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Abstract

Applications of laser absorption spectroscopy for trace gas detection are many and diverse,
ranging from the environmental and atmospheric to the medical and industrial. The aim
of creating a spectrometer which combines high sensitivities and selectivities (in order
to measure small amounts of absorbers or species that are only weakly absorbing, in a
complex background matrix) with a wide spectral coverage (to allow broadband absorbers
or multi-component samples to be studied) can be realised by implementing three separate
concepts: the exploitation of the strong, fundamental transitions of the mid-infrared; the use
of sensitive spectroscopic techniques; and the selection of a widely tunable laser source. In
this thesis, these ideas are investigated individually and in combination in order to achieve
such a goal. Laser spectroscopic techniques based on optical cavities are used to build a
high resolution spectrometer covering a large spectral range capable of selectively detecting
low levels of gaseous compounds of interest, especially those of medical or environmental
significance. Work in both the near- and mid-infrared is presented, including much of the
initial, developmental work which was conducted in the former region.

The thesis begins with an overview of both narrowband and broadband near-infrared ra-
diation sources, with a particular emphasis on commonly available diode lasers (DLs). A
novel laser source, the digital supermode distributed Bragg reflector (DS-DBR) laser, is in-
troduced as a useful laser source for spectroscopy, combining the usual benefits of telecom
DLs with a wide tunability (1563 — 1613 nm). The laser can be operated in an internal or
external ramping mode, allowing the output wavelength to be scanned or stepped across
a desired region. The observation of mode-hopping during the application of the scanning
methodology is examined and rationalised. The ability of the DS-DBR laser to perform
high resolution spectroscopy over its entire spectral coverage is demonstrated by recording
spectra of carbon dioxide (CO,) over this range, covering transitions from two of the four
Fermi resonance components of the 3v; + v3 combination band. The results of conducting
wavelength modulation spectroscopy on CO, are also reported.

A system developed for performing cavity ring-down spectroscopy (CRDS), capable of the
real-time retrieval of ring-down times (RDTSs), is presented and discussed. The outcomes of
initial tests performed with a conventional DL at 1557 nm, to study a calibrated mixture of
CO, in air at various pressures, are given. In addition, the results of combining this system
with the DS-DBR laser are discussed. The bandwidth of the DS-DBR laser was found to
be larger than that of a standard DFB DL, resulting in the presence of noisy cavity modes.
Despite this, the acquisition of reproducible RDTs is demonstrated, with single wavelength
studies of an evacuated cavity at 1605.5 nm yielding a RDT of 24.54 4+ 0.04 us and Allan
variance calculations signalling an attainable minimum detectable absorption coefficient,
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Qmin, of 2.8 x 10719 cm™ over 20 s. The ability to perform CRDS across the whole DS-
DBR laser wavelength range without the need for cavity re-alignment is illustrated, and
studies conducted on CO, in air, calibrated mixtures and breath are reported. Investiga-
tions are also described into the accurate determination of the 3C/12C ratio in exhaled
CO, undertaken using CRDS and cavity enhanced absorption spectroscopy (CEAS) on
CO, isotopologues, an approach which can be utilised as a diagnostic aid in determining
Helicobacter pylori infection.

The focus of the thesis then moves to the mid-infrared, to describe quasi phase matching
difference frequency generation (QPM-DFG) and its use to generate laser light at 3 pm by
optically mixing near-infrared DLs. The theory behind this non-linear optical interaction
is outlined, and the construction of a free-space QPM-DFG system using periodically poled
lithium niobate is detailed and characterised.

This DL-based QPM-DFG arrangement has been coupled with the CRDS system developed
to create a mid-infrared CRD spectrometer. The results of single wavelength studies indi-
cate RDTs of ~ 6 ps and an achievable amin of 2.9 x 1072 cm™ over 44 s for an evacuated
cavity. Spectroscopic investigations carried out on methane (CH,), acetone and deuterium
are documented; for the latter species, Dicke narrowing of the electric quadrupole v(1 < 0)
Q(2) transition at 2987.29 cm™ is observed and the integrated absorption cross-section
for the same transition measured as 2.29 + 0.03 x 10727 cm?cm 'molec’!. The results of
modifications made to the system, namely the use of a more powerful Nd:YAG laser as the
pump radiation source, as well as a faster detector combined with a variable amplifier, are
presented; these include the observation of an improved optimal amin of 6.4 x 10710 cm™
over 151 s for an empty cavity.

Finally, work utilising the DS-DBR laser as one of the near-infrared sources for the QPM-
DFG set-up is presented. This configuration generates radiation covering a wide mid-
infrared range (3130 — 3330 nm) and has been used to perform direct absorption and
wavelength modulation spectroscopy on ro-vibrational transitions within the fundamental
v3(F») band of CH,. The spectrum of methanethiol (CH4SH) over this region has also
been investigated, with preliminary studies identifying a feature at 3040 cm™' as a potential
indicator for monitoring this biomarker in breath. The results of coupling this mid-infrared
radiation with an optical cavity to perform CEAS combined with phase sensitive detection
are subsequently reported. Studies were conducted on calibrated CH, mixtures and am-
bient air to examine two transitions of the fundamental v3(F3) band of CH, in order to
characterise the system: effective path lengths of ~ 700 m and amin of 6.2 x 107% cm™!
over 8 s were found. The £Q, CH4SH absorption feature at 3040 cmt was also further
studied with this system using prepared samples of CH;SH in N, at different concentra-
tions, yielding a CH3SH detection limit of 2.4 ppm at 19 Torr. The potential of such a
cavity-based, DS-DBR sourced, QPM-DFG mid-infrared spectrometer for trace gas sens-
ing having thus been demonstrated, possible improvements that could be implemented to
increase the sensitivity of the system are then discussed.
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Chapter 1

Introduction

Applications for trace gas detection are numerous and diverse, ranging from the environ-
mental and atmospheric to the industrial and medical. In many cases, absolute number
densities are required and absorption spectroscopy is one technique that can provide such
quantitative analysis. Often high sensitivity and selectivity are also needed in order to
monitor weakly absorbing species or those at low concentrations within a multi-component
matrix. In this chapter, the principles of absorption spectroscopy are explained and the
methods by which the achievable sensitivities can be increased are outlined. In particular,
techniques based on optical cavities are discussed, as well as the advantages of exploiting
the strong absorptions in the mid-infrared. Some examples of the applications of absorption
spectroscopy to gas sensing are presented before concluding the chapter with an overview

of the content and scope of this thesis.

1.1 Absorption Spectroscopy

1.1.1 The interaction of light and matter

Electromagnetic (EM) radiation is comprised of electric and magnetic field components
oscillating in phase perpendicular to each other and to the direction of wave propagation
and energy transfer [1-3]. This radiation, which includes the traditional ‘visible’ light as well
as radiation of longer and shorter wavelengths, exhibits wave-like behaviour as it travels
through space, but under certain conditions it can also be observed to act as particles
called photons [4]. This wave-particle duality means the energy of the radiation, F, can be

expressed in terms of either its wave or particle properties:

E = hv = pc (1.1)



2 Chapter 1

n’ gnl En
AE,, = hv

nm

VW

Energy

m, g, E

m

Figure 1.1: Energy level diagram of an absorption transition from a lower state, m, with
energy F,, and degeneracy ¢,,, to an upper state n, with energy F, and degeneracy g,.
The energy of the photon required to cause this transition must be equal to the energy
difference between the two levels, AE,,,.

where h is Planck’s constant, v is the frequency of the wave, p is the momentum of the
photon and c is the speed of light. The frequency of the radiation is related to its wavelength,
A, by e=vA.

Spectroscopy is the study of the interaction between light and matter and it can reveal a
wealth of information about the identities, amounts, structures and energy levels of species
[4]. The energy level structure of matter at an electronic level and in its rotational, vibra-
tional and translational movements means that a substance consists of states at discrete,
fixed energies, and so transitions between these states have fixed energies too. Optical tran-
sitions to a lower energy level result in the emission of radiation from a material, whereas
transitions to a higher energy level occur if radiation is absorbed on its passage through
the substance. Absorption spectroscopy is the study of this absorption of radiation when it
interacts with a sample, and relates to both the energies (frequencies) at which this occurs

and the magnitude (intensity) of the absorption.

The absorption of a photon, causing a transition from an initial, lower level m to a final,
higher level n, will only occur if certain selection rules are fulfilled. Firstly, the energy
of the absorbed photon must be equal to the energy difference between the states, i.e.
AEn, = E, — Ey, = hv (Figure 1.1). The interaction between the electric field of the
radiation and the electric dipole moment of the molecular transition of interest must also
be considered [5]. This interplay is known as the transition amplitude or transition dipole

moment, R, and for the transition n <— m it is defined as [3-5]:

Ry — / U fpmdr (12)

where f[1 is the electric dipole moment operator, ¥, and 1, are the wavefunctions of the
levels m and n, respectively, and the integral is evaluated over all spatial, temporal and
spin coordinates. R, represents the degree of coupling between the initial and final states
and quantum mechanically describes how the electric dipole moment operator acts on the
initial state to transform it to the final state. The size of this transition dipole can be

thought of as a measure of the charge redistribution that occurs during the transition.
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The rate of change of the population of the lower state m, N,,, due to stimulated absorption
is given by [3]:
dN,
= Bl Nup() (1.3)
where p(v) is the spectral radiation density per unit frequency interval and BY,, is the

Einstein absorption coefficient for the transition n <— m in terms of these frequency units.

Bl is related to the transition dipole by [4-6]:

v — |an |2
mn 6egh?

(1.4)

where € is the vacuum permittivity and & = h/2x. Thus the probability that the transition
will take place is proportional to the square of the transition dipole moment, thereby
supplying a second, gross selection rule which must be satisfied in order for the dipole
transition to occur: the transition dipole moment must be non-zero, i.e. Ry, # 0. It
is worth noting that forbidden transitions between energy levels may still occur based on
non-electric dipole interactions, either by other mechanisms such as quadrupole transitions
or by the mixing of states if the structure of the material allows the internal electric and
magnetic fields to break certain symmetries so that originally dipole-forbidden transitions
become possible (e.g. ions embedded in a crystal lattice or glass). These processes, however,

are much less likely, and are therefore only of weak intensity.

The greater the transition rate, the greater the measured absorption. Equation 1.3 indicates
that this depends upon the magnitude of the Einstein absorption coefficient, which is also
given by [7, 8]
, hv o
an? = Omn(V)AV = Oing (1.5)
0

where 0,,,, (V) is the frequency-dependent absorption cross-section for the transition n < m,
and ojy is the integrated absorption cross-section. This can be used to derive the well-

known Beer-Lambert law [7, 9]:
I(v) = Iy(v)e oW (1.6)

where I(v) and Iy(v) are the intensities of the transmitted and incident radiation, respec-
tively, o(v) is the frequency-dependent absorption cross-section, [ is the absorption path
length and C' is the concentration of the absorbing species. This law describes the inten-
sity attenuation of light as it passes through a sample, which varies with frequency. The
product o(v)Cl is commonly referred to as absorbance, A(v), and o(v)C' as the absorption

coefficient, a(v).
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1.1.2 Absorption profiles

The energy levels in systems are usually regarded as sharp, distinct states with clearly
defined energies, which would result in transitions between pairs of states with fixed en-
ergies leading to the presence of single lines or ¢ functions in the spectrum. However,
this is not the case. Instead, the observed lineshape of a transition is a result of many
contributing factors and broadening processes. These broadening mechanisms can either
be homogeneous or inhomogeneous. Homogeneous broadening occurs in situations when
the particles are treated equivalently; this includes natural and pressure broadening and
results in Lorentzian profiles. Inhomogeneous broadening, in contrast, takes places when
the properties or environment of the particles are non-identical so the shifts and perturba-
tions of absorption frequencies vary between the molecules or atoms; this includes Doppler

broadening and gives rise to Gaussian profiles.

Natural broadening [10] is an intrinsic and inescapable process that arises for all transitions.
It is due to the fact that all the states are not at distinct, defined energies but rather spread
out over a small, finite energy range because of the uncertainty in measuring the energy.
By analogy with Heisenberg’s uncertainty principle, the energy-time uncertainty relation
can be derived which states that the product of the uncertainty in the energy measurement,
AE, and the time interval required to perform this evaluation, At, is AEAt ~ h/2 [5]. As
the excited particle can only be observed for a period equivalent to its lifetime, 7, this then
becomes:

TAE ~ g (1.7)

Using the relationship F = hv, this can be further reorganised to:
AV = —— (1.8)

indicating that the longer the lifetime of a state, the smaller the natural broadening. If the
lower state is not the ground state, then the amount of natural broadening depends on the
lifetimes of both the upper and lower states. Additional substitutions for expressions of the
lifetime and Einstein coefficients yield the result that Av varies with 3, and also that the

consequential lineshape of this type of broadening is a Lorentzian profile [10]:

2 Avy,
TAV? +4(v — vp)?

L(v) = (1.9)

where v is the central frequency of the absorption feature and Avy, is the full-width half-

maximum (FWHM) Lorentzian width.

For rotational-vibrational (ro-vibrational) spectra of molecular gases, this natural broaden-

ing is overwhelmed by the presence of other broadening mechanisms so it forms only a small
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component of the overall lineshape (from 10~* Hz for rotational transitions to several MHz
for excited electronic levels). The other major homogeneous broadening process is pressure,
or collisional, broadening. This is due to the interactions of an absorbing particle with its
neighbours. As the collision frequency increases, the lifetime of both states involved in the
transition is reduced, which through Equation 1.7 raises the uncertainty of the transition
energy and so causing further variations in the absorbed frequency and a broadening of the
lineshape. These collisions may be hard or soft collisions with neutral particles, collisions
with charged particles or via long range intermolecular interactions such as Van der Waals
forces. Pressure broadening also produces a Lorentzian profile (Equation 1.9), with Avy,
given by:

Avy, = 29p (1.10)

where 7 is the pressure broadening coefficient and p the pressure of the broadening gas. In
actuality, the contribution to the pressure broadening depends on the nature of the species
with which the molecule or atom of interest collides, so Equation 1.10 can be regarded as
[11, 12]:

AVL = 2%seliPself + 2YbufiPbuft = 2VseltPself + 2 Z VeDz (1.11)

x
where the subscripts ‘self” and ‘buff’ refer to the species of interest and other species present
in the mixture, respectively, and where = denotes all the different types of foreign gases
present in the sample and their respective broadening coefficients and partial pressures.
In the HITRAN database [13-15], the « values are reported as half-width half-maximum
(HWHM) figures (hence the factor of two in Equations 1.10 and 1.11) and for a constant

temperature (y also displays a temperature dependence which has been omitted here).

The other main source of line broadening observed is the inhomogeneous process of Doppler
broadening. At a given temperature, the particles in a sample possess a range of velocities
according to the Maxwell-Boltzmann distribution [7] so the molecules may be moving away
from or towards the observer and at a variety of speeds. The motion of the particles
relative to the source of the radiation passing through the sample results in a shift in the
absorption frequency observed for each molecule: the frequency has been Doppler shifted,
and because different particles have different velocities they are all Doppler shifted by
different amounts. Thus the velocity distribution of the particles leads to a distribution of
the absorption frequencies, resulting in a broadened lineshape with a Gaussian profile [10]:

G(v)

—exp

2 /In2 4n2(v — 1p)?
_ 2 | [_n@%)] (1.12)
Avg ™

2
AI/G
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where Avg is the FWHM Gaussian width, which in the case of Doppler broadening is equal
to the Doppler width given by:

2kpTIn2

Avp = 21 3
mc

(1.13)

where kpg is the Boltzmann constant, 7" is the temperature and m the mass of the molecule.

In low pressure regimes (a few Torr or less) at room temperature, Doppler broadening
is the dominant line broadening process so the absorption feature exhibits a Gaussian
profile with a linewidth given by the Doppler width. However, in pressure regimes where
the contributions from Doppler broadening and pressure broadening are similar, so that
the Doppler Gaussian width is comparable to the pressure-induced Lorentzian width (~
10 — 100s Torr), the absorption profile can be described by a convolution of the Gaussian

and Lorentzian lineshapes known as the Voigt profile [10]:

\/ln / ST (1.14)
AVG o Y+ x—t)

where x and y are given by:

2y — A
PN Gl N v o 4 (1.15)
A Avg

VG

Equation 1.14 cannot be evaluated analytically so instead must be calculated numerically.

This is often accomplished using the approximation [10]:

V) = Aig\/K Re [V(2)] (1.16)

where z = x + yi and W(z) is the complex error function or Faddeeva function [16]:

W(z) = e % erfe(—iz) = <1+ / dt> (1.17)

where erfc is the complementary error function. Alternative approaches to evaluating the
Voigt profile are also available in the literature [17], and the Voigt FWHM, Avy, for cases

when Avy, &~ Avg can be estimated as [18, 19]:

Avy =~ 0.5346Av) + \/0.2166Au,% + AVZ (1.18)

These three major lineshape profiles - Gaussian, Lorentzian and Voigt - are illustrated in
Figure 1.2. Other, more complex lineshape profiles also exist, including Galatry [20] and
Rautian [21] profiles which are required when collisional narrowing effects occur. These

processes take place when the upper state lifetime is large compared to the time between
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Figure 1.2: A comparison of the Gaussian, Lorentzian and Voigt profiles, simulated with
unitary area and FWHM of 0.01 cm™.

collisions so the mean free path of the absorber is much smaller than the wavelength of
transition of interest, resulting in the occurrence of many velocity changing, elastic collisions
during the absorption of the photon. This leads to an averaging over several Doppler states

and a reduction in the linewidth known as Dicke narrowing [22, 23].

For practical applications, we often want to relate oy, which is independent of environ-
mental conditions (except temperature) and hence is a constant for a given transition of
a given species, to the absorption cross-section at the peak of the absorption feature, op.
This is achieved through the relation:

Jint
= 1.19
Op Ay ( )

where Av is the FWHM linewidth of the absorption signal and T is the lineshape parameter,
which is a numerical constant associated with the form of the manifested lineshape under

particular experimental conditions and can be approximated as [19]:

2
A A
T = 1.065 + 0.447 2L 4 0.058 (”L) (1.20)
Avy Avy

1.1.3 Sensitivity

Absorption spectroscopy can be a highly selective and highly sensitive technique. Selec-
tivity is the ability to differentiate between the absorption feature of interest and those

due to other absorbers which may be present in a sample, and is particularly important
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Figure 1.3: Integrated absorption cross-sections of a selection of molecules for their near-
and mid-IR transitions [15]. Transitions in the near-IR can be several orders of magnitude
smaller than those in the mid-IR.

when dealing with complex mixtures such as breath. Sensitivity, on the other hand, re-
lates to the capacity to observe low levels of absorption. Conventional direct absorption
spectroscopy, by measuring the attenuation of light on its passage through a sample, is not
very sensitive as it consists of measuring progressively smaller changes upon a large, often
varying background. However, it can be improved by either reducing the noise of the sys-
tem or increasing the absorbance observed. Inspection of the Beer-Lambert law (Equation
1.6) implies that an increase in absorption (leading to an increase in sensitivity) can be
obtained by either increasing the absorber concentration, extending the path length, mea-
suring a transition with a greater absorption cross-section or using a mixture of these three
ideas. Often the first of these options is not feasible as the unknown concentration is the
parameter which is desired to be determined. This leaves two approaches: firstly, using the
spectral regions where absorption cross-sections are highest and, secondly, using sensitive

detection techniques based on either noise reduction and/or path length enhancement.

The infrared (IR) region of the EM spectrum includes radiation with wavelengths between
700 nm and 1 mm and corresponds to energies of ro-vibrational transitions. The region
can be further sub-divided into the near- (0.7 — 2.5 um), mid- (2.5 — 12 pm) and far-
(12 — 1000 pm) IR ranges. Whereas only weaker overtone and combination bands at lower

intensities of the ro-vibrational transitions take place in the near-IR, strong fundamental
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Figure 1.4: A comparison of various absorption spectroscopy techniques according to their
complexity, robustness and sensitivity (represented by their typically achieved minimum
detectable absorption coefficients, amin). Abbreviations are given in the Nomenclature.
Reproduced from Welzel et al. [27].

transitions with large absorption cross-sections occur in the mid-IR [24]. Strong absorp-
tions by C—H, N—H and O—H stretches around 3 um are of particular significance. This
variation in intrinsic linestrengths with wavelength is illustrated in Figure 1.3, with absorp-
tion intensities typically 10— 10, 000 times stronger in the mid-IR than those in the near-IR
[25]. Selective detection of many species is also more feasible in this region as the tran-
sition line centres are more widely dispersed and the lower frequencies result in reduced
lineshape broadening (Section 1.1.2) so less interference and overlap between absorption
features occur. Thus mid-IR spectroscopy has many benefits. However, it is limited by
the experimental equipment available at these wavelengths, such as inadequate low noise
detectors, a lack of very highly reflective optical components and laser sources of insuffi-
cient power and beam quality [26], though technological advances to improve this situation
are constantly being made. Hence the near-IR region is worse in terms of fundamental
linestrengths but better in terms of available spectroscopic equipment, whilst the opposite

is true in the mid-IR.

Many different sensitive detection techniques have been developed in order to monitor
weakly absorbing species or those at low concentrations, and these are summarised in Figure
1.4. These include phase sensitive detection methods to reduce the noise (using techniques
such as wavelength modulation (WM) or frequency modulation (FM) spectroscopy [28, 29])
and those based on path length enhancement [30], the latter comprising the use of either
multi-pass cells (such as Herriott [31] or White cells) or optical cavities [32, 33]. A range of
cavity enhanced methods exist, including cavity enhanced absorption spectroscopy (CEAS)

[34, 35], optical feedback cavity enhanced absorption spectroscopy (OF-CEAS) [36], cavity
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ring-down spectroscopy (CRDS) [37, 38|, phase shift cavity ring-down spectroscopy (PS-
CRDS) [39], saturated-absorption cavity ring-down spectroscopy (SCAR) [40] and noise
immune cavity enhanced optical heterodyne molecular spectroscopy (NICE-OHMS) [41].
In all instances, path lengths of the order of 1 — 10 km are readily achievable. CEAS and

CRDS are discussed in more detail in Section 1.2.2.

Noise is the series of unwanted signals observed at the output of a detection system, masking
the true signal. There are three main types of noise associated with absorption spectroscopy:
detector noise, laser excess noise and interference fringes [42]. Detector noise is comprised
of three different constituents [10], one of which is thermal or Johnson noise. This originates
from the random thermal motion of electric charges present in all conducting components
of a detector, but especially of the electrons generated at the semiconductor p — n junction

[43]. The root mean square (rms) value of the thermal noise current, ir, is given by:

ir =/ @ (1.21)

where Af is the frequency bandwidth of the detector and R is the detector resistance. It can
thus be seen that the level of thermal noise is independent of the frequency and intensity
of the radiation, and can be reduced by either increasing the resistance of the detector,

lowering its temperature or reducing its bandwidth.

