Comparison of H,CO (top) [24] and HO, (bottom) [15] spectra in the region of
interest (highlighted by blue box).

Kinetic modelling was undertaken using simulations within Matlab, utilising
the implicit ODE15s routine, to solve the differential rate equations. Initial

concentrations of reactants were chosen to generate HO, at a concentration of

around 8 x 10" molecules cm?®. The initial simulation results are shown in
Figure 5.2. The simulation models continuously flowing products and reac-
tants with the entire gas volume in the cavity being replaced every 120 sec-
onds. The volume of the cavity was 36800 cm?, with the flow rates for the re-

actants as follows: 18.2 sccm Cl,/Ar mixture, 1.83 sccm of CH,OH, 3.7 sccm of

O, with the buffer gas of Ar flowing at 1719 sccm, to maintain the total pres-
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sure in the cavity at ~40 Torr. From the simulation data shown in Figure 5.2, it
can be seen that the concentration of formaldehyde generated is around 2 x
10 molecules cm™. Given the absorption cross section of formaldehyde, this
is noted as the main interfering species, and will be investigated in more detail

later in the chapter.
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Figure 5.2 initial simulation for HO: generation.

5.2. Spectroscopy of HO,

The spectroscopy of HO, has been extensively studied and reported, formerly

in the UV region where the transitions are broad and overlapping [3, 16, 17,

18, 19, 20]. The commercial development of diode lasers in the near infrared
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opened up the opportunity to study overtone transitions and subsequently in-
vestigations into these narrower and better resolved absorption features have

been published [2, 21]. The HO, absorption bands in the near infrared regions

are a vibronic progression in the low lying 2A” € 2A”” electronic transition (for

HO, at ~7017.5 cm™) along with the first vibrational overtone in the OH stretch
(centred at 6648.9 cm™ for HO,) [15]. It is this 2v, band with which the work

in this thesis is concerned, as, although the spectral region offers weaker line
strengths than the mid-infrared region (~ 3 um), it does however offer advan-
tages including being less congested than in the UV, and the availability of
cheap, commercially available laser sources and associated experimental op-
tics, such as the ECDL (1480 — 1540 nm) used in this work. Previous work has
reported a variety of diode laser based measurements made with diode laser
experiments in the near infrared region, including DeSain et al [24] using
WMS, Christensen et al for kinetic studies [22], Kanno et al in order to study
pressure broadening coefficients [23], and Thiebaud et al for detailed high

resolution measurement of absorption cross sections of HO, [15]. The two ab-

sorption features selected for investigation in this work are highlighted in Fig-
ure 5.1 by the blue box. The lines have been assigned by DeSain et al [24] with
the absorption feature at 6623.32 cm™ arising from the 9P1(12) transition and

the feature at 6623.57 cm’, arising from the aP2(8) + 9P2(9) transitions; the tran-



Chapter 5 - Ultra sensitive detection of HO, 170

sitions are labelled according to “¥*AJ,_.(N"") where N is the rotational angular

momentum quantum number, | is the sum of the rotational and spin angular

momentum quantum numbers given by N + 15, and K, is the quantum number

for rotation about the a axis of the molecule as defined in reference [24]. The
lines chosen, as can be seen in Figure 5.1, show minimal (but non zero) inter-
ference from formaldehyde absorption. From the simulations undertaken, the
following concentrations (with their respective peak absorption cross sections)

were obtained:

At 6623.52 cm™, H,CO concentration of 2 x 10 molecules cm?® with 6., = 9.9
x 10 cm?
At 6623.57 cm™, HO, concentration of 8 x 10" molecules cm® with 6., = 1.3 x

10 cm?2.

Considering the absorption cross section and concentrations involved, it was
noted that distinguishing between HO, and H,CO may be problematic as both
may give a similar absorbance given the uncertainty in the modelling (ap-
proximately 5 x 10 cm), and in addition to further knowledge of the absolute
frequency scale provided by a wavemeter, more detailed investigation would

be required to confirm that the absorption features measured are due to HO,,

as will be presented in section 5.4.
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5.3. Experimental

A schematic of the experimental setup is shown in Figure 4.1, with the only
difference being the introduction of UV lamps, suspended from the cavity lid,
and the addition of flow controllers for the gas handling. The radiation source
used in the experiment was an external cavity diode laser (ECDL) operating at
6623.32 cm™ (1510 nm), with a power of around 2 mW emitted by the laser.
The ECDL was operated at 32.2 °C, with a current of 100 mA and scanned with
a sinusoidal ramp of 1.8 V peak-to-peak at a frequency of 0.532 Hz giving a

scan range of 12 GHz.