Another component of detector noise is shot noise, also known as quantum noise, which is
caused by fluctuations in the photocurrent due to the random generation of mobile charge

carriers in photodiodes. The rms shot noise current, i, is:

2e2nAfP
s = A\ ———— 1.22
s =\~ (1.22)

where e is the elementary charge, P is the incident power and 7 is the quantum efficiency,
which is the ratio of the number of carriers produced to the number of absorbed photons.
This, like Johnson noise, does not depend on frequency; such sources of noise where the

power spectral density is invariant with frequency are termed white noise.

The last component of detector noise is 1/f noise, caused by, among other factors, the
presence of lattice defects and impurities in the semiconductor, the diffusion of charge
carriers and the interactions of the charge carriers with the surface of the material. It is
called 1/f noise because it is exhibits an inverse dependence on frequency, and dominates

in situations where measurements are recorded at low frequencies (< 1 kHz).

All three of these contributions to detector noise depend on the bandwidth, so any process
which lowers the bandwidth, such as signal integration or low pass filtering, will improve

the sensitivity of the detection system. The performance of a photodetector is characterised
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Vigo Systems

Vigo Systems

Detector ghEoTerg Dg@‘;’g‘ébe PVI-2TE-4  PVI-ATE-3.4
JVPDC-0.11 /MIPDC-F-20
Material InGaAs InGaAs HgCdZnTe HgCdZnTe
Spectral response/ pm 0.7—1.8 0.8 —1.7 2.5—-4.0 2.5—-34
Peak wavelength, X,/ pm 1.5 1.55 4.0 3.4
Rise-fall time/ ns 5 10 3500 18
Peak response/ AW 0.95 0.95 2.9 0.96
D*()\,)/ cmHz!/2W-! 89x 102 3.6 x 10%2 5.5 x 1011 9.1 x 10"
NEP(),)/ WHz!/2 1.0x 107 25x 1074 18x1073  1.1x10°8

Active area/ mm? 0.8 0.8 1 1
Operating temperature/ °C 0—85 10 — 50 —51 -78
Cooling required None None 2-stage TEC  4-stage TEC

Table 1.1: A comparison of near- and mid-IR detectors used in this thesis [45, 46].
The D*(\,) and NEP(),) values listed for the Vigo Systems detectors refer to just
the photovoltaic detector chips, rather than the complete detection module. The
D*()\,) and NEP()\,) values for the detection modules are 3.3 x 10'' cmHz!/?W-!
and 3.0 x 10713 WHz!/2 for the PVI-2TE-4/VPDC-0.11 Vigo Systems detector, and
3.8 x 10'% cmHz'/2W! and 2.6 x 1012 WHz!/? for the PVI-4TE-3.4/MIPDC-F-20 Vigo
Systems detector, respectively.

by its detectivity, D*(v) [10]:
VAA
D*(v) = Vs !
VW P

(1.23)

where A is the detector area and Vg and Vi represent the signal and noise voltages, re-
spectively, so that the fraction Vg/Vy is the signal-to-noise ratio (SNR). Another way the

sensitivity levels of a detector can be reported is via the noise equivalent power (NEP) [10]:

VA
Dx(v)

NEP = (1.24)

Detectors are fundamentally worse in the mid-IR due to the lower quantum efficiencies
in this spectral region, which result in fewer electrons per photon being generated in the
detector material and hence significant cooling is necessary in order to monitor the small
resultant changes in current. This means that despite the inherently large absorptions
present in the mid-IR, and thus the potentially better detection levels, the overall sensitivity
of a mid-IR spectrometer is frequently constrained by the noisier detectors available at
these wavelengths compared to those in the near-IR, which often results in similar overall
performances of near- and mid-IR spectrometers. However, some recent progress has been
made to improve the performance of mid-IR detectors [44]. Table 1.1 summarises both the

near- and mid-IR detectors used in this thesis, highlighting the difference in performance

between these wavelength ranges.
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Another noise associated with absorption spectroscopy, laser excess noise, is caused by fluc-
tuations in laser power and frequency. It can either be intrinsic to the system (inherent
behaviour of the laser source) or caused by external effects (such as noise in the injection
currents, temperature instabilities or mechanical vibrations). Noise also arises from the
presence of undesired interference fringes from Fabry-Perot etalons between reflective sur-
faces in an experimental set-up. These fringes cannot simply be subtracted (as temperature
and mechanical variations mean the etalons change over time) but can be minimised by
using reflective rather than refractive optics, jittering reflective surfaces and avoiding sharp

focuses.

The sensitivity of the detection system is thus dependent on the varying contributions
from all of these different sources of noise. Even if all other sources are eliminated, the

unavoidable shot noise gives a ‘shot noise limited’ (SNL) value to the SNR [10]:

nP
2hvAf

SNRgnL = (1.25)

though in practice this limit is rarely achieved due to the other noise sources outlined above.

One way the sensitivity of the absorption measurement can be reported is in terms of the

minimum detectable absorption coefficient, aumin, given by:

)
Qmin SNR

(1.26)

where «, is the peak absorption coefficient given by o, = 0,C. The time for data ac-
quisition, and the bandwidth, can also be accounted for by using either a time reduced
or bandwidth reduced form of Equation 1.26. The time reduced and bandwidth reduced

minimum detectable absorption coefficients, ayin(T'R) and apyin(BW), respectively, are:

Amin(T'R) = uminy/Ntacq (1.27)
O5min(BVV) = OGminV/ n/Af (128)

where n is the number of averages, ta..q is the period for one acquisition scan and the

bandwidth of the detector is generally related to the time constant of the detection system,

7, by Af = 1/71. These quantities have units of em's'/2 and em tHz /2, respectively, and
the form adopted depends on the nature of experiment used. In this thesis, sensitivities are

quoted either as ami, along with the measurement time or as i, (BW).
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1.2 Sensitive Spectroscopic Strategies

1.2.1 Modulation techniques

Modulation techniques, namely wavelength modulation spectroscopy (WMS) [28, 47] and
frequency modulation spectroscopy (FMS) [29], improve the sensitivity by reducing the
noise in the absorption signal. In both cases, a high frequency modulation is applied on
top of the relatively low frequency modulation used to tune the laser frequency over the
target absorption feature. For a diode laser, this additional modulation can be achieved
by superimposing a high frequency sinusoidal modulation on to the laser injection current
[48]. The detected signal varies at the high modulation frequency applied and so must be
demodulated at a harmonic of that modulation frequency to obtain the desired absorption
feature. This recovery is accomplished by use of a lock-in amplifier, which filters out the
signal components which are at a different frequency and phase to the superimposed high

frequency modulation applied to the laser.

As described in Section 1.1.3, the main sources of noise are white noise (thermal and
shot noise) and 1/f noise (from external sources such as thermal, mechanical and acoustic
fluctuations, as well as intrinsic amplitude and phase noise of the laser). The contributions
from the latter are signal-dependent and as they vary according to 1/f, can be reduced by
moving to a higher frequency regime. However, the resultant improvement in sensitivity on
execution of this methodology depends on the relative contributions from the other noise

sources.

Modulation spectroscopy is classified either as WMS or FMS depending on whether the
frequency of the applied modulation is smaller (~kHz) or larger (~MHz-GHz) than the
FWHM linewidth of the feature of interest (Av), respectively [28, 49]. While the higher
frequencies of FMS result in lower 1/f noise, this does not always translate to a higher
sensitivity as the faster detectors required often have higher bandwidths and so increased
levels of white noise (though the majority of this additional noise is filtered out with the lock-
in amplifier). Therefore, WMS, using less complex electronics, is generally the preferred

technique.

1.2.1.1 Wavelength modulation spectroscopy (WMS)

When a modulation with a frequency w,, and an amplitude a,, is applied to a laser centred

at frequency wq, the instantaneous output laser frequency at a time t is given by:

w(t) = wo + ancos(wp,t) (1.29)
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Using this definition of w, the time-varying intensity of the modulated light, I(w), is a

periodic, even function described by a cosine Fourier series:

I(w) = Hy(wo)cos(nwmt) (1.30)

n=0
where H,(wp) is the n*® harmonic. This indicates that the modulated signal is comprised
of the harmonics of the fundamental modulation frequency w;,; these different harmonics
can be selected and detected by the lock-in amplifier. In the presence of an absorber

the intensity, I(w), is described by the Beer-Lambert law (Equation 1.6). The H,(wp)

coefficients are thus:

Hy(wp) = 72r/07r I(w)cos(nwpt)d(wmt) (1.31)
_2 / i Io(w)e @I cos(nwpt )d (wint) (1.32)
T Jo

In the limit of weak absorptions (o(w)Cl < 0.003) and assuming that the incident laser
intensity is independent of wavelength tuning, then the Maclaurin expansion can be used

to approximate the exponential term in the Beer-Lambert Law, reducing Equation 1.32 to:

el

™

™
H, (wo) / — o (w)cos(nwnmt)d(wnt) (1.33)
0
illustrating that the demodulated n*" harmonic of the signal is directly proportional to the
species concentration, C, i.e. there is a linear correspondence between the peak-to-peak

amplitude of the WMS signal and the number density of the absorber.

In the derivative limit, when a,, << Av, Equation 1.33 can be expressed as a Taylor series.
In this case, the WMS signal, recovered by demodulation at nw,,, is proportional to the

n* derivative of the spectral lineshape, o(w), as:

21’"10(3'[(17’}1
n!

d"o(w)

(1.34)

w=wo

In practice, the derivative limit is rarely used as it does not give the largest WMS signals.
Rather, other parameters are manipulated in order to optimise the signal. One of these is

the dimensionless modulation index (or depth), b, given by:

20,
b=— 1.
Av (1.35)

which represents the maximum deviation (in terms of frequency half-widths) from the
carrier frequency and is altered by varying a,,. On increasing b, the magnitude of the WMS

signal initially increases, but so too does the modulation broadening [50]. This broadening
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Figure 1.5: WMS simulations of the CO, R(20) transition within the 314 +v3 combination
band at 6242.67 cm™ in the Doppler limited (Gaussian lineshape, Avg = 348 MHz) regime
at (a) different demodulation harmonics and (b) different modulation depths for the 2f
component.

distorts the lineshape and causes the height of the WMS signal to actually decrease at high
b values (Figure 1.5(b)). Hence the optimum b value is chosen as a compromise between
maximising the WMS signal height whilst suppressing broadening [51]. This broadening,

however, must still be correctly accounted for to reconstruct the true absorption profile.

Another element to consider is the harmonic at which to demodulate. As seen in Figure
1.5(a), as the harmonic increases, the signal decreases, implying 1 f-WMS would be the best
choice. However, lower harmonics are more susceptible to residual amplitude modulation
(RAM) noise which arises from power variations resulting from the modulation applied to
the laser. Thus WMS measurements are frequently conducted using the second harmonic,
2f, scheme as a compromise between obtaining a high signal and lowering the noise in order

to maximise the SNR.

An additional important factor is the bandwidth (BW) of the detection system, which
determines the range of frequencies around the central frequency of the target WMS feature
at the harmonic chosen for demodulation which are accepted and so contribute to the final
signal. The bandwidth needs to be large enough in order to cover the whole of this peak,
but small enough so that it removes any noise present in the wings. The bandwidth is
inversely proportional to the time constant, 7, which is defined by the lock-in amplifier. So
T is set as large as possible whilst maintaining an appropriate lineshape and, if it is chosen

correctly, will lead to a noticeable reduction in baseline noise.

Other parameters which can be adjusted to optimise the signal include the sensitivity
level, phase offset and modulation frequency (generally three, or more, orders of magnitude

greater than the laser scan rate) on the lock-in amplifier, and the laser tuning frequency
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Figure 1.6: A schematic depicting an optical cavity of length L formed of two mirrors,
M, o, with radii of curvature ri 2 and reflectivities R; 2. Inside is a Gaussian beam with a
beam waist of wy and spot sizes at the mirrors of wy s.

and amplitude. Overall, all of these factors must be carefully chosen to attain the right
balance between the signal amplitude, complexity of fitting and background noise in order

to produce the best results.

Modulation spectroscopy typically affords sensitivities 10 — 100 times greater than tradi-
tional homodyne techniques, but one of its main drawbacks is that it is not self-calibrating:
direct absorption measurements must be recorded as well on a different, stronger absorp-
tion feature in order to provide an absolute calibration. Self-calibrating methods have been
proposed and demonstrated [50, 52, 53], but these impose limitations on the flexibility
of the technique. Cavity-enhanced methods, in contrast, are self-calibrating and so yield

absolute concentrations directly from their output spectra.

1.2.2 Cavity enhanced techniques
1.2.2.1 Optical cavities

While multi-pass cells, such as White and Herriott cells, can achieve path lengths of 50 —
250 m [31], these often require relatively large and impractical cell volumes. An alternative
method for path length enhancement is to utilise optical cavities, where path lengths of
1 — 10 km are readily achievable in combination with small cell volumes [33]. An optical
cavity consists of a pair of highly reflective mirrors, M 2, with radii of curvature r; 2 and
reflectivities R 92, separated by a distance L, as illustrated in Figure 1.6. Light is injected
into the cavity and, whilst a small amount of radiation leaks out at each reflection, the high
mirror reflectivities mean that the majority is reflected back and forth between the mirrors.
This results in the light travelling many km through any sample that may be present in
the cavity, yielding a large effective absorption path length.

The principal properties of an optical cavity can be derived from the theory of a Fabry-

Perot resonator [38, 54]. The light transmitted through this cavity, I, on illumination
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Figure 1.7: Cavity transmission profiles for various mirror reflectivity values modelled
using the Airy function [1]. The FSR is the frequency difference between the maxima.
with coherent, white light is given by the Airy function [1]:

Ir 1
Iy 1+ E.sin®(6/2)

(1.36)

where I is the incident radiation, ¢ is the phase difference between successive transmitted

waves and F, is the coefficient of finesse given by:

4R

Ty

(1.37)
where R is the geometric mean of the cavity mirror reflectivities, R = \/R1Rs. This
generates a comb-like transmission profile, as shown in Figure 1.7. The equally spaced
transmission maxima correspond to longitudinal cavity modes and arise from constructive
interference which occurs when the cavity mirror separation equals an integer number of
half wavelengths, i.e. L = g\/2, where ¢ is an integer indicating the longitudinal mode
order. These longitudinal modes are separated by a frequency range called the free spectral
range (FSR):

AVFSR = (1.38)

c
2nL
where n is the refractive index of the medium inside the cavity. In the limit F. — oo, each

of these maxima has a Lorentzian profile with a linewidth (FWHM) of:

Avpsr
F

(1.39)

AVpode =
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where F' is the cavity finesse, related to the coefficient of finesse by F' = 7 /(2 arcsin(1/v/F¢))

and so can be approximated for R > 0.5 to:

/e
2
R

_ VR (1.41)
1-R

F= (1.40)

The relationship given in Equation 1.39 implies that as the mirror reflectivity and finesse
increase, the bandwidth of the cavity modes decreases. This can be rationalised as follows:
on scanning the laser wavelength or cavity length, a perturbation is introduced into the
system, which is greater the higher the reflectivity of the mirrors owing to the resultant
longer effective path lengths; this causes a reduction in the frequency range over which the
requisite resonance condition is fulfilled, thus narrowing the cavity modes. This tightening
of cavity mode widths also allows the amount of circulating power inside the cavity to
increase, with the maximum amount obtainable equal to the product of F' and the incident
power [33]. So F, in addition to quantifying the ability of the cavity to support constructive
interference over a long path length, also controls the lineshape of the cavity modes and

the power circulating inside the optical system.

The cavity geometry must satisfy several criteria in order for it to be optically stable so
that the resonator can support the cavity modes, effectively confine the radiation within

the cell and maintain low diffraction losses. A cavity is optically stable if [55]:
0<gigs <1 (1.42)

where g; 2 are the g-parameters for the mirrors My o:

L
gi=1—— (1.43)

T
If the two mirrors have an identical radius of curvature, r, this condition reduces to 0 < L <
2r [33]. Certain geometries occur on the edge of the stability curve; these include symmetric
confocal (r; = ro = L), plane parallel (r; = ro = oo0) and concentric (r; = ry = L/2)

geometries.

The frequencies of the resonant Gaussian modes inside the cavity are given by [55, 56]:

c n+m+1
Vgmn = o (q + ﬂarccos(,/glgg)) (1.44)

where ¢, m,n are the mode indices that define the longitudinal (¢) and transverse (m,n)
properties of the EM field of the modes; the first index indicates the gross frequency of

the mode, whereas the latter two describe the spatial geometry of the mode in its electric



Introduction 19

(C) TEM21 (d) TEM53

Figure 1.8: Experimental cavity transmissions for different TEM,,,, modes.

field variations perpendicular to the cavity axis. The frequency difference between two
longitudinal modes, i.e. those with same m,n but different ¢, is the FSR. Modes with the
same ¢ but different m and/or n are called transverse modes and are labelled as TEM,,,,, [33,
57]. Some examples of the cavity mode outputs for different TEM,,,, modes, demonstrating

the different transverse spatial distributions of the electric field, are given in Figure 1.8.

In the ideal case for a system with Cartesian symmetry, the radiation trapped inside the
resonator has a Gaussian beam profile with solutions to the three dimensional paraxial
wave equation given by the Hermite-Gaussian mode-set, denoted by the TEM,,, notation;
other solutions to the wave equation also exist for systems with different symmetries, such
as Laguerre-Gaussian modes for cases with cylindrical symmetry or Ince-Gaussian modes
for ones with an elliptical nature. The width of this Gaussian beam varies with the axial
distance travelled from the narrowest point of the beam, z, and can be quantified by the
spot size, w(z), which is defined as the radius at which the field amplitude and intensity
drop to 1/e and 1/e? of their axial values, respectively. It represents the transverse extent of
the optical electric field inside the cavity. The minimum spot size occurs at the ‘waist’ and
is often referred to as the beam waist, wq; this occurs at the centre of the cavity if the two

mirrors are identical. The beam waist and spot sizes at the mirrors, wi 2, for the lowest
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order Gaussian mode, TEMyy, are given by [57]:

™ 1 0.25
wo = 1/ 2 [ 9192(1 — g192) 2} (1.45)
7 (91492 — 29192)

L) g2.1 0.25
)

(1.46)

we =2 [
Information on the propagation of the Gaussian beam through the cavity and its spot sizes
at the mirrors and waist is required to enable mode-matching, a technique where the laser
beam is focused into the resonator in such a way that the wavefront radii of curvature
and beam waist of the input radiation present within the cavity match and overlap with
those of the lowest order mode of the cavity, thus preferentially exciting the TEMgy mode
and coupling maximum light into the system. This is achieved by the use of appropriate
mode-matching optics (usually one or two lenses) placed before the cavity, and is necessary
for certain cavity-based spectroscopic techniques, including cavity ring-down spectroscopy.

More details are given in Appendix A.

There are a variety of experimental techniques which make use of optical cavities for per-
forming spectroscopic measurements. The two most commonly used, and employed in this
thesis, are cavity ring-down spectroscopy (CRDS) [30, 33, 37, 38, 58-63] and cavity
enhanced absorption spectroscopy (CEAS) [30, 33-35, 64], which operate in the time and

amplitude domains, respectively. These techniques are described in the following sections.

1.2.2.2 Cavity ring-down spectroscopy (CRDS)

CRDS involves the measurement of the temporal evolution of the transmitted light intensity
of an optical cavity when the injected radiation is rapidly switched off after allowing for the
power levels inside the cavity to build up. Early CRDS work was conducted using pulsed
lasers as this provided an unambiguous point at which to begin measuring this decay in
transmitted light [37]. Assuming that the duration of the input pulse of laser radiation of
intensity I;,, is shorter than the round trip time within the cavity of 2L/c, the transmitted

intensity after one pass of light through the cavity is [33, 65]:
Io(v) = Ijn(1 — R)2e—®)d (1.47)

where d is the length of the region occupied by the absorber inside the cavity and R is the
frequency-dependent, geometric mean of mirror reflectivities (though notation explicitly
emphasising the frequency dependence of R is dropped in this and subsequent equations).
This corresponds to the transmitted intensity measured at time ¢; in Figure 1.9(a). The

(1 — R)? term in Equation 1.47 refers to the transmission of the mirrors, while the e=®®*)?
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light intensity in the cavity.

Figure 1.9: Explanation of CRDS. (a) demonstrates the variation in light intensity inside
the cavity over time. Injected light is reflected back and forth between the mirrors, with
a small amount leaking through at each reflection. The detector, placed after the second
mirror, measures the transmitted radiation intensity over time. The same proportion of
radiation leaks through on each pass, so that the absolute amount lost decreases at each
reflection and a decreasing (exponentially decaying) signal is observed, as shown in (b).
In (b), the average transmitted intensity exponential decays detected in the absence (79)
and presence (7) of an absorber are displayed, together with the individual transmitted
intensities at each reflection at My for both cases.

factor represents the absorption and scattering losses caused by the sample present inside
the resonator. Each subsequent round trip results in the attenuation of the intensity by a

further factor of R%2e=*")4 so after m round trips the transmitted intensity is:
I (v) = Ip(v)R¥me2ma)d (1.48)

Equation 1.48 implies that, given a sufficiently fast detector, a series of discrete pulses with
exponentially decreasing magnitudes would be observed. Generally, however, the response
time of the detector and the duration of the input pulse mean that instead these distinct
peaks are smoothed into a pure exponential decay, as illustrated in Figure 1.9(b). The
discrete variable m can be re-written in terms of the continuous time variable ¢t using

t = 2Lm/ec, so Equation 1.48 becomes:
I(v,t) = Iy(v)e /70 (1.49)

indicating that the observed transmitted light intensity signal is an exponential decay with

a decay time constant, or ring-down time (RDT), of 7(v) given by:

L
W) = R+ a)d) (50
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which in the limit of highly reflective mirrors (R — 1) becomes:

L
") = AR ram)d (1.51)

This RDT corresponds to the time taken for the light intensity to reach /e of its original
value. It clearly depends on the length of the resonator, the reflectivity of the cavity
mirrors and the absorption and scattering properties of the sample within the cavity, but
is independent of the laser intensity, making CRDS invariant to fluctuations in laser power.

In the absence of an absorbing or scattering medium, the RDT is given by 79(v):

L

ey (1.52)

To(v)

So the presence of an absorbing medium reduces the RDT and this change can be used to

calculate the absorption coefficient, a(v), according to:

a(v) = cLTz (T(ly) _ Tozy)> (1.53)

which can be used to ascertain information about either the concentration or absorption

cross-section of the absorbing species as a(v) = o(v)C.

A true, single exponential decay is recorded only when a single cavity mode is excited.
Multi-exponential decays are seen when the excitation of several cavity modes take place,
each mode exhibiting a slightly different RDT. This can lead to interference or beating
between the modes, resulting in a modulation being superimposed on the single exponential
decay. Such situations occur when using multi-mode or broadband laser sources, or when
the injected laser light excites several different cavity modes concurrently. In can be reduced
by careful cavity alignment and the use of mode-matching [66] to ensure only the TEMgg
mode is excited (Appendix A). In addition to this, the RDTs may suffer from another
type of interference effect arising from the etalon-type behaviour that occurs within the
substrates of some mirrors, which can cause a frequency-dependent sinusoidal oscillation to
be present in the observed RDTs. This is minimised by misaligning the mirrors slightly or

using wedged substrates [33].

Although the use of pulsed lasers for CRDS has the advantage that the injection light is
automatically switched off [57], these lasers cannot perform high resolution work owing to
their large bandwidths and they also often excite many modes simultaneously due to their
poor spatial properties. Instead, continuous wave (cw) radiation, such as that emitted from
diode lasers (Section 2.1.1) can be utilised [67]. When using a cw laser source, additional
electronics or components are required to rapidly disrupt the resonance condition of the

cavity mode once it is achieved. This can be accomplished either by halting the injection
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of light once it is in resonance with the cavity by using a fast optical switch, such as
an acousto-optic modulator [68], or by swift tuning of the laser frequency away from the
resonance frequency by changing the diode injection current [69]. In both cases, the action

needs to be quick to avoid influencing the expected pure exponential decay.

The sensitivity of a CRD spectrometer is described by the minimum detectable absorption

coefficient, amin [33]:

L Al
Qmin = ——— ——+ 1.54
T edmy o ( )
where ATglin is the minimum change in 7y that can be measured, often taken as the standard

deviation in 7g.

CRDS was the chosen technique for many experiments in this thesis due to the high sensitiv-
ities which it affords from its amplitude-noise insensitive time-domain acquisition, meaning
that fluctuations in the input power are unimportant. However, the experimental set-up
is critical as good cavity alignment is necessary to excite only the lowest order funda-
mental cavity modes, and CRDS using cw lasers requires reasonably fast electronics and
optical switches. Furthermore, quick detectors are essential, as the detector must have a
response time shorter than the RDT in order to record the exponential decay. Detection
is especially difficult with low input powers, due to the compromise required between the

gain-bandwidth and the noise performance of the detection system.

1.2.2.3 Cavity enhanced absorption spectroscopy (CEAS)

In CEAS, also called integrated cavity output spectroscopy (ICOS), radiation is constantly
injected into an optical cavity and the time-integrated light intensity transmitted by the
resonator is simultaneously measured [34, 35, 64]. The continuous input of light into
the cavity replaces any radiation lost meaning that the light intensity exiting the cavity
eventually reaches a steady value. This technique is closely related to CRDS, with the
integrated transmitted intensity at any given frequency being proportional to the cavity
RDT [35, 70]. But whereas in CRDS good cavity alignment is crucial in order to ex-
cite solely the TEMgg cavity mode, in CEAS the concurrent excitation of many, higher
order modes, including re-entrant modes, is required so that the mode structure is highly
congested yielding a quasi-continuous transmission. This is accomplished by scanning the
laser rapidly over frequency ranges greater than one FSR [70], misaligning the cavity to
excite higher order modes [71-74], introducing mechanical vibrations to randomly change
the cavity length (e.g. using a piezoelectric transducer to jitter one of the cavity mirrors at
a high frequency or to modulate the angle of injection into the cavity) [64] or a combination

of these techniques. Thus a large number of modes are randomly and continuously excited
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Figure 1.10: Explanation of CEAS. The transmitted intensity varies after each odd
number of passes through the cavity. The overall output intensity recorded at the detector
placed after M5, however, measures the superposition of all these various intensities at any
given time. Each component of the propagating beam has been vertically offset for clarity.

as the laser is scanned repeatedly across the spectral region of interest. On averaging these

sweeps, a smooth transmission profile is attained with an improved SNR.

The theory underlying CEAS can be derived by considering an optical cavity with a mode-
free transmission and composed of identical, non-absorbing, non-scattering cavity mirrors,
such that the transmission through each mirror is equal to 7' = 1 — R, where R is the mirror
reflectivity [33]. The incident cw radiation, I;;,, is attenuated at many stages on its journey
through the cavity to the detector by different factors: (1 — R) on transmission through
the first mirror; (1 — A) on each pass through the cavity due to absorption by the sample;
R at each mirror reflection due to radiation leaking from the cavity; and another (1 — R)

on the transmission through the final, second mirror. This is illustrated in Figure 1.10.

This attenuation scheme can be extended to an infinite number of passes. Because the light
is being continuously injected into the cavity, all of these individual transmitted intensities
after each and every number of odd passes, I,,(v), occur simultaneously so the actual

transmitted intensity measured by the detector at a given time, I(v), is the sum of all these
I, (v):
I(v) = In(v)(1 = R’(1 = A) Y R*™(1 - A" (1.55)
m=0

If R <1 and A < 1, this simplifies to:

1-R?*1-A
[) = In(v) (1 — R2)(1( — A)Q)

(1.56)

When no absorber is present in the cavity, this becomes Iy(v) = I (v)(1 — R)/(1 + R).

Substitution of e=*®)? for A as according to the Beer-Lambert law (Equation 1.6) gives:

Io(v) 1- (Re—a(v)d)2
I(v) (1 - R)2e—ad

(1.57)

where d is the length of the region occupied by the absorber inside the cavity and Ip(v) and

I(v) denote the output intensities in the absence and presence of an absorber, respectively.
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In the limit of low absorptions (e — 0) and high reflectivities (R — 1), this reduces to:

Iy(v) — 1(v) _ a(v)d
I(v) 1-R

(1.58)

which allows information about the sample to be extracted from the absorption spectrum
if R is known. The determination of R, and so calibration of the CEA spectrum, can be
achieved by either using CRDS to measure 79 or performing CEAS measurements with
samples of known concentrations and absorption cross-sections. However, these two meth-
ods may provide an inaccurate value for R: in the first one, the two different alignments
required to perform CRDS and CEAS use different sections of the cavity mirrors and suf-
fer from different diffraction losses, so may have intrinsically different R; in the second, a

precise knowledge of the pressure of the absorber and its cross-section is necessary.

Another potential problem of CEAS occurs if the laser emits amplified spontaneous emission
(ASE). This additional radiation will contribute to the detected signal, resulting in a broad,
frequency-independent background in the CEA spectrum. This issue can be overcome by
filtering the output of the laser or by measuring this ASE signal. The latter approach
involves misaligning the cavity and measuring the light incident on the detector, which is
now purely due to the uncoupled light passing straight through the cavity. If Ij,50(v) is the
baseline intensity measured at the detector due to this ASE and other background sources,

then Equation 1.58 can be written as:

Iy(v)—I(v) 1-R
I(v) — Ipase(v) d

alv) = (1.59)

The sensitivity of a CEA spectrometer is described by the minimum detectable absorption

coefficient, ammin [33]:
1 — R Alin

Qmin = I IO

(1.60)

where Al is the minimum detectable change in output intensity on introduction of an

absorbing species.

CEAS is easier to set-up and implement than CRDS as it is less demanding in terms of
mechanical stability, optical alignment and the speeds of detectors and electronics, as many
cavity modes must be excited rather than just the fundamental ones. Continuous data
acquisition is also possible and its straightforward and robust experimental arrangement
make it suitable for many practical applications. However, CEAS is intensity-dependent, so
it is susceptible to errors due to fluctuations in input power and is thus unable to reach the
high sensitivities obtained from CRDS (10~8—10"? cm™ Hz /2 compared to 10~ cm™ Hz 1/2
for CEAS and CRDS, respectively [38]). CEAS also requires calibration and an accurate
determination of R, which may be difficult, and produces only small signals which must be

detected.
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1.3 Applications of Laser Spectroscopy to Gas Sensing

Applications of absorption spectroscopy for trace gas detection are varied and plentiful,
encompassing uses in environmental, industrial and medical situations. A multitude of
examples of these uses have been documented and the topic is the subject of many books
and reviews [24, 26, 32, 75-92]. A selection of examples from the different fields of

application are outlined below.

1.3.1 Environmental applications

Laser absorption spectroscopy can be deployed in many situations relating to environmental
monitoring or research. There are many reports in the literature of laser-based ambient
air gas sensors for compounds such as methane (CH,) [93], ethane (C,Hg) [94] and nitrous
oxide (N,0) [95], as well as examples where a combination of these and/or other species are
measured simultaneously [25, 96, 97]. Detectors for indoor air monitoring of chemicals that
are harmful to health, such as formaldehyde (H,CO), have also been developed [98, 99].

Absorption spectroscopy has also found uses in geochemistry and biochemistry, including
the study of volcanic emissions [100], the measurement of the rare '*C isotope for age
assessment of biogenic samples [101] and even the search for life on other planets [102].
But the biggest area of environmental research which exploits absorption spectroscopy is

atmospheric chemistry.

Laser absorption spectroscopy can be used to address a range of problems within atmo-
spheric chemistry. Firstly, it can be employed to determine the concentrations of different
species present at different levels in the atmosphere. Documented examples of this include
measuring CH, [103], N,O [104] and hydrocarbons [105, 106] in the lower troposphere;
various iodine and nitrogen compounds at the marine boundary layer [107]; carbon dioxide
(CO,) at the topsoil of forest floors [108]; and CH, [109], N,O [110] and hydrochloric acid
(HCI) [111] in the upper troposphere and lower stratosphere.

In addition, absorption spectroscopy can be utilised in the assessment of important kinetic
parameters which are required to model the evolution in the concentrations of atmospheric
species. This can be done by either directly measuring the rate constants of important
reactions or, in the case of a species’ photoreactivity, by finding the absorption cross-section
of a species of interest, i, which allows its photolysis rate constant, J;(z), at different heights

in the atmosphere, z, to be calculated using [112]:

Ji(z) = / 61 (v, 2)o3 () v (1.61)
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where ¢; is the quantum yield of species i, the integral is performed over all frequencies at
which i absorbs and I(v, z) is the photon intensity at the frequency v and altitude z given
by:

I(v, 2) = Io(v)e 23 Ci(2)oi(W)az (1.62)

where I (v) is the photon intensity at top of atmosphere, the sum is taken over all molecular
species j that absorb at frequency v, C;(z2) is the concentration of the species j at the height
z and Az is the geometric path through the atmosphere, accounting for the solar zenith
angle. For example, the C1O dimer (CIOOCI) plays a crucial role in stratospheric Antarctic
ozone (O3) loss [113-115] and its photolysis constant must be accurately evaluated in order
to successfully model this O5 depletion and fully understand all the processes involved;
hence much work has been invested in ascertaining the CIOOCI absorption cross-section
[116].

Finally, isotopic ratio studies of atmospheric species are also extremely useful, as this
reveals information about the source and history of a sample under investigation, as well
as knowledge about the processes which occurred at the source. Of particular significance
is the isotopic composition of atmospheric CH,, which can vary widely as the sources and
sinks for CH, differentiate not only between 3C/12C isotopes, but also between D/H. For
instance, the burning of fossil fuels generates emissions with a lower 1?’CH4 / 12CH4 ratio
than those from biological sources, e.g. rice fields or the rumen of livestock. Therefore
quantitative measurements of the atmospheric CH, isotopologues can supply important
information about the global CH, budget and such sensors to quantify the 13CH4 / 12CH4
ratio have accordingly been developed [117-120].

1.3.2 Industrial applications

There are many examples of using laser spectroscopy for gas sensing in an industrial setting,
such as searching for explosives [121] and in safety monitoring. The latter has included the
development of a sensor for the rapid and quantitative detection of distillate fuel vapours
for the identification of fire hazards in military vehicles [122]; this sensor could be applied
to any trace gas with an unresolved absorption spectrum, though pyridine (C;H;N) was
targeted in this case. Laser spectroscopy has also been used to assess the efficiency of
new products and catalysts; in one example, the reaction kinetics of carbon monoxide
(CO) oxidation over a platinum catalyst were followed by monitoring the amount of CO,,
produced [123].

Another area in which laser spectroscopy is useful for industrial applications is the mon-
itoring of combustion processes in order to measure combustion efficiency and the levels

of emitted pollutants. This can be achieved by studying the change in concentration of
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hydroxy (OH) radicals [124], H,O [125] or CO [126, 127]. Ammonia (NH;) is an impor-
tant species for the removal of nitrogen oxides (NO,), which are potent greenhouse gases,
from post-combustion mixtures and consequently sensors to monitor the emission of excess

unconverted NHj, itself a harmful pollutant, have been developed [128, 129].

1.3.3 Medical applications

The major field of development where laser absorption spectroscopy is being used to re-
solve medical problems is that of breath diagnostics. Absorption spectroscopy has many
advantages over traditional breath analysis techniques such as mass spectrometry, including
the bench-top size of apparatus and fast retrieval times, allowing for point-of-care instru-
mentation and time resolved measurements. Normal human breath comprises of several
atmospheric compounds, e.g. N,, CO,, O, and H,O, at relatively high concentrations;
various volatile organic components (VOCs), e.g. acetone, isoprene and propanols, at parts
per million (10°, ppm) levels or lower; and approximately 400 other VOCs at parts per
billion (10%, ppb) or parts per trillion (102, ppt) concentrations [130, 131]. These species
may be present in breath either because they were initially inhaled or because they have
been produced endogenously as a result of a particular physiological status or process. In-
deed, the presence of certain compounds at particular concentrations can be indicative of
a specific disease or metabolic disorder of a patient [88, 89, 132-134]; such compounds
are classed as biomarkers and some examples are listed in Table 1.2. Two different types of
breath analysis can be identified: the measurement of breath metabolites after administra-
tion of a drug or substrate and the measurement of breath compounds produced naturally

inside the patient.

Laser-based sensors to measure the 1SCOQ / 12C02 in breath have been developed [135-
137]. The ability to measure the deviation in the exhaled 13CO2 / 12CO2 isotopic ratio,
§13C, from its natural baseline is extremely important. This 6'3C value of exhaled breath
can be a real-time biomarker of cachexia associated with an acute phase response due to
endotoxemia [138]. Furthermore, monitoring the §'3C levels after administering a substance
to a patient can also be extremely informative. One such breath test is the *C-urea breath
test [139, 140], where an increase in *CO, in exhaled breath following ingestion of 3C-
labelled urea can indicate metabolic activity associated with Helicobacter pylori infections
such as gastritis, peptic ulcers, and stomach cancer [141, 142]. A temporal change in the
concentration of 1?’CO2 after administration of '*C-methacin may also be used in a human
liver capacity test [143]. In medical diagnostics, a short-term precision of 0.5 — 1% in the

§13C measurement is usually required [138, 142, 143].
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30 Chapter 1

Sensors have also been created to measure CH, [74, 144, 145] and C,H [146-148]. Typical
concentrations of CH, in breath vary from ambient air levels to 30 ppm [149], but it has
been found that CH, levels in breath can be used as a biomarker for colonic fermentation
and intestinal problems such as irritable bowel syndrome [150-153]. C,Hg, on the other
hand, is considered a significant biomarker of free-radical induced lipid peroxidation, with
increased levels of C,Hg in breath implying that extensive cell damage caused by reactive

oxygen species has taken place.

Elevated levels of acetone in breath is a key indicator of conditions such as type 1 diabetes
[154, 155] as well as congestive heart failure [156]. Acetone concentrations can also be
related to a patient’s lifestyle, such as diet, exercise, smoking and obesity [157]. Given these
notable correlations, several laser-based devices and techniques to measure breath acetone
have been documented [158-160]. Devices to monitor NH; [145, 161] and nitric oxide
(NO) [162] in exhaled breath have been developed too, the former compound being a strong
indicator for renal failure [163] and the latter associated with lower airway inflammation
disorders such as asthma, chronic obstructive pulmonary disorder and cystic fibrosis [164,
165].

1.4 Overview of Thesis

Section 1.3 is testament to the many different applications of laser absorption spectroscopy
for trace gas analysis in a wide range of situations. The best spectrometers will combine
high sensitivities and selectivities with a wide spectral coverage. The first of these aspects
can be achieved by performing spectroscopy in the mid-IR region of the spectrum (which
allows high sensitivities and selectivity to be attained by use of the strong, fundamental
transitions therein) and/or using sensitive spectroscopic techniques (e.g. those based on
optical cavities); the latter factor can be realised by careful selection of the laser source

itself.

The aim of this thesis is to amalgamate the advantages of these separate concepts by
combining cavity-based spectroscopic techniques with a widely tunable, mid-IR laser source.
Such a highly sensitive and selective spectrometer in the 3 pm region would be greatly
beneficial in the detection of multiple species or broadband absorbers for both medical and

environmental applications.

In order to accomplish this goal, preliminary work was first conducted in the near-IR. In
Chapter 2, the range of available near-IR laser light sources are reviewed, including cw
telecommunication based diode lasers, which possess many desirable characteristics such as

compactness, room temperature operation, narrow laser linewidths and continuous, rapid
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tunability. They do, however, suffer from the drawback of limited spectral coverage, and
so a novel, broadband laser source called a digital supermode distributed Bragg reflector
(DS-DBR) laser is introduced. This laser retains the favourable attributes of normal diode
lasers, but is widely tunable. The first ever demonstrations of this laser for spectroscopy
are presented, highlighting its ability to perform high resolution studies across a wide
wavelength range. This DS-DBR laser is then combined with CRDS and CEAS in Chapter
3. The resultant near-IR, cavity-based spectrometers are characterised and used to study
CO, in air, calibrated mixtures and breath samples. In this last case, investigations are also
undertaken concerning the accurate determination of the '3C/!2C ratio in exhaled CO,,

this being an approach for medical diagnosis of Helicobacter pylori infection.

The focus of the thesis then shifts to the mid-IR. After a review of possible mid-IR radiation
sources, the technique of difference frequency generation (DFG) is discussed in detail as
the chosen method for the generation of mid-IR laser light in this work. DFG mixes two
input laser beams to produce a third at a different frequency, and transfers the attributes
of the two input light rays to the output beam; hence it can be used to translate the
desirable characteristics of lasers operating in the near-IR to the mid-IR. In Chapter 4,
the experimental set-up of such a system using near-IR diode lasers is described and the
results of its combination with the CRD spectrometer developed in Chapter 3 are given
in Chapter 5. This includes the characterisation of the mid-IR, CRDS system created and
demonstrations of its spectroscopic potential through investigations carried out on CH,,

acetone and deuterium.

Finally, Chapter 6 reports on the use of the DS-DBR laser as one of the near-IR sources in
the DFG system in order to create a broadband mid-IR radiation source. Studies performed
using this set-up for both direct and WM spectroscopy are presented, as well as the results of
incorporating this DS-DBR DFG mid-IR source with cavity-based spectroscopic techniques.
This represents the ultimate objective of the project: the combination of the DS-DBR laser,
DFG and optical cavities to create a widely tunable, highly sensitive spectrometer in the
mid-IR.

Throughout the thesis, the potential applications of any studies, especially those of a med-
ical nature, are identified. These, along with the overall conclusions of this thesis and the

possibilities for future work, are summarised in Chapter 7.






Chapter 2

Laser Light Sources in the

Near-Infrared

Infrared light is the region of the electromagnetic spectrum between microwaves and visible
light, encompassing wavelengths between 700 nm and 1 mm. On a macroscopic scale it is
often associated with thermal activity as it correlates with energies of objects near room
temperature, and on a molecular level it corresponds to energy changes associated with ro-
vibrational transitions. IR radiation can be further sub-divided according to wavelength,
with the near-IR comprising of light with wavelengths between 0.7 — 2.5 um, the mid-IR
ranging over 2.5 — 12 um and the far-IR covering 12 — 1000 um. Lasers are more commonly
available in the first of these ranges, and this chapter begins with an overview of both
narrowband and broadband laser light sources available in the near-IR. A novel, widely-
tunable, near-IR laser source, known as a digital supermode distributed Bragg reflector
(DS-DBR) laser, is then introduced and described in detail. This laser is subsequently

characterised and its use in near-IR spectroscopy demonstrated for the first time.

2.1 Near-Infrared Laser Light Sources

Many considerations must be taken into account in the selection of an appropriate coher-
ent light source for absorption spectroscopy for gas sensing [24]. Perhaps of paramount
importance is the wavelength of the chosen source, as, in order to perform absorption spec-
troscopy, a light source that is in resonance with the gaps between internal energy levels is
required to selectively probe the species of interest. Overlap between the laser operating
wavelength and the strongest absorption signature of the target molecule should be sought

to improve sensitivity, though care must be taken to avoid intense spectral interferences: a

33
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compromise between selectivity and sensitivity must thus be found. Light sources with nar-
row spectral linewidths and continuous, rapid tunability are, likewise, essential. Optimal
beam profile, single-mode behaviour and moderate output powers (W-mW) are also highly
desirable or even crucial depending on the detection scheme adopted and the sensitivity
levels required. In addition, the source should ideally have low intensity noise, be invariant
to changes in environmental conditions and suffer no long term wavelength drifts. Com-
pactness, robustness, reliability, low cost, room temperature operation and fibre-coupling
are also extremely beneficial attributes, especially when designing commercial sensors or

devices for field measurements.

Near-IR lasers can thus be used for gas detection as they can access wavelengths correspond-
ing to the energies of overtones and combination bands of the ro-vibrational transitions of
many species. The near-IR laser sources available can be divided into two categories: nar-
rowband and broadband sources. Narrowband sources allow data to be recorded in small
frequency steps over an absorption feature of interest, permitting high resolution measure-
ments and lineshape determination of single ro-vibrational transitions in small, gas phase
molecules. Due to the demand from the telecommunications industry, much effort has been
invested in the development of these narrowband, near-IR lasers and so they possess many
favourable characteristics; however, these sources tend to have limited wavelength tuning.
Conversely, broadband sources cover an extended wavelength tuning range but often at
the expense of spectral resolution. These sources are thus useful for studies involving the
detection of multiple species that absorb at many different, widely separated wavelengths,
or of larger, more complex molecules which exhibit complex, broadened spectral features

rather than single, well-defined transitions (‘broadband absorbers’).

2.1.1 Narrowband sources

The most prevalent class of narrowband, near-IR laser sources are semiconductor diode
lasers (DLs) [48, 91]. These are photon-emitting semiconductor p — n junction diodes and
their operation is explained in Figure 2.1. The laser material contains a band gap which
separates the conduction and valence bands, and at the p — n junction one side contains
an excess of electrons in the conduction band (the n-doped side) and the other an excess
of electron vacancies or ‘holes’ in the valence band (the p-doped side). When no potential
difference is applied across the junction, the system is at thermodynamic equilibrium and
the electrons fill up to one, uniform Fermi level, as shown in Figure 2.1(a). But on appli-
cation of a forward-bias voltage, as in Figure 2.1(b), the energy band structure is distorted
so that there are two, distinct Fermi energy levels either side of the junction. Consequently
electrons flow from the n-type side of the junction into the conduction band whilst the holes

are injected into the valence band from the p-type side; this creates a population inversion
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Figure 2.1: A diagram illustrating the band structure of a p —n junction of a diode laser
when (a) no voltage and (b) a forward voltage is applied across the junction. In (a), the
two Fermi level energies either side of the p —n junction, Ey, and Ey ,,, are the same, i.c.
E;p,=Es,. In (b), these Fermi energies are different, with Ey, < Ey ., thereby inducing
a population inversion. E, is the band gap energy. Adapted from Demtrdder [7].

to satisfy the lasing condition N, /g, > N;/g;, where N; is the population of state i, g; is
its degeneracy and the subscripts v and [ refer to the upper and lower states, respectively.
Radiative recombination of the electron-hole pairs across the band gap at the junction leads
to photon emission. Optical feedback can then result in the stimulated emission of further

photons, so generating a laser output [7, 10, 166].