The reaction scheme has been outlined previously in section 5.2.1 and the flow
rates for the input gases calibrated. Due to the large voltages required to start
the lamps (900 V) and considering the Paschen Curves (relating the break-
down voltage, distance between conducting pins and pressure of gas) for Ar-
gon and the small distance between the feed-through pins for the lamps inside
the vacuum housing, it was not sensible to turn the lamps on at pressures
lower than 760 Torr without a spark ensuing. As a result, they were turned on
in a high pressure atmosphere of nitrogen to negate this electrical shorting is-
sue. The steel and Perspex vacuum assembly housing the ring cavity was first
evacuated, to 10* Torr, before being filled to 760 Torr with nitrogen. After

switching on the lights, the chamber was evacuated to a pressure of 40 Torr
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and the flows of constituent gases started. Flows of 1% Cl, in Ar (certified pu-
rity 1.00% in Argon balance) , O, (BOC certified purity 99.5%) and Ar (BOC
Pureshield 99.998% purity) were controlled by mass flow controllers (Tylan
FC-260), with flows of CH,OH vapour being controlled through a calibrated

needle valve. Pressures inside the reaction cell were measured with two ca-
pacitance manometers (MKS instruments 0-100 Torr and 0-760 Torr) attached
to the cell, with the total pressure in the cell of reactants and buffer gas (Ar)
being controlled actively with a valve (Edwards Speedivalve SP25) in the exit
path before the pump. The pump rate ensured that the gases in the cavity

were replaced every 120 seconds.

With the flows and lamps on, the locking procedure was implemented, as out-
lined in the previous chapter. In an identical way to that outlined in chapter 2,

the cavity finesse was determined using an unassigned CH, transition at

6623.18 cm returning a finesse of 2800 + 200.

5.4. Results
Results obtained for fm-NICE-OHMS on HO, and associated reaction products
are presented in the following section. Firstly, in order to ensure that HO, was

being generated and detected, results are presented for formaldehyde, which
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had the potential to interfere with the HO, detection process. Following this,
results for detection of HO, are presented for a number of transitions, with the

data fitted and calibrated to obtain concentrations. Finally, the kinetics of the

HO, reaction sequence is also investigated and compared with simulations, in

order to definitively prove that HO, was indeed generated and detected.

5.4.1. Investigation into the interference of H,CO

Given the similarity in the calculated Doppler widths of both the HO, (427
MHz) and CH,O (448 MHz) absorption features in the region of interest, fit-
ting the absorption features alone does not definitively prove that HO, is gen-

erated, and so further investigation must be undertaken, involving accurately
measuring the positions of the line centres, relative to one another to investi-

gate whether HO, can be selectively identified.

A sample of 5 Torr of formaldehyde gas was prepared by thermal decomposi-
tion of paraformaldehyde, as described by Spence and Wild [25]. The purity
of the sample was estimated to be >95%, using an FTIR calibration [26], and
absorption cross section comparisons with FTIR measurements by Gratien et
al, [27], for the identical method of formaldehyde preparation. 50 mTorr of

H,CO was admitted into the cavity, following which an fm-NICE-OHMS sur-
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vey spectrum was carried out. Given the expected concentrations of H,CO
predicted by the kinetic model (~30 mTorr), 50 mTorr of H,CO was used in the

cavity for the survey spectrum, to determine the expected signal level should

H,CO production be a significant interference issue. Figure 5.3 shows the se-

ries of short scans (indicated by the change in colours of the upper trace)
which were undertaken around the 6623.1 to 6623.9 cm™ region, with the pur-
ple trace showing the continuous spectrum taken from Staark et al [28], and

the black trace showing its first derivative.

-0.20 — 1.0
] A A A 0.9
0.22 4 ey | [ ’ M-.
s\ A
4 K 0.8
=
T 024+ -
© 4
B s =
& -0.26 - 2 E
@ N
= 0.5 S
i -0.28 — :
Q 04 ¢
i
© 0304 0.3
<
S 02
-0.32 -
-0.34 - 0.0
— ,
6623.0 6623.5 6624.0

Wavenumber / em-1

Figure 5.3 fm-NICE-OHMS survey spectrum of 50 mTorr formaldehyde in the spectral re-
gion of interest (upper trace) and H,CO spectrum taken with CEAS from Staark et al [28]

(lower trace) and its first derivative (black).
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The spectra collected from the 50 mTorr of formaldehyde clearly show the
spectral features which are identified and characterised in the Staark spec-
trum. The unassigned formaldehyde spectrum was noted to be very con-

gested but the H,CO transitions are tentatively assigned to transitions in the
3,4,5, combination band centred at 6635.7 cm™ [28]. To verify whether H,CO
would indeed interfere in the detection of HO, and to verify that HO, has been

generated, a more specific localised investigation of the spectral region around

both the HO, absorption features identified as suitable for study, at 6623.32

and 6623.57 cm, respectively (assignments in section 5.3) was performed.

Two short scans of ~0.1 cm™ were completed around the HO, features of inter-

est, with the resultant traces shown in Figure 5.4 and Figure 5.5. In both cases,
two experimental runs were undertaken, comprising one with the HO, gen-
eration process in operation, as described previously, followed by one with

the cavity evacuated and then filled with 50 mTorr of H,CO. In both cases, the

wavemeter (Burleigh WA-1000) was used to record the frequency limits of the

scan, and these were the same for both the HO, and the H,CO runs. In both

figures, the lower (blue) trace shows the absorption feature from 50 mTorr

H,CO, with the upper (black) trace showing the absorption feature from the

HO,.
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Figure 5.4 HO, (upper) and H,CO (lower) absorption features in region 6623.28 to 6623.39

cm? with data offset in the y direction for clarity.

It is clear that the HO, absorption features at 6623.32 and 6623.57 cm™ are not
affected by the presence of an H,CO feature at higher relative frequencies. The
modelled concentration of H,CO shown in Figure 5.2 indicates that around 3 x

10" molecules cm® would be generated. The corresponding signal from this
would be clearly visible on the scans; however, considering the data in Figure
5.5 in particular, the formaldehyde features are not evident. Considering the
noise level on the baseline of the HO, data, it can be inferred that the concen-

tration of H,CO is less than 6 x 10™® molecules cm?, compared with the mod-

elled estimated concentration of 3 x 10 molecules cm?.
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Figure 5.5 HO, (upper) and H,CO (lower) absorption features in region 6623.51 to 6623.60

cm?with data offset in the y direction for clarity.

From this, we must conclude that there is a more significant loss process of

H,CO operating than was initially incorporated into the simulation.

Consideration was given to the diffusion of H,CO to the cell walls as it is
known to cause problems of sticking to surfaces. The surface loss time () of
H,CO due to diffusion to and absorption on the walls was estimated using the

method outlined by Chantry et al [29], where:

_Ag 4, (1-B/2)
Lt =7y + TT Equation 5.5
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where v = W is the mean speed with Boltzmann constant k,, mass of
species m, and gas temperature T,,.. The diffusion constant D was taken to be
1.6 x 10° m? s at 298 K [30]. The diffusion geometry (A,) was calculated for
the rectangular steel cell [29], with [, being the volume/surface area ratio for

the cell and S being the sticking coefficient for formaldehyde (taken as the

same as NH, = 0.2 [31] as no literature values are known). The resulting time
taken for the H,CO to diffuse to and absorb on the walls was 1.48 seconds.

This value is much shorter than the pump out rate of the cell, 120 seconds, and

could account for the much reduced concentration of H,CO resulting than that

originally modelled. Refining the model with the inclusion of an additional

loss term for the H,CO results in the predicted concentrations shown in Figure
5.6. Figure 5.6 shows that the H,CO concentration drops below the detection

limit of 6 x 108 molecules cm™ after 20 seconds, when the measurements were

taken, and accounts for the lack of signal from H,CO.
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Figure 5.6 Simulation including loss rate of H,CO to the walls.