The p — n junction can either be homojunction (consisting of layers of the same semicon-
ducting material with different impurity dopants added either side) [7] or heterojunction
(made of layers of different semiconducting materials) [43]. Recent designs involve double
heterojunction structures, consisting of thin layers (~ 5 — 20 pm) of an active semiconduc-
tor medium (e.g. GaAs) sandwiched between films of a higher energy band gap material
(e.g. AlGaAs); such a structure induces quantum well confinement that raises the density
of charge carriers thereby ensuring elevated recombination probabilities and output powers
(1 —100 mW) [43].

The output laser wavelength is determined by the size of the band gap between the con-
duction and valence bands, which is itself dependent on the chemical nature of the active
material used; the wavelength can be adjusted a modest amount (+1 nm) by altering the
refractive index of the active material via either temperature or injection current tuning.
As the gain bandwidth of the device is typically tens of nm wide, it is necessary to use
optical feedback not only to stimulate photon emission and so provide the lasing action
of the device, but also to enhance the output at the desired frequency and suppress the
output at others. In one configuration, optical feedback is provided by a wavelength selec-
tive diffraction grating. The wavelength selecting element can be placed either externally,

e.g. external cavity diode lasers (ECDLs), or internally, e.g. distributed feedback (DFB)
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Figure 2.2: Standard designs of single frequency diode lasers: (a) ECDL, (b) DFB laser,
(c) DBR laser.

and distributed Bragg reflector (DBR) lasers. In ECDLs (Figure 2.2(a)), the wavelength is
modified by tuning the angle of the external grating structure [7]. In DFB lasers (Figure
2.2(b)), a Bragg diffraction grating, also known as a Bragg reflector, is etched into one
of the layers surrounding the active medium of the laser [7]. This grating is made of a
sequence of layers of materials with disparate refractive indices so that only the wavelength
which satisfies the condition A\ = 2An.g, where neg is the effective refractive index and A
the period of the grating, is strongly reflected. A DBR laser (Figure 2.2(c)) is similar to a
DFB laser but with the grating situated at one or both ends outside of the active region
[10].

Diode lasers have many advantageous properties: they are robust, compact, economical,
efficient, readily available, capable of single-mode room temperature operation and emit
coherent, monochromatic, tunable radiation with a narrow linewidth (< 10 MHz) at rela-
tively high powers. However, these lasers suffer from two major drawbacks: their limited
spectral coverage to the visible and near-IR, which restricts their spectroscopic investiga-
tions to the weaker overtone and combination bands of molecules found in this region, and

also their narrow wavelength tuning range.

2.1.2 Broadband sources

While diode lasers (Section 2.1.1) have many advantageous attributes, they only possess a
modest tuning range (typically ~ 1 — 2 nm). It would be highly beneficial to have a laser
source with tunability across a large wavelength range as it would enable multi-species
detection or the study of broadband absorbers. Many different options for a broadband
source exist, including Xe arc lamps, which are large, highly divergent and power hungry
devices that mainly operate in the ultraviolet (UV) and visible regions of the EM spectrum,

as well as light emitting diodes (LEDs) and their derivative, superluminescent light emitting
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diode (SLEDs) [167]. Invented in 1986 [168], SLEDs couple the high power of diode lasers
with the broad spectral range of LEDs and, as usual for semiconductor devices, consist of a
p—n junction across which a voltage is applied. Their applicability to near-IR spectroscopy

has already been demonstrated [169].

Supercontinuum (SC) sources, based on third-order non-linear processes [170, 171] also
provide near-IR broadband radiation. The generation of SC radiation was first observed in
1970 by focusing an intense narrowband laser pulse onto various crystals and glasses [172].
This resulted in a broadened spectral output due to non-linear optical effects [173, 174].
Recently, laser devices based on Raman-soliton SC generation in photonic fibres have been
developed and utilised for spectroscopy [175]. This source offers broad wavelength coverage
(several um) and high output power (several W), but at a large financial cost (> £30,000
compared with light emitting diodes at < £5 [176]). Extending the spectral range to longer
wavelengths beyond 4 pm is also proving technologically difficult [177].

Recently, a new type of broadband light source, known as a laser driven light source (LDLS),
has become commercially available [178]. These sources use a cw laser to directly heat a
Xe plasma to high temperatures (20,000 K), inducing the emission of broadband radiation.
With a long lifetime (> 10,000 hrs), broad spectral range (0.2 — 2.1 pum), small size,
relatively high intensities, excellent power stability and a good spatial beam quality, these
sources offer great potential for sensitive absorption spectroscopy. Indeed, demonstrations
of such a combination have already been conducted: gaseous acetone and ambient O, have
been measured at 280 nm and 760 nm, respectively, using a LDLS and broadband CEAS
(BBCEAS), achieving amin(BW) values of 1076 — 10~7 ecm™ Hz /2 [176]. LDLSs have also
been proposed as an alternative light source in fluorescence microscopy [179], though their

comparatively high costs (~ £10,000) currently prevent widespread use.

Femtosecond pulses have broad spectral bandwidths which pave the way for another class
of near-IR laser sources: optical frequency combs. These provide many sharp spectral
components (frequency comb teeth) evenly spread across a broad bandwidth. Tunability
over 200 nm in the telecom region has been reported allowing for the simultaneous, real-
time monitoring of CO, isotopic ratios and CO in breath, as well as the detection of trace
amounts of NH; in H,O, with a spectral resolution of 800 MHz across 1.5 — 1.7 um and an
Qmin of 8 X 10710 cm™! [161]. However, expense and experimental difficulties, due to its use

of femtosecond laser technology, constitute disadvantages to this broadband source.

Driven by interest from the telecommunications industry, broadband sources based on ex-
tending the continuous tunability of the traditional diode lasers of Section 2.1.1 have also
been developed [180, 181], with the aim of covering more than 50 nm across the entire C-
(1530 — 1565 nm) or L- (1565 — 1625 nm) telecommunications band. These sources include

using arrays of individual lasers, adopting either piezo-driven or microelectromechanical
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systems (MEMS)-based external cavity configurations [182, 183] and monolithic tunable
lasers [184, 185]. This latter class of devices achieve wavelength tuning by use of a comb
reflector with multiple reflection peaks, coupled with a second dispersive element for peak
selection. Both gratings are integrated into the monolithic platform, conferring mechanical
stability and the possibility of fast modulation: for monolithic devices, modulation rates
of the order of MHz via electronic tuning are possible, compared with the kHz modulation
rates achievable via mechanical tuning for external cavity lasers (ECLs) [186]. Examples of
these monolithic devices include modulated grating Y-branch (MG-Y) [187, 188] and sam-
pled grating distributed Bragg reflector (SG-DBR) [186, 189] lasers, which utilise Vernier
tuning between the two grating combs to alter the wavelength. Another monolithic design
has also been developed: the digital supermode distributed Bragg reflector (DS-DBR) [190-
194] laser. This device, devised as telecommunication equipment for optical switching and
wavelength division multiplexing, can cover a 50 nm spectral region by means of a highly
uniform comb reflector coupled with a multi-grating structure for quasi-digital selection of

a sub-band of the total tuning range.

It is this last type of laser, the DS-DBR, that provides the novel near-IR laser source
utilised in this thesis. The rest of this chapter describes the design and operation of the
DS-DBR and also presents the first ever examples of its use in spectroscopy; these simple,
direct absorption and wavelength modulation experiments in the near-IR were performed
in order to characterise the source and to demonstrate its suitability for spectroscopy.
Further examples of the spectroscopic applications of this laser are given later in this thesis
in Sections 3.4 and 3.3, where it is used in near-IR CEAS and CRDS, and in Chapter 6,

where it is combined with difference frequency generation to produce mid-IR light.

2.2 Digital Supermode Distributed Bragg Reflector Laser

2.2.1 Digital supermode distributed Bragg reflector (DS-DBR) laser

The DS-DBR laser is an indium phosphide (InP) diode laser, constructed by conventional
ridge laser processing techniques as a monolithic, multi-section platform by Bookham Tech-
nologies (now Oclaro Inc.) [190, 195-197]. Its design has been extensively reported in
the literature [191, 198] and is illustrated in Figure 2.3(a). It consists of four sections: a
rear phase-grating section, a phase control section, a multi-quantum well gain section and
a multi-contact front chirped-grating section. The platform has also been monolithically
integrated with a semiconductor optical amplifier (SOA) to enhance the output power. It
is based on a conventional three-section DBR laser where the rear Bragg grating, which de-

fines the emitted wavelength, is separated from the gain medium and phase section, which
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(a) Schematic diagram of the multiple sections of the DS-
DBR. The rear reflector and front multi-grating structure
surround the gain and phase sections, with the arrows rep-
resenting the electrical contacts. The SOA is not part of the
laser cavity, but is positioned next to the front grating. Light
output occurs to the right of/after the SOA.
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(b) The responses of the rear reflector and front grating on
injection of current into one of the front contacts.

Figure 2.3: Schematics illustrating (a) the DS-DBR sections and (b) their responses to
current injection. Both adapted from Ward et al. [191].

provide optical amplification and continuous, fine, wavelength tuning (by longitudinal mode

tracking), respectively.

The DS-DBR is capable of covering an extended spectral region of ~ 50 nm and this is
achieved by essentially combining several DBR devices which operate within sequential
wavelength ranges with a front grating section to select between them. The tuning mecha-
nism consists of a rear comb reflector and a multi-contact front grating [191], each of which
exhibits different designs and spectral responses. The rear reflector section comprises a
phase-grating formed by e-beam processing which, by careful choice of the positions of the
phase shifts by varying the component grating lengths, generates a top-hat comb of seven
sharp reflection peaks [191], as shown in Figure 2.3(b); these ‘supermodes’ are of equivalent
heights and spacings (~ 6.8 nm) and have a good side-mode suppression ratio [199, 200].
In contrast, the front section features a longitudinal sequence of compact (20— 50 um) holo-

graphic gratings with different pitches, each of which possesses its own electrical contact.
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The short length of the gratings means that in the absence of an applied current to this

section, the front reflector gives a broad, featureless, non-selective reflectance profile.

Coarse wavelength tuning across the wavelength range is achieved in quasi-digital style
by injecting current into one front contact pair, so inducing a change in refractive index
across the selected pair. This results in the first grating of the pair returning a blue-shifted
response which increases the reflectivity of the adjacent, second grating at that wavelength.
The strengthened reflectance overlaps with just one supermode of the rear comb (Figure
2.3(b)). Fine wavelength tuning is then performed by synchronously varying the injection
currents of the rear and phase sections. The exact position of the supermode, which governs
the lasing wavelength, can be adjusted by altering the current applied to the rear section.
Each supermode includes several longitudinal modes (whose spectral separation is dictated
by the laser cavity geometry) and changes to the phase injection current allows one of
these to be selectively tracked. In consequence, each supermode can thus be considered
as a separate three-section DBR, device, tunable over ~ 8 nm in small frequency steps
through selection and tuning of the longitudinal modes by varying the rear and phase
currents. Access to the next, adjacent wavelength sub-band or supermode in the series is
accomplished by simply switching the injection current of the front section to the next front
grating contact pair in the sequence; this injects the current at a different position, thus
changing the length, and coarse wavelength output, of the laser. Hence by selection of the
front pair contacts and the injection currents of the different sections, the whole wavelength
range of the laser can be accessed, and each front pair effectively corresponds to a different

supermode.

DS-DBR lasers covering ~ 50 nm across either the C- or L-telecoms band are available [193],
and research into extending the range even further, ultimately with the goal of producing
a device which covers both the C- and L-band, is underway [201]. The DS-DBR employed
in this thesis [202-206] operates over 1563 — 1613 nm in the L-band. It has an internal
thermoelectric cooler (TEC) and is packaged in a standard 26-pin butterfly pigtail module.
This module was placed in a commercial diode laser mount (ILX Lightwave, LDM-4989),
but controlled by a custom-built laser driver unit which permitted the current levels for
the different sections to be specified independently; more details of the laser driver are
given in Section 2.2.2. By changing the injection current settings applied to the various
sections of the DS-DBR by this laser driver, the output wavelength could be tuned across
the 1563 — 1613 nm range. The fibre-coupled output power was measured as ~ 20 mW
(22.6 mW and 24.2 mW at wavelengths near the opposite ends of the DS-DBR spectral
range of 1570.435 nm and 1605.489 nm, respectively) and the linewidth reported in the
literature as 1 MHz [194].
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The DS-DBR offers a wide wavelength coverage coupled with the high resolution character-
istics of single-mode diode lasers. As such, it has the potential to be a powerful spectroscopic
instrument, facilitating high resolution measurements of species across a large spectral re-
gion. The laser is able to rapidly switch between static frequencies [207, 208] as required
by the telecommunications industry, but for spectroscopy it is necessary to sweep or step
the device continuously over a desired spectral window in order to probe the absorption fea-
tures of interest (though the capacity for fast switching between widely separated, discrete
spectral segments of the DS-DBR may prove useful in the detection of multiple species that
absorb at very different wavelengths). Accordingly, in order to determine the suitability of
the DS-DBR for sensitive, high resolution spectroscopy, it was essential to investigate the
laser response to such operating conditions. This was undertaken by monitoring the well-
characterised ro-vibrational absorption features of CO, found within the spectral output

of the laser, as discussed in Sections 2.2.2 and 2.3.

2.2.2 Modes of operation

The DS-DBR laser was controlled by a home-made driver unit that permitted independent
settings of the currents for the different sections of the device. A particular ‘front pair’ (FP)
of the multi-contact front section was selected for the location for the injection of current
into the front grating, referred to by the number of the first front contact, e.g. ‘front pair
3’ meant the first front contact (Front 1) was 3 and the second front contact (Front 2) was
4. The first front contact was always held at a fixed current of 5.5 mA. Constant currents
were also injected into the SOA (120 mA) and the gain (150 mA) sections of the device to
deliver a stable output power. Modulated currents were then applied to the second front

contact, rear and phase section, labelled as iy, i, and i,, respectively.

The laser was controlled in two alternative ways: by internal ramping of the injection
currents to the different sections [202, 205] or by the application of external voltage ramps

[206]. These two methods are described below.

2.2.2.1 Internal ramping

In the internal ramping mode, a waveform generator built into the laser driver supplied
input currents with a sawtooth modulation to the rear grating, phase section and second
front contact concurrently, as shown in Figure 2.4. These three waveforms had the same
frequency (variable between 0.5 — 1000 Hz) but different offsets and amplitudes, dependent

on the target wavelength and determined from the manufacturer’s look-up table.
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Figure 2.4: The current waveforms applied to the different sections of the DS-DBR, laser
when operated in the internal ramping mode. The sections are arranged from bottom to
top in the order in which they appear in the laser module. The values on the abscissa are
the upper and lower current limits imposed on the various sections.

To investigate the behaviour of the laser wavelength on scanning the sections in various
ways, the transmission spectrum of CO, was measured under different operating condi-
tions. The laser light was injected into a multi-pass cell with a path length of 416 cm filled
with 85 Torr of CO,. The attenuated radiation was then detected by a near-IR detec-
tor (Thorlabs, DET410) and recorded on an oscilloscope (Agilent, MSO8104A Infiniium,
1 GHz, 4 GSa/s). Simultaneous wavelength measurements were also made using a spectrum
analyser with a FSR of 2.32 GHz (Melles Griot, 13SAE906) and a wavemeter (Burleigh,
WA-1000) for relative and absolute frequency calibrations, respectively.

CO, was the chosen molecule for these studies as transitions in the 3y 4 v3 vibrational
band of CO, occur throughout the 1563 — 1613 nm range of the DS-DBR. Specifically, the
R and P branches of the v(30012 «— 00001) and »(30013 +— 00001) transitions occur at
1565 — 1585 nm (6310 — 6390 cm™!) and 1595 — 1615 nm (6190 — 6270 cm™), respectively,
with each transition labelled as (v1 v [ v3 ), where v; is the quantum number for the ith
fundamental mode of vibration (v is the symmetric stretch, vy is the bending mode and
v3 is the antisymmetric stretch), [ is the vibrational angular momentum quantum number

associated with v9 and r is the index denoting the Fermi resonance [14, 209].

Figure 2.5(a) shows an example of the transmission spectrum and spectrum analyser trace

recorded when 7, and ¢, were ramped simultaneously with FP 7. Absolute wavelength
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Figure 2.5: Understanding and quantifying the mode-hop behaviour of the DS-DBR when
operated in the internal ramping mode. (a) The CO, transmission spectrum (I = 416 cm,
85 Torr) and 2.32 GHz spectrum analyser trace observed when the currents applied to the
rear and phase sections are modulated simultaneously. Mode-hops are indicated by dashed
vertical lines and the major CO, absorptions due to R branch transitions in the 3v; + v3
vibrational band have been assigned. (b) Bar chart reporting the tuning ranges achieved
by scanning the DS-DBR laser in five different ways, distinguishing between the spectral
regions probed by the laser and those not (the mode-hops). For the front pair contact
used in this example, the mode-hop jump was 1.61 cm™'. The numbers at the side of each
bar give the probed wavenumber range. (c) Plot explaining the differing number of, and
frequency range between, mode-hops under different scanning conditions. The dashed lines
represent the boundaries between the longitudinal modes for a given supermode or front
pair as a function of ¢, and i,, and the solid lines illustrate the five different tuning paths
of (b). Every time a longitudinal mode is crossed by the scanning function, a mode-hop is
observed. Adapted from Ward et al. [191].
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. . ) Average v Total Effectively
Tuning iy ip Number of b - :
etween mode-  scanned U probed v
path / mA / mA mode-hops hops/ cm™  range/ cm™ range/ cm!
1 0—20 0 5 0.29 9.81 1.76
2 0—20 0-6 3 1.23 9.73 4.90
3 0 0-6 1 1.64 4.89 3.28
4 0—50 0 17 0.26 32.02 4.65
5 0—50 0—-6 16 0.48 33.85 8.09

Table 2.1: Summary of the different scanning conditions applied to the DS-DBR laser
in Figures 2.5(b) and 2.5(c) and the resulting effects on the wavelength range probed. All
used the same FP (5) with a constant front injection current.

measurements from the wavemeter and comparison of the absorption features with HI-
TRAN simulations [14] allowed the transitions to be assigned. This in turn meant that
mode-hops, which are jumps in the laser frequency resulting in gaps between continuous
regions of recorded spectra, and the wavelength tuning range (6365 — 6379 cm™) could be
identified.

Using the same methodology, five different operating conditions within the sub-band asso-
ciated with one supermode (FP 5 in this case) were investigated by altering the relative
amplitudes of the current ramps applied to the front, rear and phase sections; the resultant
tuning characteristics are shown in Figure 2.5(b) and Table 2.1. When scanning just i,
across its full range (path 4), many mode-hops were observed and so only a small fraction
of the overall range (4.7 cm™' out of 32.0 cm™) was effectively accessible with the laser.
Conversely, varying i, alone (path 3) exploited the maximum tunability of one longitudinal
cavity mode, and thus minimised the number of mode-hops and allowed access to a larger
portion of a much narrower spectral window (3.3 cm™ out of 4.9 cm™). When both ip and
i, were varied (paths 2 and 5), intermediate performances were seen, depending on the
relative extent to which 7, and ¢, were tuned. These responses suggested that under the
same 4, scanning regimes (i.e. similar total tuning ranges), a larger fraction of the spectrum
was probed with a reduced number of mode-hops if i, was also ramped at the same time.
This behaviour can be rationalised by considering the longitudinal mode structure typical
of a supermode [191], as shown in Figure 2.5(c), where the boundaries between consecutive
longitudinal modes are plotted as dotted curves as a function of 4, and i, and the different
tuning paths along which the laser was driven are represented with arrows. As the currents
are scanned, continuous wavelength tuning is observed when the path falls between these

curves, but when a curve is crossed a mode-hop occurs [210].

It was noted that ramping iy in addition to i, and/or i, had little effect on the spectral
response. This may be due to fact that the selected front grating reflection is wider than

the reflectivity curve of the overlapping supermode (Figure 2.3(b)), meaning high accuracy
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Front pair 1 2 3 4 ) 6 7
Mode-hop jump/ cm™ | 1.47 1.51 1.54 1.58 1.61 1.65 1.68

Table 2.2: Measured mode-hop jumps of the different supermodes (front pairs).

in the front grating tuning is unnecessary as the operating wavelength is principally defined

by the rear and phase sections [190].

It was also noticed that the magnitude of the mode-hop jump was the same within a given
supermode but varied between them, with the size of the mode-hop jump increasing as the
FP increased (Table 2.2). This is because the length of the laser cavity is effectively altered
on changing the FP as this adjusts the location of current injection into the front section
[210]. The typical lengths of the different sections of the laser module reported in the
literature - 500 um for the rear, 500 um for the gain, 100 um for the phase and 0 — 300 pm
for the front (dependent on the FP selected) [191] - give FSRs of 1.10 — 1.32 ecm™ for the
different supermodes, which are comparable in terms of size and range to the mode-hop

jumps observed experimentally.

In summary, modulating the injection currents of the different sections in this internal
ramping mode allowed the laser to be scanned quasi-continuously over the 1563 — 1613 nm
range, but subject to the occurrence of mode-hops. These jumps in frequency of ~1.7 cm™!
(determined by the geometry of the laser cavity) resulted in spectral gaps in the wavelength
range probed. The number of mode-hops, and the wavelength range between them, varied

depending on how the laser was scanned.

2.2.2.2 External ramping

In later work, modifications of the custom-built laser driver unit were undertaken to allow
the application of external voltage ramps as well as those generated internally. As in the
internal ramping mode of operation, this external ramp was applied simultaneously to the
rear, phase and second front contact. This adaptation meant that voltage ramps of varying
shapes, amplitudes and frequencies could be used to scan the injection currents for the
different sections and thus scan the wavelength, or, alternatively, fixed injection currents
could be applied giving fixed output wavelengths. Through the use of a 16-bit digital-to-
analog converter (DAC), current step sizes of 0.125 pA in the front and phase sections, and
1.25 pA in the rear section, were achievable, corresponding to step sizes in wavelength as
small as 1.5 x 107° nm (6 x 107° em™, 2 MHz).

This ability to set fixed wavelengths of the DS-DBR (by fixing the injection currents of

the different sections) meant that the laser was able to be discretely stepped, rather than
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continuously scanned, across a wavelength range. This is a very useful property for the
following reason: as seen in Section 2.2.2.1, if careful thought is not given to the current
ramps selected when the laser is operated in a scanning mode, mode-hops may occur re-
sulting in jumps in the laser output frequency, hence preventing access to certain spectral
regions; however, when operated in a stepping mode, the entire wavelength range can be

accessed by choosing appropriate fixed injection current settings.

LabVIEW [211] control of the DS-DBR was also developed so that the laser could be
switched on and off remotely. The capability to set and change the fixed injection currents
of the different sections via LabVIEW, thereby allowing the user to set the laser wavelength,
was also established, as were programs that applied a sequence of pre-determined fixed

currents or variable waveforms.