As the absolute concentration of H,CO in the experiments above was known,
and with both of the data sets being taken at the absorption phase, the relative
heights of the signals for both species were compared, to confirm that the HO,
concentration is as expected from the model. In this case, the HO, concentra-
tion used is that calculated from the modelling, and the height of the expected

signal X from this estimated concentration can be estimated, and then com-

pared to the signal retrieved, with the data given in Table 5.3.
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Table 5.2 Calibration data for HO, with H,CO as the reference species.

Species Peak height /V | Line position/cm? | o peak /cm? | Concentration /cm?3
HO, X 6623.57 1.3 x 101 8 x 10" (calculated)
H,CO 0.31 6623.52 9.89 x 102 | 1.65 x 10 (measured)

From this, X (the estimated size of the HO, signal expected) is 0.20 V. From

the data in Figure 5.5, the measured peak to peak signal height is 0.21 V,

which corresponds well to the estimate.

5.4.2. Analysis of HO, results

Figure 5.7 shows an fm-NICE-OHMS spectrum of HO, at 6623.32 cm™, where

the peak absorption cross section is ¢ =9.7 x 10 cm?. A fit to the absorption
feature is shown in red, and the returned Gaussian width of 426 MHz + 15

MHz (FWHM) agrees well with that calculated for Doppler broadened HO, of

427 MHz. The data showed no indication of pressure induced line broaden-

ing.
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Figure 5.7 fm-NICE-OHMS spectrum of HO, on the aP1(12) transition at 6623.32 cm, with a

fit to the data shown in red.

The data were calibrated against a known concentration of a different ab-

sorber, CH,, in the same spectral region and taken at a similar time to the HO,

measurement. The methane transition chosen was the 6623.185 cm ! transition,
with a peak absorption cross section of ¢ = 1.685 x 10 cm?. With 1.98 Torr of

CH, in the cavity, the fm-NICE-OHMS spectrum was taken and is shown in

Figure 5.8.
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Figure 5.8 fm-NICE-OHMS spectrum of 1.98 Torr CH, at 6623.185 cm used for HO: calibra-

tion.

With both the datasets being taken at the same phase (absorption), the relative

heights of the signals and the peak absorption cross sections were compared

for the calibration, with the data given in Table 5.3.

Table 5.3 Calibration data for HO, with CH,.

Species | Peak height /V | Line position/cm? | ¢ peak /cm? | Concentration /cm?
HO, 0.14 6623.32 1.3 x10% Cro,
CH, 2.55 6623.18 1.685 x 10 6.42x10'°

The concentration of HO, was determined to be 4.55 x 10" cm?®. Figure 5.6

shows that the simulated values matched the experimental yield of HO, rea-
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sonably well. Using this calibrated HO, concentration and the S/N ratio of 38

determined in Figure 5.8, a minimum detection sensitivity of ~ 4 x 10'° radicals
cm® can be inferred, leading to a minimum detection sensitivity of 1.8 x 10~
cml. Comparing this value with those given in Chapter 4, it can be seen that
the sensitivity reported here is an order of magnitude lower than those re-
ported for fm-NICE-OHMS in Chapter 4. These measurements were con-
ducted towards the end of the lifetime of the laser source, which was suffering
degradation from the repeated modulation over several years. The setup was
also not working under optimal conditions as one of the piezo-electric trans-
ducers received an erroneously large voltage which reduced its performance,

and meant that no WMS could be performed at this stage.

5.4.3. HO, kinetics analysis

As a further confirmation that the species produced and detected from the
photolysis experiments in the cavity are HO,, a kinetic analysis was under-
taken. Firstly, analysis of the time taken for the HO, signal to disappear fol-

lowing the shutting off of the chlorine flow, and secondly, analysis of the time

taken for the HO, signal to disappear following the switching off of the UV

lamps were investigated.
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The input flow rates for the flow controllers were set so that the residence time
in the cavity was 120 seconds. Once all the flows were on and the laser was

locked and stable with fm-NICE-OHMS data being collected on HO,, the chlo-

rine flow was turned off. As the lamps remain on during this time, the

photolysis reaction of Cl, 2 2Cl continues and it is this which is driving the

formation of HO, until all of the Cl, is used or pumped away.
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Figure 5.9 fm NICE-OHMS data recorded over 2 minutes following the shutting off of the
chlorine flow (data offset in the y direction for clarity).

The laser remained locked, with all the other flows on, and data from scans

over the same HO, peak region (6623.32 cm™) were taken at approximately 20

second intervals. These data are shown in Figure 5.9 and have been offset in
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the y-direction for clarity. It can be seen from the data in Figure 5.9 that over
the 120 seconds following the shutting off of the chlorine flow, the concentra-

tion of HO, drops steadily as the remaining chlorine in the cavity is removed

by pump out.

The formaldehyde creation reactions would also continue during this time,

and so the kinetic evidence for HO, generation needs to be augmented in or-
der to completely rule out H,CO as the product under investigation. This can
be achieved by quickly stopping the Cl, = 2Cl reaction which drives the
scheme, by turning off the UV lamps. The H,CO is a stable species and so it
remains in the cavity, whereas HO, is rapidly lost, and hence, if the photolysis
process was ended, an immediate loss of HO, should be detected; this would

be convincing evidence that HO, was under investigation, rather than H,CO.

Modelling of this scenario where the lamps were turned off, was undertaken
in Matlab, following the same scheme as outlined earlier in this chapter and is
shown in Figure 5.10. The model was stopped at 10 seconds, and then re-
started again with the rate constant for the chlorine photolysis set at 0, hence

simulating turning off the lamps, and allowing the model to continue to run.
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Figure 5.10 HO, simulation with the lamps turned off, k=0 for Cl,-->2Cl.

The simulated model results for this are shown in Figure 5.10. It can be seen

that the concentration of HO, drops to below the minimum detectable level (4

x 10" molecules cm? — see section 5.4.1) after about 4 seconds. This was ex-

perimentally verified by measurement of the decay of the HO, peak after the

lamps were switched off. The results are shown in Figure 5.11 with the red

line being the HO, concentration from the simulation shown in Figure 5.10. It

can be clearly seen from Figure 5.11 that the red trace, showing the results of

simulations for the losses of HO, via the reactions outlined in Table 5.1 [7, 8, 9,

11], shows good agreement with the measured decay of HO, (black circles).
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Figure 5.11 - HO, concentration vs. time after UV lamps turned off with the modelled HO,

concentrations.

This is further convincing evidence that the species being measured is indeed

HO, as intended, and not formaldehyde.

5.5. Discussion and Conclusions

The NICE-OHMS spectrometer developed and characterised in Chapter 4 has

been successfully applied to the detection of HO,. Although the aim of detect-
ing HO, at atmospheric levels was not realised, a minimum detection level of 4

x 10 molecules cm® has been demonstrated, giving a minimum detection
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sensitivity of 1.8 x 10® cm™. The sensitivity reported for the detection of HO, in
this chapter is not as high as for the detection of CH, previously reported in

chapter 4. This decline in sensitivity has probably occurred due to the PZT
and laser in the setup degrading. It may seem that the application of NICE-

OHMS to atmospheric HO, detection is inadequate, due to the required sensi-

tivity not being realised, with the current work being three orders of magni-
tude off the required sensitivity (2 x 102 cm™). However, a number of factors
must be considered. From the data in Chapter 4, it would be expected that at
least one order of magnitude increase in sensitivity would be attained, should
WMS be applied. Considering the sensitivity values obtained in Chapter 4, it
is also evident that a further loss of an order of magnitude has resulted from
the laser degradation. Further increases in detection sensitivity along with in-
creased ease with which the laser locking could be achieved would involve the
incorporation of a narrow band higher power source, such as an erbium
doped fiber laser (EDFL) with a much narrower free-running linewidth of 1
kHz. Not only would the locking be achieved more easily, the amount of
power circulating the cavity would also be increased with the higher power
laser source, thereby offering further improvements to the detection sensitivi-
ty. However, this is tempered with the reduction in wavelength flexibility that

an EDFL offers over a broadly tunable ECDL, as currently in use, meaning
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fewer transitions could be investigated. Should the above improvements be
made, the use of higher reflectivity mirrors could subsequently be imple-

mented, leading to the required sensitivity for detection of atmospheric HO,

being attained.