2.3 Demonstration of the DS-DBR Laser for Near-Infrared
Spectroscopy

Whilst common in the telecommunications industry, DS-DBR lasers have never before been
used to perform spectroscopic measurements. In this section, the first ever demonstrations
of a DS-DBR as a laser source for near-IR spectroscopy, using both modes of operation

reported in Section 2.2.2, are presented [202, 206].

2.3.1 Internal ramping mode

The results of Section 2.2.2.1 indicated that the laser could deliver mode-hop free scans
over more than 2 cm™ if the modulation settings for the front, rear and phase sections
were carefully selected. In order to find these appropriate settings and provide an absolute
frequency calibration for them, the experimental set-up described in Section 2.2.2.1 was
used to perform direct absorption spectroscopy on CO,. Approximately 80 combinations of
settings giving consecutive, partially overlapping, mode-hop free spectral segments covering
the two CO, combination bands over the 1563 — 1613 nm DS-DBR wavelength range were
found [202]. In each combination of settings, the FP contacts and i; were fixed and the DS-
DBR laser was scanned by ramping 4, and ¢,. This was achieved by defining minimum and
maximum values for 4, and 7,. Using a spectrum analyser and the known CO, transition
frequencies, an absolute wavelength calibration was thus determined. The reliability and
reproducibility of the DS-DBR meant these settings and calibrations could be used in future

experiments.
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Figure 2.6: The experimentally recorded (upper) and HITRAN simulated (lower) [14]
absorption spectrum of an 85 Torr sample of CO, across the 1563 — 1613 nm spectral range
of the DS-DBR (I = 416 cm).

The reproducibility of the DS-DBR was estimated by repeatedly turning the laser on and
off and tracking the position of an absorption line. The absorption spectrum was recorded
after a 2 s settling time following a switching event, and a frequency deviation as low as

+7 MHz was measured over 10 min of uninterrupted lasing.

The CO, absorption spectrum across the whole 1563 — 1613 nm range was reconstructed
by stitching together the individually recorded scans and is given in Figure 2.6 along with
a simulation based on values from the HITRAN database for the experimental conditions
used [14]. The spectrum is dominated by two main ro-vibrational bands, which represent
two of the four Fermi resonance components of the 3v1 + v3 combination band mixing with
other nearly degenerate bands exhibiting the same symmetry. Weaker transitions belonging

to different combination bands and hot bands are also identifiable.

As well as offering this broadband coverage, the DS-DBR also supported high resolution
spectroscopy, as exemplified by Figure 2.7 which shows expanded regions of Figure 2.6.
Voigt profiles were fitted to the data points by fixing the Gaussian width at the expected
Doppler width of 357 MHz and permitting other parameters to float. In the case of the
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Figure 2.7: Expanded spectra of Figure 2.6 showing R branches in the (30012 +— 00001)
and v(31112 < 01101) transitions of CO, around 1570 nm; transitions have been labelled
following the nomenclature introduced in Section 2.2.2.1. The raw data (open circles) and
Voigt fits (solid line) are shown in the upper trace, and the residuals between the two in
the lower one. The number of experimental points has been reduced for clarity. In fitting
the Voigt profiles, the Gaussian width was fixed at the expected Doppler width of 357 MHz
and other parameters allowed to float. The returned Lorentzian widths agreed within 2%
with the values predicted from the HITRAN database simulations.
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v(31112 + 01101) R(16) transition in Figure 2.7(b), the Voigt fit returned a goodness
of fit R? value of 0.9939 and a Lorentzian width of 670 4 4 MHz, which compared well
with the value expected using the broadening coefficients from the HITRAN database of
6804+9 MHz. The area of the Voigt fit was also used to estimate the amount of CO, present
in the multi-pass cell: the experimentally retrieved value of 85.4 + 0.3 Torr was consistent

with the pressure inside the cell measured using a baratron.

As a consequence of these absolute frequency calibrations, a current-wavelength refer-
ence table was produced. However, it was observed that the laser exhibited a non-linear
wavelength-current dependency, as illustrated by the spectrum analyser trace in Figure
2.5(a). The degree of this non-linearity depended on whether the rear or phase section had

a dominant role in the wavelength tuning and was further investigated using WMS.

The laser was scanned with a tuning path similar to that of path 2 in Figure 2.5(c), covering
two CO, absorption lines within the same scan, namely the R(20) and R(22) transitions
belonging to the 3v; 43 vibrational band at 6242.67 cm™ and 6243.91 cm™, respectively. A
fast modulation (1.3 kHz) was applied to either the phase or rear current ramp, with either
a low or high modulation amplitude, A,,, set on the lock-in amplifier (Stanford Research
Systems, SR830), and the signals demodulated at the second harmonic (Figure 2.8(a)). In
each case, the pair of 2 f-WMS profiles returned a ratio of peak-to-peak amplitudes which
differed greatly from the ratio of the experimentally measured direct absorbance values
of 1.06. This unusual result can be ascribed to the aforementioned wavelength-current
non-linearity, which causes the true modulation amplitude, a,,, to vary across the spectral
region, thereby influencing the peak-to-peak amplitudes of the two WMS profiles to different
extents, i.e. for a constant lock-in amplifier modulation amplitude of A,, in mV, there is a
variation in the optical frequency modulation amplitude, a,, in cm™, with frequency across

the scan, which skews the relative heights of the absorptions.

It was observed that the direction and speed with which a,, varied with wavelength across
the spectral window, and hence the variation in the WMS signal amplitudes, depended on
whether the fast modulation was applied to the phase or rear current and also on whether
the modulation index, b (Equation 1.35), regime was low or high. This is summarised in
Figure 2.8(b), where the measured peak-to-peak amplitudes of the pair of 2 f-WMS profiles
are plotted as a function of b at each line position, as well as the theoretical trends expected
for the 2f-WMS Voigt profiles simulated for each modulation setting. These experimental
and theoretical values agreed well for both of the transitions studied, but also highlighted
the importance of evaluating and accounting for the contribution of modulation broadening

to the spectral linewidth when conducting ratio measurements.

Although the wavelength-current non-linearity of the DS-DBR introduces complications in

the retrieval of WMS signals due to the variation in a,, with wavelength, the DS-DBR
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Figure 2.8: (a) 2f-WMS spectra corresponding to the R(20) (filled markers) and R(22)
(open markers) CO, transitions within the 311 + v3 combination band at 6242.67 cm™
and 6243.91 cm™!, respectively, recorded under four different modulation settings. The
wavelength range was scanned by means of a simultaneous modulation of 4, and i, at 0.6 Hz
and WMS conducted by superimposing a 1.3 kHz modulation to either the phase (i, i7) or
rear (444, iv) current inputs, at both low and high lock-in amplifier modulation amplitudes,
A,,. The change in the magnitude of the optical frequency modulation amplitude, a,,,
with wavelength for case (i) is also reported. The comparison between the experimentally
measured and theoretically expected 2 f-WMS peak-to-peak amplitudes for the modulation

settings in (a) are shown in (b).



Laser Light Sources in the Near-Infrared 51

107 4

o
IS
o
> o
E <
5 Yo g
@ 3
%)
b= 3
= 3
>
C
o
=
-3 — 77— 10" +———r r — v ———
6243.85 6243.90 6243.95 6244.00 1 10 100
Wavenumber/ cm™ Sample number
(a) (b)

Figure 2.9: Further WMS investigations of the R(22) transition at 6243.91 cm™ using
a calibrated mixture of 6% CO, in air at 74 Torr and path length of 416 cm. (a) 1f-
and 2f-WMS signals for this absorption, highlighting the small RAM contribution to the
baseline of the 1f profile. (b) Allan variance for the 2f-WMS signal, with a spectrum
recorded every 0.95 s.

does have the advantage of an effective independence between the wavelength and output
power. This allows WMS to be conducted without large RAM distorting the profiles, raising
the possibility of exploiting the intrinsically higher signals associated with 1f-WMS: this
is demonstrated by the near-zero offset of the baseline of the 1f-WMS profile in Figure
2.9(a). An Allan variance analysis was carried out for the 2f detection scheme to examine

1 measured over

the instrumental stability, yielding an optimal o, of 6.3 x 107 cm’
a 23 s acquisition time (Figure 2.9(b)). This sensitivity could be further improved by
normalising the WMS signal to the instantaneous output power or by better stabilisation

of the temperature of the system.

2.3.2 External ramping mode

When operated in the external ramping mode, fixed injection currents were applied to the
different sections to give a fixed output wavelength, with each combination of fixed injection
currents (referred to as ‘settings’ and expressed as (FP, iy, 4, 4,)) corresponding to one
wavelength. This is demonstrated in Figure 2.10, which shows how the laser wavelength
changes on varying iy and i, for a given FP and i,. The discontinuities in wavelength
indicate the boundaries of the different supermodes; each front pair effectively corresponds
to just one supermode, apart from regimes where the injection currents are near their upper

or lower limits when neighbouring supermodes are accessed instead [191, 201].
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1595

Figure 2.10: Output laser wavelength over the i;-i, plane for one front pair. Data
recorded using FP 2, a fixed 4, of 0 mA and steps of 0.3 mA and 0.25 mA in i; and 4,,
respectively.

Hence, in order to step across a region with a certain step size to record spectra, all
that is required is the selection of the appropriate settings which produce the necessary
wavelengths. This must be done with care, however, to avoid mode-hops between the
steps, which would result in larger wavelength jumps than intended. This is illustrated
in Figure 2.11. In (a), the output wavelengths when changing i, with a fixed FP = 2
and i, = 0 mA are reported; (b) is similar but for various fixed values for i,. Mode-
hops are clearly present, indicated by the big jumps in wavelength on increasing i,. These
mode-hops can be explained by considering (c), which displays the longitudinal modes
in each supermode as a function of i, and 7,. On varying i, at a fixed i), as was the
case in (a) and (b) and is demonstrated by the dashed line, these longitudinal modes are
crossed and at every crossing a mode-hop is observed. To avoid these, both 4, and 4, must
be carefully selected such that subsequent points in a series of settings designed to step
across a particular wavelength region follow a path between these longitudinal modes, as
exemplified by the curved dotted lines. The results of such a methodology for one FP are
shown in Figure 2.11(d) and for all FP in Figure 2.12.

A database of settings with their correlative wavelengths was thus created, from which a
user simply has to select the DS-DBR, settings which give the wavelengths of interest with
the appropriate range and step size. Linear interpolation was used to estimate settings and
wavelengths between calibrated points if higher resolution was required. The high degree
of frequency reproducibility of the DS-DBR meant that such a table provided a long term

reference source.
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Figure 2.11: Selecting the DS-DBR settings when used in the external ramping mode
for fixed wavelengths at fixed injection currents. In (a), the wavelengths of varying i, with
a fixed FP of 2 and i, of 0 mA are reported; (b) is similar but for various fixed i,. (c)
illustrates the longitudinal modes (solid lines) in each supermode or FP (adapted from
Ward et al. [191]). Every time a longitudinal mode is crossed, a mode-hop is observed,
as occurs when i, is fixed (dashed line). To avoid these, both i, and 4, must be carefully
selected to fall between the longitudinal modes (curved dotted lines). This method was
used to select the settings in (d) and was repeated for each FP.

Wavelength reproducibility was investigated in two ways. Firstly, the laser output was
injected into a 2.32 GHz spectrum analyser (Melles Griot, 13SAE906) and the short term
frequency drifts seen on switching the device immediately off and on, or to different settings
and back again, were measured: these were small in amplitude, ~ 20 MHz (=~ 2 x 10~* nm).
Secondly, the laser wavelength was recorded over time using a wavemeter (Burleigh, WA-
1000) which had an error of £0.001 nm (equivalent to ~ 120 MHz at these wavelengths).
Each recorded wavelength was the average of 20 quickly taken (< 4 s), sequential wavemeter
readings. The wavelengths at four different settings were logged throughout one afternoon

and the following morning; these are summarised in Table 2.3 and the plot for the Settings 4
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Figure 2.13: Wavelength stability studies of the DS-DBR over time at (a) one wavelength
and (b) many wavelengths. In (b), the same series of settings covering FP 2 was applied to
the DS-DBR two days apart, and the residual between the measured wavelengths shown
in the lower trace. The average absolute residual was 167 MHz but the range observed
implied a frequency reproducibility of +400 MHz.

case shown in Figure 2.13(a). From these, a frequency drift of ~ 80 MHz over several hours
were observed, which is of a similar order of magnitude to the accuracy of the wavemeter.
In addition, the wavelengths of a whole series of settings covering one FP were recorded two
days apart and the difference between them calculated (Figure 2.13(b)). Further to these
studies, spectra recorded two weeks apart using the same settings demonstrated a similar
frequency shift as those seen in the short term studies [203]. All of these findings indicated
that the DS-DBR offered both excellent short and long term wavelength stability.

The possibility of using the DS-DBR as a laser source for cavity enhanced spectroscopy was
investigated by studying the output beam profile using a near-IR camera (Electrophysics,
MicronViewer 7290A). The DS-DBR radiation exited the fibre via a fibre coupler ( Thorlabs,
F240APC-1550) and was then collimated using a 60 cm focal length, plano-convex lens

(Newport) placed 3.4 cm after the fibre coupler. Images of the beam were recorded for all

Setting Settings Wavelength Frequency  Frequency
number (FP, iy/ mA, i,/ mA, i,/mA) / nm range/ MHz  drift/ MHz
1 (1, 3.8, 22.0, 2.8) 1608.7247+0.0008 324 89
2 (3, 1.6, 11.9, 4.7) 1595.8760+0.0006 283 75
3 (3, 4.9, 40.7, 2.2) 1592.4833£0.0007 296 85
4 (6, 1.8, 17.5, 4.9) 1574.1015£0.0006 236 73

Table 2.3: Investigating the wavelength drift of the DS-DBR laser with time, by mon-
itoring the output wavelength for four different settings over three hours. The standard
deviation of the wavelengths recorded over this time was taken as a measure of frequency
drift of the laser.
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Figure 2.14: Camera image of Gaussian beam shape of the DS-DBR laser when operated
in external ramping mode with fixed injection currents. In this example, FP = 2, A\ =
1605.50 nm, w, = 0.55 mm, w, = 0.51 mm.

the different FPs and a 2D Gaussian fitted to find the spot sizes (radii) in the horizontal

and vertical directions, w, and w,, respectively; an example of the camera image is given

in Figure 2.14 and the calculated spot sizes summarised in Table 2.4. The beam waists

were observed to be similar in both the x and y directions and for all the different FPs

(as expected as all the light passed through the same single-mode fibre), with an overall

average of w; = 0.52£0.03 mm and w, = 0.51 £ 0.03 mm. These concurred with the spot

sizes calculated using the knife-edge, beam profiling technique [212, 213|, where a value

for w, of 0.54+0.01 mm for the FP 2 case was found. Such a high quality, Gaussian beam

profile implied that the DS-DBR laser radiation would couple well into a cavity in order to

perform techniques such as CRDS.

FP Ap Wy Wy Ellipticity
/ nm / mm / mm Wy /Wy

1 1607.75 0.54£0.05 0.5240.04 1.03

2 1605.50 0.534+0.02 0.4940.02 1.07

3 1593.41 0.53£0.03 0.51+0.03 1.02

4 1586.14 0.52+0.04 0.49+0.04 1.05

5 1579.01 0.57£0.06 0.55+0.05 1.03

6  1571.45 0.524+0.04 0.5040.04 1.03

7 1564.68 0.47£0.01 0.46+0.01 1.02

Table 2.4: Table summarising the DS-DBR spot sizes in the horizontal (z) and vertical
(y) directions for the different FP. Each reported value is the average of three recorded

images.
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2.4 Conclusions

In this chapter, near-IR laser sources were reviewed and the novel, broadband DS-DBR
laser introduced. This widely tunable, single-mode laser source used a grating-based tuning
mechanism to tune quasi-continuously over 1563 — 1613 nm. The laser could be operated
in either an internal or external ramping mode, the latter allowing the laser to be set at a

fixed wavelength by injection of constant currents into the different DS-DBR sections.

The use of the DS-DBR as a useful spectroscopic laser source was demonstrated by per-
forming measurements on the well-characterised ro-vibrational absorption spectrum of CO,
in the near-IR. Operating the DS-DBR in the internal ramping mode, the CO, spectrum
over the entire 1563 — 1613 nm range was reconstructed from multiple, mode-hope free
spectral segments which were individually probed by carefully selecting the appropriate
current tuning. This experiment highlighted the major boon of the DS-DBR: that as
well as being widely tunable over a large wavelength range, it is also able to perform
spectroscopy at a high spectral resolution (a few MHz, limited in principle by the laser
bandwidth). This opens up the possibility of performing high resolution work at widely
separated wavelengths by sequential jumping between discrete spectral regions (valuable
for monitoring multiple, spectrally separated, absorption features, from either one or more
absorbers) as well as studying broadband absorbers with rotationally unresolved spectra
spread over many wavenumbers. Furthermore, the use of the external ramping mode of

operation allowed access to all wavelengths within the spectral bandwidth of the DS-DBR.

WMS was also performed on CO, samples by applying fast current modulation to either the
phase or the rear section of the device; the non-linear wavelength-current relationship of the
laser caused the modulation amplitude to vary across the spectral region accessed by the
laser, introducing additional, but rectifiable, lineshape distortions, and higher than usual
sensitivities for WMS were found (Allan variance measurements indicated an optimal amin
of 6.3x 1078 cm™ over 23 s). Additional studies showed that as well as presenting only small
frequency drifts in the short term, the DS-DBR also offered long term wavelength stability
allowing previously calibrated DS-DBR settings to be used confidently in the future.

In summary, the DS-DBR technology was demonstrated as an attractive laser source for
spectroscopy, combining the favourable optical characteristics and high resolution capabil-
ities of traditional near-IR devices with the wide tunability desirable for multi-species or
broadband absorber detection. These advantageous attributes created a strong foundation
upon which more complicated and sensitive spectroscopy could be based, such as translat-
ing the DS-DBR near-IR radiation to the mid-IR (Chapter 6) and, by virtue of the high
beam quality observed, using the DS-DBR in cavity enhanced spectroscopy, which is the
subject of the next chapter.






Chapter 3

Cavity-Based Spectroscopy in the

Near-Infrared

Cavity-based spectroscopy has already been highlighted as a useful way of making sensitive
spectroscopic measurements. This chapter reports on the development of a near-IR CRD
spectrometer, which was initially tested using a conventional diode laser source. The DS-
DBR laser, introduced and characterised in Chapter 2, was then coupled with the CRDS
system and experiments performed on carbon dioxide to assess the efficacy of utilising
this combination for widely tunable, high resolution, near-IR spectroscopy. CEAS was
also performed with the DS-DBR, and the results compared with those from the CRDS
studies. The framework for the CRD spectrometer developed here in the near-IR can easily
be transferred to the mid-IR given a suitable radiation source and optical components, a

concept which will be explored in Chapters 5 and 6.

3.1 Development of a CRD Spectrometer

In an optical cavity, the radiation confined inside the resonator reflects multiple times
between the mirrors. Interference between these reflecting beams means that only certain
frequencies of radiation are preserved by the cavity whilst others are rejected, producing
standing waves for specific resonance frequencies. These standing waves are the eigenmodes
of the resonator and are referred to as cavity modes. These modes depend upon the
frequency of the input radiation and the length of the cavity, and fall into two different
categories: longitudinal modes, which differ only in frequency to each other, and transverse
modes, which differ in both frequency and their spatial intensity pattern (Section 1.2.2.1).
CRDS is performed by bringing the laser into resonance with a cavity mode, which allows

the light intensity in the cavity to increase, followed by a sudden disruption of the resonance
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condition of the mode, which leads to the classic, exponential ring-down decay signal as

light intensity leaks from the cavity [33, 65].

There are two ways that the cavity modes can be excited: by scanning either the laser
wavelength or the cavity length. When using diode lasers, the former method can be
achieved by applying a modulation to the laser injection current to tune the laser frequency
periodically over more than one cavity FSR [214]; this approach has the advantage of
simplicity, but comes at the cost of poor resolution of narrow spectral lines which only
overlap with a few cavity mode frequencies. The latter technique is accomplished by affixing
one of the cavity mirrors to a piezoceramic transducer (PZT) which changes length on
application of a voltage ramp, so moving the mirror back and forth and modulating the
cavity length [215]. The shape, frequency and amplitude of the applied waveform can be
controlled, and the magnitude is often chosen such that each ramp corresponds to one
FSR of the cavity to guarantee that at least one cavity mode is excited per stroke; this
methodology is especially useful in cases where the laser frequency is not locked but may
drift. However, in order to allow sufficient time for the light to couple into the cavity and
the intensity of the modes to build up, the cavity should not be scanned over the linewidth
of the cavity mode (Equation 1.39) faster than the ring-down time [33]. Thus a compromise
between the frequency and amplitude of the cavity length modulation must be found. This
technique of modulating the cavity length to generate the cavity modes was the preferred
method in this work as it permitted the frequency to be scanned or stepped over a spectral

region of interest.

In order to use cw lasers for CRDS, the requisite rapid interruption in the resonance condi-
tion can be realised by de-tuning the laser away from the resonance frequency or by using
fast optical switches, such as electro-optic modulators (EOMs) or acousto-optic modulators

(AOMs). Here, an AOM was employed to halt the injection of light into the resonator.

3.1.1 Hardware

The CRDS experimental set-up, using either a DL or the DS-DBR as the laser source, is
illustrated in Figure 3.1 [206]. The DS-DBR has been described in Sections 2.2 and 2.3 and
had an output power of 23 mW:; the alternative laser source employed was a 1577 nm DFB
laser diode (NT'T Electronics, NLK1L5GAAA) with a quoted output power of 20 mW and
a linewidth of 2 MHz, which was housed in a butterfly package mount (Newport, T44TEC)
and controlled by commercial temperature (Thorlabs, TED200C) and current (Thorlabs,
LDC205C) drivers. The light was passed through a fibre optic in-line isolator (Newport, F-
ISO-D-2-P), which had a maximum isolation of 52 dB at 1550 nm, to avoid back reflection
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Figure 3.1: Experimental set-up for near-IR, CRDS. IL-OI: in-line optical isolator; FC:
fibre coupler; FM: flip mirror; L1, L2: collimating and mode-matching lenses, respectively;
M1, M2: turning mirrors; Ld: focusing lens onto detector; Amp: variable gain, low noise
current amplifier; RF gen: radio frequency generator to switch AOM. When using the
DL, the cavity length was 47.0 cm with average mirror reflectivities of ~ 0.999; no beam
collimation was required (i.e. no L1) but mode-matching was implemented by placing a
50 cm focal length lens 24 cm before the cavity. When using the DS-DBR laser, the cavity
properties were measured as L = 36.6 cm and R ~ 0.9999; a 60 cm focal length lens was
placed at L1 at a distance of d; = 3.4 cm after the fibre coupler to collimate the beam,
and a 50 cm focal length lens at L2 at a displacement of dy = 1.8 cm before the cavity for
mode-matching.

4

into the laser, and then through a polarisation maintaining (PM) fibre-coupled AOM ( Gooch
& Housego, T-M080-0.4C2J-3-F2P).