This work marks the first application of a NICE-OHMS spectrometer to detec-
tion of radical species, and marks a key step in applying this ultra-sensitive
spectrometer to real atmospheric scenarios. One of the key features of a detec-
tion technique most useful to atmospheric detection scientists is one which
utilises a direct and speciated solution. It has been demonstrated in this chap-
ter, that the NICE-OHMS spectrometer can provide this on application to HO..
One main drawback with the current NICE-OHMS setup as described here is
the laser source used in the setup. Although having a broad range, with a
tunable ECDL allowing greater flexibility in the selection of the detection
wavelength, the relatively large linewidth (2 MHz) of the laser locking system
adds a further level of experimental complexity to the system. With im-
provements to the laser source and improvements to the piezo-electric trans-
ducers to return the system to its optimal operating conditions, NICE-OHMS
offers a viable spectrometer for application to atmospheric remote sensing

situations.
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Chapter 6

Future directions

This thesis has demonstrated the use of an external cavity diode laser based
NICE-OHMS system, and its application to detection of a range of species of
atmospheric importance. This work demonstrates the highest sensitivity to
date for this type of laser source, and also presents the first measurements of

radical species, with the production and detection of HO, being performed in
the optical cavity. The sensitivity for the detection of CH, was 4 x 10 cm!

Hz'2 which clearly demonstrates the impressive sensitivities which such an

instrument can deliver.
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As described in the previous chapter, the experimental sensitivity limit

achieved for detection of HO, was 1.8 x 10° cm™, which was not sufficiently

sensitive to achieve detection of atmospheric levels. However, were im-
provements to the system made, then there is significant and real potential
that these limits would be achieved. In the current setup, there are two main
limitations — the laser source and the piezo electric transducer. The ECDL
source currently used is of very low power and not particularly narrow
linewidth, and so achieving and maintaining the lock of the laser to the cavity
during the wavelength scanning for data acquisition is difficult. With the im-
plementation of an improved laser source, such as an erbium-doped fiber laser
(EDFL), this would be improved as the much narrower line width of the laser
would be more easily locked to the cavity. Higher powers would also im-
prove the signal size with an associated reduction in the shot noise limit for
the setup. The current sensitivity was achieved with a cavity of relatively low
finesse, which could be improved by the use of higher reflectivity mirrors; it
should be noted however that this will change the locking response of the cav-
ity. Although the implementation of a narrow line width EDFL would im-
prove the ease of locking, due to the spectral coverage limitations of such laser
sources, a wider tuning range would be required which may be beyond the

performance limits of the laser in the atmospheric pressure broadened regime.
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Recent work has extended investigations of different laser sources to include
distributed feedback lasers (DFB) which offer a wider and fast tuning range
[1], or quantum cascade lasers (QCLs) whereby access could be gained into
wavelength ranges corresponding to the fundamental molecular vibrational

transitions [2].

Although impressive sensitivities have been demonstrated with the use of the
technique, the fact that there are so few NICE-OHMS setups in existence indi-
cates that the implementation of the systems is challenging. However, the
benefits of using the technique are clear (i) an intrinsic noise immunity to laser
frequency imperfections, (ii) impressive sensitivities demonstrated with a
range of laser sources, (iii) the detection of both pressure broadened and sub
Doppler signals and (iv) the option to measure both absorption or dispersion
signals at arbitrary phase angles [3]. The NICE-OHMS technique is still in its
developmental stages, and now that the experimental complexities have
mostly been overcome, moves to miniaturise the system in order to make
measurements in various locations, e.g. in field instrumentation or medical di-

agnostics can be considered.

Comparisons between techniques which also offer the potential of achieving

such sensitivities, such as cavity ring down spectroscopy (CRDS) are inevita-
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bly made. Consideration might be given to experimental complexity and eco-
nomic outlay, relative to the gains in sensitive which can be achieved. Devel-
opments in CRDS, such as frequency locking continuous wave CRDS are ca-
pable of achieving sensitivities of 1 x 10> cm™ Hz 12 [4] however, these gains
in sensitivities still require complex and demanding experimental techniques,
with more simple setups only capable of achieving sensitivities in the ranges
10? -10° cm™ [5]. However, where truly ultrasensitive detection is required,
for example in atmospheric trace gas detection, the potential that NICE-OHMS
offers is unrivalled. With the majority of the experimental work in achieving
the high sensitivities now undertaken and published, and with the develop-
ment of more suitable lasers at a more economic price range, the unrivalled
sensitivity which NICE-OHMS has to offer as an absorption based technique

should continue to be pursued in the field of atmospheric detection.
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