The AOM acted as the fast optical switch for the CRDS system. In an AOM, a laser beam
interacts with a high frequency ultrasonic sound wave within an interaction medium, usually
an optically polished block of glass or crystal [216]. The laser beam can be oriented with
respect to the sound waves in such way as to induce reflection off the acoustic wavefronts
by Bragg diffraction; this means that when a sound field is present, the beam is spatially
deflected (1% order diffracted beam), otherwise the light passes through the AOM without
deviation (0™ order diffracted beam). The deflected beam can be controlled either by
digital modulation, where the sound field, and hence the deflected beam, is switched on
and off, or by analogue modulation, where the amplitude of the acoustic waves, and hence
the intensity of the deflected beam, can be varied. Generally, the 15* order beam is the one
used in experiments as it can be switched on and off with a high extinction ratio (typically
> 40 dB) and its intensity can be modulated between 0 — 85% of the input beam. The
acoustic waves are produced by a transducer, usually a fine wafer of lithium niobate, that
is bonded onto the interaction medium and which vibrates when it is subject to a high

frequency electrical signal. This signal is derived from a radio frequency (RF) driver, which
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creates a high frequency carrier wave and is itself modulated by an analogue or digital input

signal.

Here, the AOM was controlled by an 80 MHz RF generator (Gooch € Housego, A35080-10)
and provided an extinction ratio in the 15' order beam of more than 50 dB with a rise-fall
time (10 — 90%) of 35 ns. As the 15 order beam was used as the output, only ~ 30% of
the incident beam was transmitted by the AOM, giving a reduced power of 6.5 mW.

The output light from the AOM exited the fibre via a fibre coupler ( Thorlabs, F240APC-
1550). In the case of the DL, the output radiation was observed to be already collimated
with a spot size of 1.36 mm and so a single lens (Thorlabs, LA5464-E), with a 50 cm
focal length placed 24 cm before the cavity, was employed for mode-matching for optimal
coupling of light into the cavity; for the DS-DBR, this radiation was collimated to a spot
size of 0.54 mm by a 60 cm focal length, plano-convex lens (Newport, KPX119AR.18)
placed 3.4 cm after the fibre coupler and then mode-matched using another plano-convex
lens (Thorlabs, LA5464-E) with a 50 cm focal length placed 1.8 cm before the cavity.

Wavelength calibrations were performed as required by using a flip mirror placed before
the cavity to send the laser light into a wavemeter (Burleigh, WA-1000), with an absolute
accuracy of £0.001 nm, to correlate the DL currents or DS-DBR settings with wavelength.

Different cavities were used for the different laser sources. When using the DL, the cavity
consisted of a pair of 25.4 mm diameter plano-concave mirrors placed 47.0 cm apart. The
first of these mirrors had a 1.5 m radius of curvature and a quoted reflectivity of Ry ~ 0.999,
the second had a 1 m radius of curvature with a quoted reflectivity of Ry ~ 0.9994 (Newport,
10CVO0SR.70F). Such a configuration results in a FSR of 320 MHz and cavity beam waist
of 0.48 mm at 1577 nm. When using the DS-DBR laser, the cavity was composed of a
pair of 25.4 mm diameter plano-concave mirrors with 1.5 m radii of curvature (REO).
These mirrors had a reflectivity of Ry 2 ~ 0.9999 according to the manufacturer, and were
designed for broadband reflectance over the range 1550 — 1650 nm. The length of the cavity
was 36.6 cm, corresponding to a FSR of 410 MHz and the beam waist at the cavity centre

was 0.49 mm at 1565 nm.

For both cavities, the entrance mirror was mounted on a PZT (Piezomechanik GmbH, HPSt
150/20-15/12) so that cavity modes could be excited by applying a voltage ramp to the
PZT to scan the cavity length. This PZT changed the cavity length by 0.08 umV-!' and
was controlled by a home-made high power PZT driver. The cavity also had several inputs
for connections to a dry pump, gas samples and either a calibrated 10 Torr or 100 Torr
capacitance manometer ( Oerlikon Leybold Vacuum, Ceravac CTR 100, part numbers 230317
and 230316, respectively).
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Figure 3.2: Explanation of the synchronisation of the different electronic components in
the CRDS system. When a cavity mode was excited and the transmitted signal exceeded a
set level, a custom-built trigger box was switched from on to off, which in turn stopped the
production of the RF signal and the passage of light through the AOM (by the cessation
of the deflection of light into the 1%* order diffracted beam). Hence radiation was no longer
injected into the cavity and the light in the cavity could ring-down.

The light exiting the cell was focused with a lens onto a fast InGaAs detector (Thorlabs,
DET10C/M) with a 10 ns rise time. The signal was amplified with a variable gain, low
noise current amplifier (FEMTO, DLPCA-200) set at a gain of 10 VA-! with a bandwidth
of 200 kHz when using the DL or at 10° VA~ with a bandwidth of 400 kHz when using the
DS-DBR.

This signal was fed into a custom-built trigger box with an input impedance of 5 M().
When the input signal exceeded a prescribed, set level (which could be altered), the trigger
box produced an output TTL pulse and its reverse with an adjustable depth and width
(0.5 — 6 ms). The reverse pulse was used to control the RF generator and hence the AOM
light throughput. Therefore, when a cavity mode was excited and the transmitted signal
surpassed a certain level, the discriminator box triggered the AOM to switch off and so
allow the light in the cavity to ring-down (Figure 3.2). This decay was recorded using data

acquisition (DAQ) cards, as described in the following section.

3.1.2 Software

In order to record and analyse the ring-down decays in real-time, DAQ cards connected to

a computer were used. The ring-down was recorded using a 4-channel, 16-bit, 40 MSs™'
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PCI digitizer, with 512 MB memory, 50 €2 impedance and a programmable input voltage
range of +0.2 V or +1 V (Adlink, PCI-9846D/512). The +0.2 V input voltage range was

used and data recorded at a 10 — 40 MHz sampling rate, depending on the situation.

An additional PC DAQ card (Adlink, DAQ-2501) was used to create waveforms to scan the
cavity length. This card had four analogue output (AO) channels with 12-bit resolution
and an update rate of 1 MHz. One of these AO channels was used to generate a triangular
waveform with an amplitude Vyp and frequency Vi which was applied to the PZT via a
high power piezo driver in order to scan the cavity length to generate cavity modes. Another
AOQO channel was used to control the DL current driver and hence the DL wavelength. As
the analogue output of the DAQ card covered a range of £10 V at a 12-bit resolution
(equivalent to a minimum step size of 5 mV), a 20:1 attenuator was also added to allow for
the possibility of smaller output voltage steps (0.25 mV) which would give correspondingly

smaller wavelength steps in order to perform high resolution spectroscopy.

Programs were written in LabVIEW to communicate with these cards and to analyse the
data they acquired. Rapid determination of the exponential decay constants was achieved
using an extension of the corrective successive integration method [212] known as linear
regression of the sum (LRS) [217, 218]. This fitting routine was used to fit an exponential
to a subsection of the collected data: the first few us of data, tqisc, were discarded and
an exponential fitted to the next several us of data, tg;, to find the RDT, where tq;sc and
tg; were altered according to the experimental conditions. The RDT value measured was
actually a combination of the true RDT and a contribution from the detector bandwidth
[219]:

2 .2 2
Tmeas = Tdet + Tact (31)

where Tieas is the RDT recorded, 74et is the contribution from the electronics (calculated

using 74et = 1/7Af and the known bandwidth of the amplifier) and 7, is the true RDT.

Two programs were written in order to perform experiments to assist in the retrieval of the
RDTs and spectra. In the first, wavelength calibrations between the wavelength measured
by the wavemeter and the output voltages of the DAQ card to the DL current driver, Vio4,
or the DS-DBR settings were performed. In the second, cavity modes were simultaneously
generated and monitored by applying a waveform to the PZT to scan the cavity length and

continually recording the detector signal.

Ring-down traces were acquired as follows. On the detection of a cavity mode, the trigger
box not only sent a reverse TTL pulse to the AOM to stop the injection of light into the
cavity but also sent a TTL pulse to the computer to trigger the recording of the detector
output by the PCI for a pre-determined period of time, t;¢c. Two main LabVIEW programs

were written to perform ring-down experiments:
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Program One: Recording ring-downs at a single wavelength. The laser was set at the
desired wavelength. In the case of the DL, this was done by manually adjusting the current
to the appropriate value on the laser current driver; for the DS-DBR, one combination of
settings corresponding to the target frequency was sent from the computer to the laser.
Successive ring-downs were then recorded and fitted at this fixed wavelength until the
program was instructed to stop by the user, at which point a plot of RDT against sample

number was generated.

Program Two: Recording CRD spectra across a wavelength range. The laser was set at
a series of required wavelengths in order to step over the spectral region of interest. In
the case of the DL, this was accomplished by using one of the AO of the DAQ card to
apply a step-function, voltage waveform, Vj,,q, to the laser diode controller to change the
laser current and thus the wavelength; for the DS-DBR, this was achieved by sending a
sequence of settings corresponding to known laser frequencies as determined in Sections
2.2.2.2 and 2.3.2. A desired number of ring-down events, n,yg, was recorded at each step.
A plot of RDT against wavelength was thus created, using the known calibrations between
Vinod/settings and wavelength. This could then be converted into an absorption spectrum
by fitting a polynomial 7y baseline and calculating o using Equation 1.53, and a Voigt

profile fitted either in Origin [220] or by using the Humlicek approximation [17].

Both of these programs were written with the capacity to be run in two different operational
modes. In one of these modes, the data were analysed and the outcomes reported in real-
time, so allowing the results of the experiment to be monitored as it progressed; in the
other, all the data were recorded and saved before they were analysed, which allowed for

shorter acquisition times.

Observation of the quality of the ring-downs and their associated fits led to the introduction
of ‘conditioning’ criteria to filter the results [206, 221]. This removed anomalous results due
to fitting exponential decays to non-ring-down events (e.g. instances when the trigger box
was triggered by an abnormally large noise feature of the baseline, an electronic spike etc.),
and also to discard RDTs calculated from poor data obtained from weak cavity modes.

These criteria were:

1. The R? (coefficient of determination) value of the exponential fit had to exceed a

certain value.

2. The calculated RDT had to lie within +3 standard deviations of the average of all

the results.

Considering these, together with the effectiveness of the triggering on the cavity modes, an

overall conversion efficiency of generated cavity modes into useful RDT's could be calculated.
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Figure 3.3: An example ring-down trace of the evacuated cavity at 1577.70 nm. The raw
data are shown by the open circles; only a reduced number of data points are given for
clarity. The exponential fit, shown by the solid line, was performed using tqisc = 3.5 us
and tg; = 15 us and returned a Tmeas value of 6.21 us with an R? value of 0.9994.

Here in the near-IR, the high quality of the ring-downs recorded meant that most (> 95%)

RDTs were retained yielding a good conversion efficiency.

In these two programs, many parameters were available to be changed and set by the user.
These included details on the DAQ card (sampling rate, voltage range), PCI card (sampling
rate, voltage range, tec), PZT waveform (Vamp, Vireq and offset voltage of the piezo driver,
Voft), trigger level of discriminator box, number of ring-downs to record per point (navg),
settling time between laser steps to allow the laser temperature and current to stabilise
(tsett), fitting and analysis parameters (tgisc, tft, Tdet), conditioning criteria (minimum R?
value) and wavelength calibrations (information on how A varies with the DL Vj,0q or
DS-DBR settings).

Using these programs, numerous CRDS experiments with the diode laser and DS-DBR in

the near-IR were performed, as are now discussed.

3.2 Near-Infrared CRDS with Diode Laser Sources

In order to test the CRDS system and LabVIEW software, experiments were initially
performed in the near-IR using the 1577 nm DFB DL. This began with the characterisation

of the evacuated cavity and the inspection of the recorded data and fitted exponential.

An example of the ring-down trace for an empty cavity at 1577.70 nm is given in Figure 3.3.

The first 3.5 us of data were discarded and the next 15 us fitted using the fast exponential
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Figure 3.4: Change in RDT at a fixed wavelength (1577.26 nm) on filling an empty cavity
with a 6.2 Torr sample of 20% CO, in air and then re-evacuating the cavity; data recorded
over a period of 8 mins.

fitting algorithm described in Section 3.1.2. The fit returned a Tyeas value of 6.21 ps with
an R? value of 0.9994. This corresponded to a true RDT, T,ct, of 6.00 us, as found using
Equation 3.1 to account for the contribution to the measured RDT from the electronics of
Tdet = 1.6 ps (from the known 200 kHz bandwidth of the amplifier). This in turn meant the
optical cavity possessed an effective path length of 1.8 km and an average mirror reflectivity
of 0.9997 at this wavelength.

The CRDS set-up was then assessed by conducting studies on the v(31112 <— 01101) P(19)
transition of *CO, at 1577.26 nm (6340.13 cm™) using a 20.3% mixture of CO, in air
(transitions labelled using notation introduced in Section 2.2.2.1). Firstly, the DL was
tuned to 1577.26 nm and many RDs at one wavelength were recorded, using Program
One listed in Section 3.1.2. The cavity was originally placed under vacuum before adding
6.2 Torr of the calibrated CO, mixture; this caused the measured RDTs to decrease, as
shown in Figure 3.4. The cavity was then re-evacuated so that the RDTs returned to their
initial values. Using an average 19 value of 4.88 4= 0.08 us measured before the addition of
the CO, sample and an average 7 value of 3.91 & 0.06 us recorded when the sample was

1

present, o was estimated to be 1.70 £ 0.11 x 107% cm™. This is in very good agreement

with the expected value of 1.71 x 1076 cm™ calculated by considering the pressures used.

CRD spectra of this transition were then recorded at various pressures of the CO, mixture
by using Program Two described in Section 3.1.2 to measure the RDTs over the 1577.18 —
1577.31 nm wavelength range. A calibration curve between the voltage applied by the DAQ
to the laser current driver and the laser wavelength reported by the wavemeter (Burleigh,

WA-1000) was found and used to give the frequency scale. The experimental settings
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Figure 3.5: CRDS of the (31112 « 01101) P(19) CO, transition at 6340.13 cm™ for
a mixture of 20% CO, in air. (a) Initial RDT data across the absorption feature (open
circles) with the fitted quadratic 79 baseline (solid line) recorded at 75 Torr. (b) The
resultant CRD spectrum of the data in (a). (c) The linear relationship between the CO,
concentrations calculated from the areas of the Voigt fits of the CRD spectra and the CO,
concentrations expected from the measured pressures (10 — 100 Torr). (d) The variation
in the Lorentzian widths of the fitted Voigt profiles with pressure.

employed were: DAQ card: £10 V at 200 kHz update rate; PCI card: +£0.2 V at 40 MHz
sampling rate with tec = 50 ps; PZT waveform: Viymp = 7V, Vieq = 12 Hz, Vog = 40 V;
spectra recording: nave = 20, teett = 1 s; fitting and analysis: tqisc = 4 us, ta, = 40 ps,
Tdet = 1.6 ps; conditioning criteria: minimum R? = 0.9. In this case, these settings
were selected by direct experimentation, though a more systematic approach to finding the
optimal experimental settings conditions was utilised in later work (Section 3.3 onwards).
Each spectrum took 4 —6 mins to be compiled. The recorded RDT data was converted into
an absorption spectrum by fitting a quadratic 7y baseline to the results and calculating «
using Equation 1.53; this is illustrated at 75 Torr by Figures 3.5(a) and 3.5(b), for which

an aumin of 1.3 x 1077 cm™ was found; this sensitivity value is not as good as those usually
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achieved by CRDS (~ 1072 ¢cm™), but this is understandable given the low reflectivity of
the mirrors used (0.9997). A Voigt profile was then fitted using the Humlicek approximation
[17] with the Gaussian width fixed at the predicted Doppler width of 354 MHz. A linear
correlation, as expected, between the concentration of CO, calculated using the area of the
Voigt fit and the measured pressures was observed, with a gradient of 0.941 and R? value
of 0.9996 when the intercept was fixed at the origin (Figure 3.5(c)). A trend in increasing
Lorentzian widths of the fitted Voigt profiles with increasing pressure was also seen (Figure
3.5(d)), with the calculated Lorentzian widths of 55— 609 MHz (6.4 MHzTorr™!) comparing
well with those expected of 62 — 591 MHz (6.1 MHzTorr™!) across this pressure range.

3.3 Near-Infrared CRDS with the DS-DBR Laser

By virtue of the favourable results from the preliminary investigations conducted using a
conventional DL in the preceding section, it was concluded that the CRDS system and
LabVIEW software developed worked well. The laser source was then replaced by the DS-
DBR with the aim of creating a CRD spectrometer capable of performing high resolution
spectroscopy across the 1563—1613 nm wavelength range. The experimental set-up has been
described previously (Figure 3.1, Section 3.1). In order to perform the CRDS measurements,
the DS-DBR was stepped across the wavelength range of interest using the external ramping

mode, as discussed in Sections 2.2.2.2 and 2.3.2.

3.3.1 Beam profiling and mode-matching

In order to efficiently couple the DS-DBR laser radiation into the cavity, the DS-DBR beam
first needed to be collimated and then mode-matched to the lowest order resonator modes
(Section 1.2.2.1, Appendix A). Using Equations 1.45 and 1.46, the beam waist at the cavity

centre and the spot sizes at the mirrors for the DS-DBR optical cavity arrangement at the

Wavelength/ nm 1565 1615

wp/ mm 0.4945 0.5023
wi 2/ mm 0.5277 0.5361
2/ cm 98.90 102.16
da/ cm 2.30 0.76

Table 3.1: Properties of the DS-DBR optical cavity set-up over the wavelength range of
the DS-DBR laser. The top half gives the values of the beam waists at the cavity centre
and the spot sizes at the mirrors; the bottom half lists the exact solutions for the mode-
matching optics assuming the incident laser beam has been collimated to a spot size of
0.54 mm.
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Figure 3.6: Finding the collimation optics, d; and f; of lens L1 in Figure 3.1, for the
DS-DBR laser beam. The knife-edge, beam profiling technique was used to find the spot
size, w, at a variety of distances from the laser fibre coupler for different values of d; and
f1 in order to determine those that collimate the beam. (a) Transmission plot and (b)
Gaussian beam profile recorded using this method at a distance of 76 cm after the fibre
coupler when f; = 60 cm, d; = 3.4 cm; in this example, w = 0.546 mm. The beam was
judged to be sufficiently well collimated with w = 0.54 mm when f; = 60 cm, d; = 3.4 cm,
as inferred from (c).

minimum and maximum wavelengths accessible with the laser were calculated (Table 3.1),
indicating that the DS-DBR beam had to be collimated to a spot size greater than 0.53 mm
in order to perform mode-matching. Collimation was achieved by use of a collimating lens
with a focal length f; placed a distance d; after the laser fibre coupler (L1 in Figure 3.1).

Different combinations of f; and dy were tried until a collimated beam was found.

The beam spot sizes were measured using the knife-edge, beam profiling technique [212,
213]. A beam blocker was gradually moved across the path of the laser beam and the
decreasing detected signal recorded. A transmission plot was thus generated (Figure 3.6(a))
with the spot size equal to the distance between which the transmission falls from 84.1%
to 15.9% [222]. This data could also be converted to a signal amplitude plot to observe the
Gaussian beam profile (Figure 3.6(b)).

By re-iterating this procedure for various f; and di, it was deduced that a collimating lens
with f; = 60 cm and di = 3.4 cm was required. This produced a beam with a spot size
of 0.54 mm (Figure 3.6(c)). This value could then be used to determine the focal length,
f2, and distance before the cavity, d2, of the mode-matching lens (L2 in Figure 3.1), as
outlined in Appendix A. This analysis gave exact solutions for fo and dy (Table 3.1). A
range of different focal length lenses placed at a variety of distances were tested, and good
data were observed when fs = 50 cm and do = 1.8 c¢m; this mode-matching lens was thus

employed for the remainder of the work in this chapter.
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Figure 3.7: Finding optimal (a) tgisc and (b) tg fitting parameters using four recorded
ring-down traces. (a) Inspection of the data recorded at the beginning of the data acqui-
sition revealed a delay between the trigger and the start of the ring-down: these non-ring-
down points must be ignored in the exponential fitting. t4isc of 2.5 us was judged as the
minimum amount of data that needed to be removed to ensure only data pertaining to the
true ring-down decay were used in the fitting procedure in all cases. A reduced number of
raw data points (open circles) are shown for clarity, and the final fitted exponentials also
plotted (solid lines). (b) Using this tqisc and the same examples, the RDT was calculated
with increasing tg;. The calculated RDT remained essentially constant in all cases when
tat values greater than 140 ps were used, hence this value was chosen as the optimum value
for tgs.

3.3.2 Characterisation

The experimental and analysis settings employed throughout this, and the following section,
were: DAQ card: £10 V at 200 kHz update rate; PCI card: +0.2 V at 10 MHz sampling
rate with tyec = 150 ps; PZT waveform: Vyyp =4V, Vieq = 10 Hz, Vog = 40 V; amplifier
gain: 10° VA'l; fitting and analysis: fqisc = 2.5 us, tgc = 140 us, 7qet = 0.8 ps (using
Tdet = 1/mAf and the known 400 kHz bandwidth of the amplifier); conditioning criteria:
minimum R? = 0.9999. The PZT amplitude modulation was set such that each ramp
covered at least one FSR in the frequency domain, and the PZT frequency then chosen to
give a fast acquisition rate while allowing sufficient time for the cavity modes to build in
intensity, as discussed in Section 3.1. The optimal fitting parameters were determined by
inspection of the raw data at the beginning of the data acquisition and the effect of varying

tse on the RDT of the fitted exponential decay (Figure 3.7).

3.3.2.1 Cavity modes

Cavity mode transmission of the DS-DBR CRDS system was investigated using both the
DS-DBR and the 1577 nm DFB DL, both emitting at 1577.5 nm and injected into ex-

actly the same cavity after passing through identical optical components. Cavity modes



72 Chapter 3

1 TEM,, TEM,,
0129 prFB
0.10 -
0.08 -
| FSR =410 MHz
0.06 |
0_04_. TEM, |
] TEM, TEM,
- 002+ TEM,, TEM,
= 000+ . :
o] ]
S 012
@ %127 DS-DBR
0.10 -
0.08 -
0.06 -
0.04
0.02
0.00 -
T T T T T T T T T T T T T T T T T 1
-200 0 200 400 600

Relative frequency/ MHz

Figure 3.8: Cavity transmission of near-IR light at 1577.5 nm using a DFB diode laser
and the DS-DBR. The gain of the amplifier was set 10 times larger for the recording of
the DS-DBR data. The upper trace shows that a well-aligned CRDS cavity supporting
predominantly TEM, was achieved, though the use of the DS-DBR as a laser source
resulted in much noisier cavity modes. Despite this, both laser sources gave similar RDTs
for an evacuated cavity: 23.72 4+ 0.10 ps for the DL and 23.45 + 0.12 ps for the DS-DBR
(discrimination level of trigger box altered accordingly).

were generated by scanning the PZT with a triangular waveform with an amplitude large
enough to cover one FSR of 410 MHz in the frequency domain to ensure that at least one
cavity mode was excited per ramp, and data were recorded over the up-ramp of the PZT

modulation.

The upper trace in Figure 3.8 illustrates the sharp cavity modes (Lorentzian FWHM of
0.5 MHz, limited by the DL linewidth) observed when using the DFB diode laser. The
regular spacing between the fundamental TEMgy modes and the presence of only small
neighbouring transmissions implied that the cavity was well-aligned, thus guaranteeing
that the discrimination level could be set such that the system was only triggered by the
TEMgp modes. A good signal was obtained using a lower amplifier gain (10* VA-!) than
that required for the DS-DBR.

The lower trace in Figure 3.8 shows the transmission observed when using the DS-DBR.
Although cavity modes with regular spacings were readily identifiable and the integrated
areas under the modes were the same as those found in the DFB case (accounting for
the different signal amplifications used), they were much noisier and broader (Lorentzian
FWHM of 24 MHz) than those seen with the DFB. Similar quality cavity modes were also
observed at other wavelengths using different front pair contacts. The fact that the cavity
was well-aligned, as demonstrated by the DFB studies, indicated that the more chaotic

structure of the cavity modes was not caused by the excitation of additional, higher order
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modes, but instead was due to innate noise of the DS-DBR laser light itself or its coupling

into the cavity.

RDTs at 1577.5 nm were recorded using both the DL and DS-DBR with analysis settings
outlined above, except that in the case of the DL a 74¢; of 0.6 us was used, as the bandwidth
of the amplifier at the 10* VA" gain setting was 500 kHz. In both cases, the trigger level
of the discriminator box was set such that it was high enough so that only the most intense
cavity modes would trigger an event to be recorded giving consistent RDTs, whilst still
allowing for frequent triggering. In spite of the difference in the observed quality of the
cavity modes, as seen in Figure 3.8, both laser sources gave similar RDTs for an evacuated
cavity: 23.72 4 0.10 us for the DL and 23.45 +0.12 us for the DS-DBR. This verification of
the RDTs measured using the DS-DBR meant that it could be used to record CRD spectra

despite its noisy cavity modes.

The exact source of the noise of the cavity modes observed with the DS-DBR is still unclear.
On first sight, it might be supposed that the behaviour may be due to a difference in the
linewidths of the lasers, with the DS-DBR linewidth being significantly greater than that
of the DL, resulting in worse coupling of the DS-DBR output into the cavity; however,
literature values estimate the linewidth of the DS-DBR to be 0.4 — 1.8 MHz [194], i.e.
smaller than the reported 2 MHz linewidth of the DL. Camera images and knife-edge
measurements of the DS-DBR, output (Sections 2.3.2 and 3.3.1) ruled out the possibility
of poor beam shape or an excess of high order modes being a factor. The in-house built
DS-DBR laser driver had comparable noise levels in its output currents as the commercial
laser current driver used to power the DL, implying that the effect is not due to the power
supply. The noise is also unlikely to be due to stimulated Brillouin scattering (SBS) [223] as
the threshold powers for SBS given this fibre system are much higher than those used, and
attenuating the power of the laser did not lead to any improvement. In addition, feedback
from the rest of the system is improbable due to the presence of the optical isolator located
directly before the laser. Nevertheless, it may be possible that there is some feedback at
the laser facet (where the laser light is first coupled into the fibre) as an artifact of the
manufacture process. Alternatively, and most probably, it is the laser-field phase noise
intrinsic to the laser that results in rapid frequency fluctuations inside the laser linewidth,
which in turn produce constructive or destructive interference when scanning the cavity
as the instantaneous frequency falls inside or outside the mode, thereby converting the
laser-field phase fluctuations into amplitude fluctuations giving noisy cavity modes [224].
Unfortunately, it is difficult to test either of these hypotheses for final confirmation of the
root cause. It is worthy of note that similar, noisy cavity mode behaviour was also observed
in other CRDS experiments with a different DFB diode laser (Fitel, FRL1I5DCWD-A81-

19265-C) at 1556 nm using the same laser drivers and mounts as used for the 1577 nm
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Figure 3.9: Ring-downs recorded at a single wavelength (1605.476 nm) of an evacuated
cavity with the DS-DBR CRDS system. (a) Example ring-down trace with the raw data
given by the open circles (only a reduced number of data points are shown for clarity) and
the exponential fit by the solid line; this fit returned a T.; value of 24.61 ps with an R? value
0f 0.999996. (b) Allan variance plot of the ami, values calculated from recorded sequential
ring-downs under these conditions, each RDT taking ~ 0.2 s to acquire. Inspection of this
plot indicated that an optimum number of ring-downs to record and average per point
would be 100, giving an amin = 2.8 x 1071° cm™'. Also in the figure is given an indication
of a higher detection limit (qmin = 4.1 X 10—10 cm’l) obtainable in a faster acquisition
time (35 samples, ~ 7 s).

DFB DL above, which implies yet again that the cause is inherent to the laser itself or its
fibre-coupling.

3.3.2.2 Ring-downs at a single wavelength

The DS-DBR wavelength was set at 1605.476 nm and 2200 ring-downs recorded of an
evacuated cavity over a period of 7 mins using Program One described in Section 3.1.2; an
example ring-down and its fit is given in Figure 3.9(a). The conditioning criteria stated
above (R? > 0.9999, +3 standard deviations) were applied to remove anomalous results;
however, the high quality of the recorded ring-downs meant that most RDTs were retained.
Averaging all the filtered results gave 79 = 24.54+0.04 us, corresponding to an effective path

length of 7.4 km and a geometric mean mirror reflectivity of 0.99995 at this wavelength.

The conditioned results of this data set were also used to construct an Allan variance plot
[225], shown in Figure 3.9(b). The gradient of the Allan variance plot up to 20 s was equal
to —1, indicating that the system was initially limited only by white shot noise. From this
plot it was seen that the maximum sensitivity corresponded to an average of 100 RDTs,
yielding an apin = 2.8 x 10719 em™! over 20 s. It was considered, however, that an average

of 35 RDTs, giving an oy, = 4.1 x 10719 cm™ over 7 s, would be appropriate for the
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recording of spectra to reduce the overall acquisition time, as the averaging procedure must

be repeated at many points across a given wavelength range to build the spectrum.

3.3.2.3 Ring-downs across the DS-DBR wavelength range

The ability to record CRD spectra across the whole 1563 — 1613 nm DS-DBR wavelength
range using this set-up was then investigated. The cavity was filled with 80 Torr of N,
and 35 RDTs were measured and averaged at 450 points across the wavelength range
over a period of 45 mins. Figure 3.10(a) clearly demonstrates that the system is capable
of acquiring such broadband spectra. No adjustment to the cavity alignment was made
during the data collection, indicating that the cavity alignment and mode-matching was

able to sustain cavity mode transmission across the entire 50 nm range.

Fluctuations in the RDT across the wavelength range were clearly observed and these
are caused by a periodic variation in the mirror reflectivity, R, with wavelength; this was
most obvious in the RDTs measured over smaller wavelength intervals as shown by the
insets. 20% reductions in RDT over 0.06 nm in the wavelength domain were seen, which
corresponded to a decrease in the effective path length of 1.6 km. This large variation in
R over a small wavelength meant that a change in wavelength of less than just 0.01 nm
(900 MHz) could result in a change in the RDT of 1 us. Identical spectra recorded one hour
apart displayed residuals of less than 1 us at equivalent points, averaging to zero across
the operating range. These residuals can thus be attributed to the highly varying R, the
mechanical stability of the cavity and the wavelength reproducibility of the DS-DBR, over
time and on adjusting the settings. It was further noted that the RDT was susceptible to

small changes in cavity alignment on evacuating, flushing or filling the cell.

As well as the ~ 16 GHz (0.12 nm) periodic variation in R, a beating in R was also
discernible with a frequency of ~ 1100 GHz (9.5 nm). As R is the geometric mean of
the reflectivities of the two individual mirrors, this beating can be explained by assuming
that the reflectivity of each mirror, R, ()), varies in wavelength with a slightly different
periodicity; indeed, simulations indicated that a change in the period of R, (\) as small as
1.5% would be enough to account for the beating observed (Figure 3.10(b)). Such minute
changes in reflectivity between different mirrors is understandable given the unavoidable
variations during the manufacturing process in each coating run due to subtle differences in
surface roughness, interfacial imperfections (e.g. interface roughness, diffuse intermixing)

between layers and thickness irregularities within the multi-layer stack [226].
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Figure 3.10: RDTs across the whole wavelength range of the DS-DBR. (a) Experimental
results of averaging 35 RDTs at 450 points across 48 nm at 80 Torr of N,. The range is
divided into segments according to the different FPs (dashed lines). The insets show the
RDTs measured at smaller wavelength intervals, indicating the large periodic variation in
mirror reflectivity, R, with wavelength at a frequency of ~ 16 GHz. Between points P
and @, a 20% reduction in RDT over 0.06 nm is observed. (b) Simulation of the RDTs
assuming that the reflectivity of each mirror, R, ()\), varies in wavelength with a slightly
different periodicity. The periods for R; and Ry were set as 16.00 GHz and 16.24 GHz,
respectively, i.e. a difference of 1.5%, and a central reflectivity of 0.9999455 used for
both. The geometric mean, R = /R1 R, as measured by the spectrometer, and the
resultant 7 were calculated across the spectral range, revealing beatings in 7 of the order
of ~ 1100 GHz which are similar to those seen experimentally. The insets show that the
~ 16 GHz periodic variations in R were also still present. However, this model does not
account for the empirically observed general decrease in RDT with increasing wavelength,
which may be due to a decreasing efficiency of the mode-matching or a fall in overall mirror
reflectivity at longer wavelengths.
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3.3.3 Spectroscopic measurements

Once characterised, the DS-DBR, CRD spectrometer was used to perform spectroscopic
studies on the narrowband absorber CO,, using a variety of sources including air, a 5%

calibrated mixture of CO, and breath samples.

In order to record these CRD spectra, the experimental conditions and fitting parameters as
listed at the beginning of Section 3.3.2 were used. In addition, the number of RDTs averaged
per point was set as navg = 35, as discussed in Section 3.3.2.2, and the settling time between
points as tsett = 1 — 5 s depending on the size of the intervening wavelength step. The DS-
DBR was stepped across the spectral region of interest, as described in Sections 2.2.2.2
and 2.3.2. The wavelength changes for step sizes smaller than those that could be resolved
by the wavemeter were estimated using linear interpolation between neighbouring points
for which different wavelengths could be distinguished. This introduced inaccuracies in the
frequency scale because the DS-DBR exhibits a non-linear wavelength-current relationship
as seen in Chapter 2; however, these step sizes were considered small enough that a linear

approximation in this case was valid.

3.3.3.1 Carbon dioxide in air

Firstly, studies were made of the (30013 «+ 00001) R(14) transition at 6238.77 cm™ in
10 Torr of lab air. Using settings found in Section 2.3.2, spectra of 7 against A over the
wavelength range 6238.699 — 6238.825 cm™ in 40 MHz steps were recorded over a period of
6 mins per spectrum. The periodic variations in R seen in Section 3.3.2.3 were observed in

6t order

the baseline of the CRD spectra with the same frequency and magnitude; thus a
polynomial was used to fit a 7y baseline to the data before calculating « using Equation
1.53. A Voigt profile was then fitted to the absorption feature, fixing the Gaussian width
as the Doppler width at 348 MHz. The data acquisition was repeated three times, one

example of which is shown in Figure 3.11.

The fitted Voigt profile, together with data values reported in the HITRAN database [14],
were used to estimate the concentration of CO, present in the lab air. Utilising both the
area of the Voigt fit with the oy value, as well as the peak «y, data value with an estimate
of the peak o, value (approximated using Equations 1.19 and 1.20), CO, concentrations of
622 4+ 13 ppm and 604 + 14 ppm, respectively, were returned from repeated and averaged
measurements, which are typical values for indoor environments [227]. This implies that the
quicker method of measuring only the oy, value at the line centre is a viable alternative to
recording the whole spectrum; however, in employing this procedure care would be required
to ensure the highly varying 7y baseline is fully accounted for by measuring this baseline

prior to, and at regular intervals during, data acquisition.
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Figure 3.11: CRD spectrum of the (30013 < 00001) R(14) transition of ?CO, at
6238.77 cm™* in 10 Torr of lab air. The raw data (open circles) and Voigt fit (solid line) are
shown in the upper trace, and the residuals between the two in the lower one. In fitting
the Voigt profile, the Gaussian width was fixed at the expected Doppler width of 348 MHz.
For this case, the returned Lorentzian width was 62 + 3 MHz (expected 57 MHz) and, by
using the root mean square error value of the 7y baseline fit as ATS] Qmin Was estimated
as 1.1 x 1079 em™.

in»

Measurements of this transition were also conducted at increasing pressures in order to
investigate the possibility of observing collisional, or Dicke, narrowing (Sections 1.1.2 and
5.3.2.1). This was suggested by the observation of small ‘W’ shaped residuals, characteristic
of this narrowing phenomenon, between the data and Voigt fit, as seen in Figure 2.7(a).
However, such studies proved inconclusive as fitting the data with Galatry profiles (which
account for collisional narrowing) did not lead to significant improvements as residuals were

not reduced.

3.3.3.2 Carbon dioxide in breath

One potential medical application of CO, detection is monitoring the deviations in the
13002 / 12CO2 isotopic ratio in exhaled breath. Such changes can indicate metabolic ac-
tivity associated with Helicobacter pylori (H. pylori) bacteria, which are present in the
stomach and duodenum of over half of the global population [228]. While most carriers are
asymptomatic, H. pylori can cause infections such as gastritis, peptic ulcers and stomach
cancer [141]. The most reliable diagnosis of H. pylori infection is via a rapid urease test
(RUT) of a biopsy of mucosa taken from the stomach [229, 230]. However, this is an in-
vasive procedure, so non-invasive tests, such as the *C-urea breath test (UBT) [139, 231]

are proving favourable alternative diagnostic tools in this area.
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The UBT exploits the hydrolysis of urea (CO(NH,),) to produce CO,, H,O and NH; by
an enzyme called urease which is secreted by the H. pylori bacteria to neutralise the acidic

environment of the stomach:

CO(NH,), + H' + 2H,0 =% HCO3 + 2NH, (Rn3.1)
HCO; + H" —— H,0 + CO, (Rn3.2)

In the UBT, the ratio of the "*CO,/'2CO, concentrations in the exhaled breath of a patient
is measured before and 30 mins after the subject ingests a sample of *C-labelled urea [231].
If H. pylori bacteria are present, the 3C-labelled urea is broken down by Reactions Rn 3.1
and Rn 3.2 to give 13002 which is subsequently diffused into the bloodstream, transported
to the lungs and then exhaled; hence enhanced levels of 13C02 in the breath of the patient
after the administration of the '3C-labelled urea indicates the presence of H. pylori. The
change in the isotopic ratio, 613C, is given relative to a standard in parts per thousand (%o)

by [97, 120]:
Ry3/12 — Ri3/12,0

s13C = x 1000%o (3.2)

Ri3/12,0

where Ry3/15 and Ry3/120 are the 13C/12C concentration ratios of the sample and the
reference, respectively; in this case, these are the 13002 / 12002 ratios measured in the
exhaled breath samples after and before the ingestion of the '3*C-labelled urea, respectively.
As an alternative, the internationally recognised Pee Dee Belemnite (PDB) standard of
0.0112372 can be used as the Ry3/15 reference [73, 97]; the anomalously high 3o /2C
ratio provided by this marine fossil ensures that most natural materials have a negative

§13C in comparison.

Generally, positive UBT results, indicating the presence of H. pylori, are assigned to cases
where §13C > 40%0 and negative UBT results, implying the absence of H. pylori infection,
are ascribed when §'3C < 5%y, though 6'3C as small as 2.4%o have been reported to signify
the existence of H. pylori [232]. The ‘gold standard’ accuracy required for UBTs has been
agreed as 1%o.

Currently, the usual method to access the breath samples is by gas chromatography isotope
ratio mass spectrometry (GC-IRMS) [233]. Despite achieving impressive sensitivities in
§13C as low as 0.01%e0 [234, 235], this technique suffers from several disadvantages, including
the failure to distinguish between the 13C1602 and 2C'0'70 isotopologues, and also
between 1201602 and 14N%GO [236]. In addition to its high cost, the apparatus is large,
often off-site and cannot report results in real-time, preventing point-of-care diagnosis.
Therefore other detection methods to analyse the breath samples have been proposed,
including non-dispersive IR (NDIR) spectroscopy [237], opto-galvanic spectroscopy [238]

and Fourier transform IR (FTIR) spectroscopy [236], as well as techniques based on laser
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absorption spectroscopy such as photoacoustic spectroscopy (PAS) [239], direct homodyne
spectroscopy [240], WMS [135, 241] and cavity-based spectroscopy [73, 142]. Although
these optical absorption approaches are not yet able to obtain sensitivities competing with
those achievable with GC-IRMS, they offer the prospect of economical, compact, real-time

and point-of-care detection and are thus worthy of further investigation and development.

In order to utilise absorption spectroscopy for measuring the 13002 / 12002 ratio in breath,
suitable *CO, and '*CO, transitions to monitor must be chosen. The CO,, molecule has
four normal vibrational modes: the IR inactive v; symmetric stretching mode at 1338 cm™!,
the doubly degenerate o bending modes at 667 cm™! and the v3 asymmetric stretching
mode at 2349 cm™. Combination and overtone bands of these occur in the near-IR, with
transitions of these bands at ~ 1600 nm (~ 6200 cm™) being the most favourable for
near-IR CO,, sensing given that they are relatively free from absorptions of H,O, a major

component (~ 5%) in breath that can lead to unwanted spectroscopic interferences.

Several factors must be considered in order to select the appropriate 12C02 and 13002
transitions, the first of which is the difference in the temperature dependence of the two
transition intensities. This should be minimised to reduce the effect of environmental
temperature fluctuations on the observed isotopic ratio. The intensity of an absorption
signal corresponding to a rotational transition from state J depends on the Boltzmann
population distribution [5]:

Ny (2] + 1)e eBs/keT

N - Qr

where N;/N is the fractional population of the energy level with quantum number J,
1

(3.3)

T is the absolute temperature, E; is the rotational energy of the upper state J in cm’
and @, is the rotational partition function (the contribution from the vibrational partition
function has been neglected as the energy differences between vibrational levels are generally
large compared to kg7 at room temperature). This indicates that by choosing 12002 and
13CO2 transitions which originate from rotational levels which are as close as possible in
energy (ideally from levels with the same J), the susceptibility of 6'3C measurements to

temperature variations is diminished. It can be shown that [118]:

ASPC  heAE
AT kpT?

x 1000%o0 (3.4)

where AE is the difference in the ground state energies and A§'3C/AT is reported for a
defined temperature. Transitions which exhibit similar absorption intensities are also de-
sirable, as this avoids possible problems if the detector response is non-linear. Normally
an additional criterion, that the selected 12002 and 13002 transitions must be within the

5 — 20 GHz tuning range of a single scan of one DL to permit both features to be recorded
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Tsotopologie Line centre Cint Ro-vibrational transition
/ cm! / emZemtmolect vV AV« vIVTVER) AT ()

2co, 6228.598 7.296 x 10~%7 (31113 < 01101) R(57)

x 12C0, 6228.690 1.678 x 10724 (30013 + 00001) R(0)

2co, 6228.727 1.320 x 10726 (40013 + 10001) R(38)

x 13C0, 6245.740 1.028 x 1072 (30012 < 00001) R(4)

Table 3.2: Line positions, integrated absorption cross-sections and transitions of the CO,
features under investigation (x) and their neighbouring weaker lines [15].

simultaneously, is also employed. However, the broadband nature and fast switching ca-
pability of the DS-DBR means that this restriction need not be applied, allowing the best
transitions to be chosen regardless of where they occur within the 1563 — 1613 nm wave-

length range.

Accordingly, 12CO2 and 13(302 transitions with similar J, free from water lines and of
similar intensity were selected for investigation and are listed in Table 3.2. These transitions
correspond to different initial J levels of 0 and 4 for the 12CO2 and 13002 transitions,
respectively, with a AE of 7.8 em™ [15] giving A613C/AT = 0.128%0 K at 296 K; this
means that ambient temperature fluctuations should not affect the measured §'3C value
significantly. Comparing the oy, values for the two transitions listed in the HITRAN 2008
database [15], which account for the different isotopic abundances of 98.45% and 1.11% for
the 2CO, and '¥CO, molecules, respectively [242], the *CO,/"CO, ratio of the areas or

heights of the absorption signals of these two transitions, 13,12, is 0.0613.

The absorption spectra expected for these transitions under the experimental conditions
used were simulated to see the effect of neighbouring CO, lines (Figure 3.12). In the 12002
case, tiny nearby transitions were observed to add to the shoulders of the target 12(]02
absorption, while the 13CO2 simulation indicated the presence of a significant baseline
offset due to the wings of adjacent 12002 transitions; these additional absorption features
must therefore be accounted for in order to accurately extract the desired information from

the transitions of interest.

Initially studies were performed using a 5.05+0.25% calibrated mixture of CO, in 45% N,
and 50% O, (BOC, 157837-L-C) before examining breath samples. Breath samples were
collected in breath bags (Fischer Analysen Instrumente GmbH, 1.5 litres) and transferred
to the cell without water removal or the filtration of aerosol particles. The cavity was
filled with approximately 10 Torr of the sample under investigation, and CRD spectra
were recorded of the 1?’CO2 transition and then the 12002 transition without changing the
sample. Each spectrum was acquired over 4 — 10 mins. A high order polynomial was used

to fit a 7y baseline to the data and a calculated. For the 13CO2 transition, a single Voigt
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Figure 3.12: Simulated absorbances for the two selected CO, transitions for study (x)
with their immediate neighbours, under conditions of 5% CO,, in air at 50 Torr, 296 K in
a 36.6 cm long cavity with mirrors of reflectivity R = 0.9998 using data from the HITRAN
database [14]. In (b), the wings of the neighbouring *CO, transitions result in a non-zero
baseline for the **CO,, feature under investigation.

profile was fitted to the absorption feature; for the 12(302 transition, three Voigt profiles
were fitted to account for the main transition and two neighbouring features. In fitting
the Voigt profiles, the Gaussian widths were fixed at the Doppler widths of 348 MHz and
345 MHz for the 12C02 and 13CO2 lines, respectively, and the baseline offsets fixed at zero.
Two sets of spectra were recorded using the calibrated mixture, and three with the breath
samples. Examples of the CRD spectra obtained for the different cases are given in Figure
3.13, in which small absorption features due to the weaker neighbouring transitions in the

12C02 spectra are clearly visible.

The amount of the CO, present in the samples was estimated using both the area of the
Voigt fit and o, data value. This latter approach, which was shown to be a viable technique
in Section 3.3.3.1, was deemed preferable as it avoided any potential issues arising from
the interference of the small, neighbouring transitions in the 12CO2 case and also any
possible inaccuracies in the wavelength calibration given the non-linear wavelength-current
dependency of the DS-DBR present at a spectral resolution lower than that discernible
with the wavemeter (Chapter 2). The results for both approaches are given in Table 3.3.
Considering the results of using the preferred «,, analysis method, the calibrated mixture
studies gave average CO, concentrations of 4.96 +0.07% and 4.85 +0.05% from the 2CO,
and 13002 transitions, respectively (errors reported based on the standard deviation of
repeated measurements). These values are close to, and within the error of, the quoted
5.05+0.25% of the calibrated mixture. For comparison, the breath studies reported average
CO,, concentrations of 3.814+0.02% and 3.87+0.06% using the 12(302 and 13002 transitions,

respectively (again, errors based on the variability of repeated measurements). iy values
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Figure 3.13: Examples of CRD spectra of the v(30013 < 00001) R(0) '?*CO, and
(30012 < 00001) R(4) '*CO, transitions under investigation in both a 5.05 4 0.25%
CO, calibrated mixture ((a) and (b)) and breath samples ((c) and (d)) at ~ 10 Torr. The
raw data are shown by the open circles and the total fit by the solid line. In fitting the Voigt
profiles, the Gaussian widths were fixed at the expected Doppler widths and the baseline
offsets fixed at zero, but other parameters were allowed to float with the Lorentzian widths
expected to be in the range 60 — 70 MHz. For the '2CO, transition of interest in (a) and
(¢), two neighbouring features were also fitted, as shown in the insets.

were estimated using the root mean square error (RMSE) of the fitted 7y baseline as the

AT

0. value in Equation 1.54 and found to be ~ 1 —2 x 1072 em™. This is approximately
2 — 3 times greater than the o,y estimated with the Allan variance study for n,y, = 35 in
Section 3.3.2.2. Given that the mirror reflectivity, and thus RDT, change significantly with
wavelength, and that these amiy values correspond to different wavelengths, this variation

is unsurprising.

Table 3.3 also gives the 3C/'2C ratio of the areas or heights of the *CO, and '*CO,
absorption signals, 713/15. Again, considering the results of using the «;, analysis approach,
these compare favourably with the expected value of 0.0613 from HITRAN: indeed, the

r13/12 for the calibrated mix compares very well but the breath sample one less so, which
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Spectroscopic CO, conc. T13/12
technique Sample  Isotope /% Actual % diff. Accuracy
12
CRDS  Cal mix o OW4E0I0 g ose1 20,0008 —52%  4.5%

B¢ 4.87 +0.12

12¢ 3.92 £+ 0.05
B¢ 4.05 + 0.02

12¢ 4.96 + 0.07

Area Voigt fit ~ Breath 0.0632 £ 0.0006 +3.2%  10.2%0

CRDS Cal. mix 130 4854005 0.0612 4+ 0.0003 —0.1% 5.6%0
12

o, value Breath 1gg 32; i 882 0.0639 £0.0006 +4.3%  9.9%o
12

CEAS Cal. mix ¢ 5-05£0.11 0.0591 £ 0.0010 —3.5% 16.3%0

B¢ 4.88 +0.14

12¢ 4.80 4+ 0.09
Bc 4.61+0.13

Area Voigt fit ~ Breath 0.0588 £0.0014 —4.0%  23.4%0

Table 3.3: CRDS and CEAS results of studies of the **CO, and *CO, transitions listed
in Table 3.2 performed using a 5.054+0.25% calibrated CO, mixture (Cal. mix) and breath
samples, with different breath samples used in the CRDS and CEAS experiments. Errors
reported are the standard deviations of repeated measurements (2 — 3 spectra) and ‘Conc.’
means concentration. 71315 is the C/2C ratio of the areas or heights of the absorption
signals of the two CO, transitions, and both the actual value calculated and its percentage
difference (% diff.) compared to the HITRAN 2008 [15] value of 0.0613 are given. Accuracy
is calculated as SD(713/12)/avg(r13/12) X 1000%o0, where avg and SD refer to the average
and standard deviation, respectively.

may be due to a natural increased *CO,/'*CO, concentration ratio in the breath of the
donor relative to the isotopic abundances assumed in the HITRAN database. An estimate
of the precision with which the §'3C could be reported was found by using the average,
avg, and standard deviation, SD, of the ry3,15 values and a formula based on Equation
3.2 of SD(r13/12)/avg(r13/12) % 1000%0. The accuracies found were below 10%o, which is
promising, but not as low as the 1%o gold standard required for diagnostic purposes or the

0.22%0 reported in the literature for UBT precisions achievable via CRDS [142].

3.4 Near-Infrared CEAS with the DS-DBR Laser

As well as utilising the DS-DBR laser to perform CRDS, spectra were also recorded us-
ing CEAS. The set-up outlined in Section 3.1 was modified slightly in order to perform
these CEAS measurements, with the final arrangement illustrated in Figure 3.14. The DS-
DBR was scanned over the regions of interest via an external voltage ramp supplied by
the computer, as discussed in Sections 2.2.2.2 and 2.3.2. Many cavity modes were excited
simultaneously by the removal of the collimating and mode-matching lenses, off-axis injec-

tion of light into the cavity and the application of a high frequency (106 Hz), asymmetric
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Figure 3.14: The experimental set-up for CEAS measurements. Cavity properties were
measured as L = 36.6 cm, R ~ 0.9999. SA: spectrum analyser; FM: flip mirror; M1,
M2: turning mirrors; Fn gen: function generator; Ld: focusing lens onto detector; Amp:
variable gain, low noise current amplifier. M2 is mounted on a 3D translation stage to
allow off-axis injection into the cavity.

3D trans ‘I‘ Cavity

M

triangular ramp to the PZT to jitter the cavity length. The laser was scanned across the
desired wavelength ranges at 11 Hz and averaged 300 times to give smooth transmission

spectra, each of which took approximately 30 s to acquire.

3.4.1 Carbon dioxide in breath

This CEAS set-up was used to study the same CO, transitions as those examined with
CRDS in Section 3.3.3.2. Appropriate DS-DBR settings and voltage ramps were carefully
selected to scan over the 12002 and 13002 transitions without mode-hops and were cal-
ibrated using a 2.32 GHz spectrum analyser (Melles Griot, 13SAE906) and the known
transition frequencies. However, converting the CEAS measurements into absorption spec-

tra was complicated by various factors.

Firstly, the ASE transmitted by the cavity had to be accounted for. In order to do this, the
cavity was deliberately misaligned and the ASE signal was measured during the scans of the
two different spectral regions: a small linear variation in ASE with wavelength was observed
in both cases, with a different relationship for each. These varying ASE measurements were

used as Ipase(v) in Equation 1.59 to calculate a.

The baseline, Io(v), was determined by recording spectra of the cavity filled with N, at the
required pressure. Over the course of a day, the baselines of the two regions retained the
same shape but their offsets were observed to decrease. Hence a function was fitted to the
baseline data to reproduce its undulating shape (high order polynomials were necessary to

accomplish this due to the highly variable mirror reflectivity across the regions of study,
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Figure 3.15: Examples of CEA spectra of the (30013 < 00001) R(0) *?CO, and
(30012 < 00001) R(4) "*CO, transitions under investigation in both a 5.05 4+ 0.25%
CO, calibrated mixture ((a) and (b)) and breath samples ((c) and (d)) at ~ 50 Torr. The
raw data are shown by the open circles and the total fit by the solid line; a reduced number
of data points are shown for clarity. In fitting the Voigt profiles, the Gaussian widths were
fixed at the expected Doppler widths. For the example calibrated mix 13002 transition in
(b), the CEAS study reported a CO, concentration (calculated from the Voigt fit area),
Lorentzian width and auyi, value of 4.88 +0.11%, 379 £ 2 MHz (expected value 360 MHz)
and 6.8 x 1077 cm™, respectively.

as seen in Section 3.3.2.3) and this function then offset as appropriate to overlay the I(v)

data at the edges of the spectrum where no absorption by the features of interest occurred.

The fact that R varied greatly with wavelength introduced another problem: different values
of R for the different scans were required to calculate « from Equation 1.59. These were
found by performing measurements on samples of known CO, concentrations at various
pressures, and R extracted from the gradient of the resultant plots of absorbance area
against sample pressure. R was calculated as 0.9998696 for the 12CO2 transition region
corresponding to an effective path length of 2761+ 7 m , with equivalent values of 0.9998705
and 2782 + 23 m for the 13002 case.
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Finally, the actual fitting of the transitions themselves was difficult. In order to correctly fit
the 12002 transition, the three additional absorption features highlighted in Figure 3.12(a)
needed to be fitted too; this was accomplished using a program called PeakFit [243]. A
non-zero offset in the 13002 case was required to account for the absorption wings of the
strong, neighbouring ?CO, transitions (Figure 3.12(b)), which had become significant at
the higher pressures used in the CEAS experiments; the extent of this offset was estimated

using HITRAN simulations [14] and the baseline of the fit set accordingly.

Figure 3.15 gives examples of the CEA spectra recorded for the two '2CO, and '*CO,
transitions for both the 5.05 £ 0.25% CO,, calibrated mixture and breath samples. These
were taken at ~ 50 Torr. In fitting the Voigt profiles, the Gaussian widths were fixed at
the expected Doppler widths of 348 MHz and 345 MHz for the 12CO2 and 13CO2 lines,

respectively, and the CO, concentrations calculated from the Voigt fit areas.

The areas of the Voigt fits, A12 and Ai3 for the 12002 and 13002 transitions, respectively,
were used to find the 13002 / 12002 ratio which could then be compared to that expected
from HITRAN oy, values [15]. However, manipulation of the integrated form of Equation
1.59 revealed that to find 71319, the different mirror reflectivities at the 12C02 and 13(]02

transition wavelengths, Ri2 and Ri3, respectively, had to be accounted for according to:

1—R13@

"812 = T p Ris Ary (3.5)

The repeated and averaged results of all of these values are compared with those found
from the CRDS experiments in Table 3.3. As expected, the reported accuracy is better in
the CRDS case (by a factor of 2 — 3) owing to this being an intrinsically more sensitive
technique, as a time-domain (CRDS) measurement is less susceptible to intensity noise than

an amplitude-domain (CEAS) one.

3.5 Conclusions

This chapter has described the development of a near-IR CRD spectrometer as well as
providing demonstrations of its spectroscopic use by reporting the results of experiments

conducted with the system using two different laser sources.

The software and hardware for the spectrometer have been outlined. In particular, two
programs written in LabVIEW were discussed in detail: one of these programs was used to
record ring-downs at a single, fixed wavelength, whereas the other measured ring-downs at
many wavelengths for the acquisition of spectra. The CRDS set-up and programs were first
tested by performing measurements using a traditional DFB diode laser source at 1577 nm,

before the system was combined with the DS-DBR laser source introduced in Chapter 2.
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Utilising the DS-DBR as the laser source for the CRD spectrometer, ring-downs were
measured for an evacuated cavity across the whole wavelength range without the need for
adjustments to the mode-matching or for cavity re-alignment. Measurements at the single
wavelength of 1605.476 nm reported a 7y of 24.54 + 0.04 us, and an Allan variance analysis

1

of these data implied an optimal aupi, of 2.8 x 107'% cm™ over 20 s when filtering and

averaging 100 ring-downs per point.

As an illustration of the DS-DBR CRDS system for high resolution spectroscopic applica-
tions, experiments were conducted on CO,, at low pressures for a variety of samples and at
a selection of wavelengths. Studies of the (30013 <— 00001) R(14) transition at 1602.9 nm
were used to determine the concentration of CO, present in lab air. Two other lines, the
(30013 + 00001) R(0) '*CO, transition and the v(30012 < 00001) R(4) *CO, tran-
sition, were also studied in both calibrated CO, mixtures and breath samples, with the
calculated concentrations from the calibrated mixture experiments in agreement with the
reported values. These two transitions were studied owing to their potential use in the
13002 / 12002 isotopic ratio analysis of breath samples to infer diseases associated with H.
pylori bacteria, with promising initial results. If it were desired to further develop the use
of this experimental system and the selected transitions to perform such measurements,
this could be done quickly and simply by determination of the peak o, data values of
the absorption features, a method whose viability was ascertained in Section 3.3.3.1. This
would involve recording 7 and 7 values at just two frequencies corresponding to the top
and bottom of the absorption feature by rapid switching of the DS-DBR between these
well-defined frequency points, a feat made possible by the high sensitivity and wavelength
reproducibility of the DS-DBR.

The DS-DBR was also used as a laser source for CEAS to study these same medically
relevant CO, transitions in order to compare the two cavity-based techniques, with the

reported accuracy being a factor of 2 — 3 times better in the CRDS case.

In summary, this chapter proved the DS-DBR can be combined favourably with CRDS for
gas monitoring applications. High resolution spectra with high sensitivities are achievable,
and the wide tunability of the DS-DBR across 50 nm renders the possibility of multi-species
detection or the investigation of broadband absorbers. Additionally, the high reliability and
reproducibility of the output wavelength selection allows for the sequential jumping between
discrete spectral regions, which is valuable for probing many, spectrally widely separated,

absorption features, and also for repeating measurements over extended periods of time.

The framework for the CRD spectrometer developed in this chapter in the near-IR can easily
be transferred to the mid-IR, given appropriate optical components and radiation sources.
Possible mid-IR laser sources are reviewed in the following chapter, and the combination

of mid-IR light and this CRDS system is then investigated in Chapters 5 and 6.
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Laser Light Sources in the
Mid-Infrared

When absorption spectroscopy is used for gas sensing, the dual requirements of high sensi-
tivity and selectivity can be achieved using two different approaches: firstly, by using sen-
sitive detection techniques such as phase sensitive detection and path length enhancement
and, secondly, by using the mid-IR region of the spectrum where absorption cross-sections
are relatively high. This chapter outlines the main mid-IR laser sources available, including
some of the benefits and drawbacks of each, before concentrating on difference frequency
generation (DFG), which is the technique employed to make mid-IR light for the work
presented in this thesis. The theory of DFG is discussed in depth and the experimental

DFG system developed in this work is introduced and characterised.

4.1 Mid-Infrared Laser Light Sources

As discussed in Section 1.1.3, sensitivity for gas sensing can be optimised by monitoring
the strong, fundamental absorption features of a species present in the mid-IR region (2.5 —
12 um). There are several mid-IR sources available, each of which has its own advantages
and disadvantages and hence would be the preferred choice in different situations [244—
246]. The main possibilities are outlined below and their respective wavelength ranges

summarised in Figure 4.1.

Colour centre lasers
Colour centre lasers [247] work by optically pumping certain colour centres in the alkali

halides to produce pulsed and cw lasers tunable over the range 2—3.5 um. Despite providing
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Figure 4.1: A comparison of the wavelength ranges covered by various mid-IR laser
sources, together with the absorption strengths of a selection of medically important
gaseous species. The hatched area indicates spectral ranges where DFG/OPO operation
has been demonstrated but with a reduced efficiency.

high output powers (up to several W) with linewidths of the order of MHz, these sources

suffer from a limited mid-IR spectral range and the requirement for liquid N, cooling.

CO and CO, gas lasers

CO (5 — 6 um) [248] and CO, (9 — 11 um) [249] lasers use gas mixtures as the gain media
which are electrically pumped via a gas discharge. They have high output powers but only
offer a stepwise tunability across the wavelength range (with steps of the order of 1 —2 cm™!
when operated in cw mode) due to the inherent line-tuning of the laser. To solve this, the
laser radiation is usually electro-optically modulated with a tunable microwave source in a
CdTe or GaAs crystal to create laser sidebands, allowing ~50% of the wavelengths within

the lasing range to be accessible.

Pb-salt lasers
IV-VI semiconductor lasers [48, 184], also known as lead-salt lasers, are similar to the
more familiar GaAs near-IR semiconductor lasers and consist of a crystal of a Pb-salt

semiconductor such as Pb Sn,Se. They have a broad IR coverage of 3—30 um [24] as well

1—x
as a narrow laser linewidth. Generally, low powers (~ 1 mW) and the need for cryogenic
cooling have prohibited their usage in any potential portable gas analysers. However,

major advances have led to improvements in the mid-IR. DFBs, DBRs and ECDLs are now
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Figure 4.2: An explanation of the lasing scheme of a QCL. The active regions, comprising
a series of three quantum wells, are separated by a digitally graded alloy, whose effective
conduction band edges are represented by the dashed lines. An electron is injected into
level 3, falls to level 2, emitting the lasing photon as it does so, and then relaxes to level 1.
It then tunnels to a neighbouring set of identical quantum wells and the process is repeated.
The electron thus cascades down the potential gradient as it crosses the structure, emitting
a photon at each active region. Adapted from Faist et al. [250].

available, and offer higher temperature operation, greater spectral tunability (wide tuning
of ~ 100 nm and fine tuning of ~ 20 cm™ have been reported) and larger power outputs

(up to ~ 0.5 W of cw power).

Quantum cascade lasers (QCLs)

Quantum cascade lasers (QCLs) [27, 81, 250-253] are unipolar semiconductor devices
consisting of periodic heterostructures, such as multiple GaAs/AlGaAs heterojunctions,
which are engineered such that several quantum wells are present within each conduction
band and that the energy of the coupled square well potentials decrease on moving across the
device. Molecular beam epitaxy is used to deposit the semiconductor layers with thicknesses
nearly equal to the de Broglie wavelength of the material (e.g. ~ 25 nm in GaAs), allowing
for the formation of the quantum wells by an analogous process to the simple particle in
a box system with energy levels determined by the layer thickness. Figure 4.2 illustrates
how a QCL works, as first constructed and demonstrated by Faist et al. in 1994 [250].
An electron is injected into the upper excited level (3), falls to a lower level (2), emitting
the lasing photon at a wavelength corresponding to the energy gap as it does so, and then
relaxes to the ground state (1). This relaxation from level 2 to 1 occurs over a much shorter
time scale than the radiative transition between levels 3 and 2, as the energy difference
between levels 1 and 2 is designed to be approximately equal to that of an optical phonon;
this creates the required population inversion between levels 3 and 2 [250]. After relaxing

to the ground state, the narrow barrier thickness between the neighbouring quantum wells
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(< 5 nm) means the electron then tunnels through to, and is injected into the upper excited
state of, the next quantum well. The process is repeated such that the electron cascades
down through a staircase of quantum wells, emitting a photon of a precise wavelength at
each step. The fact that one electron engenders the emission of many photons leads to
relatively high laser output powers (up to 100 mW). Furthermore, this electronic cascade
of transitions between intersubband states means the emitted wavelength of QCLs is not
determined by the band gap properties of the semiconductor material (as is the case for
traditional telecom diode lasers), but rather by the layer thickness. Hence, by modification
of the quantum well depth, i.e. the thickness of the semiconductor layers, a wide range of

wavelengths are accessible.

Initially, QCLs were operated in a pulsed fashion by application to the laser chip of a rapid,
top-hat current pulse. Depending on the temporal duration of this applied pulse, either
inter- [254] or intra- [255] pulse mode lasing could be achieved. As improvements in tech-
nology to efficiently remove the build up of heat in the active regions of the laser have been
made, QCLs operating in the cw regime have been also developed [256]. Whereas pulsed
QCLs have relatively low spectral resolutions (~ 250 MHz) due to spectral broadening
caused by frequency chirping, cw QCLs have narrower linewidths and are also easier to use

in terms of optics and electronics.

QCLs exhibit favourable characteristics in terms of wavelength coverage (4—12 pm), ease of
use, compactness, output power (up to tens of W [253]), linewidth, operating temperature
(for both pulsed and cw modes) and wavelength tunability (DFB QCL: ~ 10 cm™; EC
QCL: ~ 300 cm™). Indeed, many companies now offer a range of QCLs [257, 258], and
high power (10—100 mW), room temperature cw DFB QCLs with ~ 1 MHz linewidths and
continuous frequency tuning ranges of ~ 10 cm™ for wavelengths between 4.3 — 9.5 um are
commercially available [258]. Further advances are continually being made too, especially
with regards to improvements in the operating temperatures required for cw operation
[259, 260], though further development of room temperature, cw QCLs operating at short
wavelengths (3 — 5 pm) is still required. The advent of EC QCLs has been of particular
significance, as these lasers are not restricted by thermal tuning and can thus scan broad
spectral ranges, with tuning ranges of 100 — 500 cm™ at longer wavelengths (8 — 11 um)
having been reported [261, 262]. Broadband coverage has also been achieved by the stacking
of active regions with different optical energies which emit at different wavelengths within
a single QCL [263], as well as by using arrays of DFB QCLs [264, 265].

All of these attractive properties of QCLs have ensured their swift incorporation into a
variety of real world applications and they are now utilised in a wide range of research
fields, including atmospheric and trace gas sensing [76, 104], breath analysis [160], plasma

diagnostics [266] and reaction kinetics [123]. However, QCLs are still mainly high current
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Figure 4.3: An explanation of the lasing scheme of an ICL. The electrons are initially
trapped in a well in the conduction band but then radiatively combine with holes in the
valence band. The addition of a field gradient causes the electrons to tunnel back into
the conduction band, resulting in a ‘W’ movement of the electrons across the device and
their return to the beginning of the process in anticipation of the next lasing transition.
Adapted from Huang et al. [267].

devices and consequently need a large heat dissipation, necessitating some type of cooling
(typically water cooling); such large power requirements may also limit their ability for
field deployment. Furthermore, the absence of commercially available room temperature
cw QCLs at wavelengths shorter than 4.3 um, along with the complications arising from

non mode-hop free tuning, has placed some constraints on their use in spectroscopy.

Interband cascade lasers (ICLs)

Since their proposal by Yang in 1995 [268], interband cascade lasers (ICLs) [269-272] have
undergone substantial development and have demonstrated many positive attributes. They
have a similar structure to QCLs, with thin layers of semiconductor deposited together, but
make use of a type II alignment of the conduction and valence bands of the GaSb-based
material system, resulting in electrons being confined in one material and holes in the other
and may consist of a semi-metallic band overlap at the boundary between the electron and
hole injector regions. In contrast to a QCL, where the lasing transition occurs between
two levels within the conduction band (intraband), the lasing transition in an ICL involves
the recombination of electrons from the conduction band with holes in the valence band
(interband). On application of a field gradient, the electrons then tunnel back into the
conduction band, ready for the next lasing transition. This behaviour means the electrons

move in a ‘W’ shape across the active region, as shown in Figure 4.3.

ICLs emit in the important 2.7 — 5.5 um spectral window [273] and also have low thresh-
old currents and high output powers. The use of cryogenically cooled ICLs for trace gas
sensing applications has already been demonstrated [111]. Advances in this class of semi-

conductor lasers continue [267, 272, 274], with a current emphasis on developing their



94 Chapter 4

room temperature cw operation [270, 271, 275-277]. Indeed, a thermoelectrically cooled
cw ICL operating at 264 K was recently reported [269], and such lasers are now beginning
to become commercially available [278, 279]. However, these lasers are still limited by
their high temperature sensitivity caused by significant non-radiative losses, and the large

financial investment they represent.

Type I quantum well DFB lasers

Progress has also been made in extending the wavelength range of DFB lasers using a
type I quantum well arrangement into the mid-IR [280]. Single-mode, GaSb-based lasers
with highly strained GalnAsSb quantum wells were limited in their emission up to 2.8 pm
[281] until the introduction of the quinternary alloy AlGalnAsSb as a new barrier and
waveguide material, which allowed the conduction and valence band energies to be adjusted
independently. Such quantum well lasers have demonstrated pulsed mode operation at
3.26 pm at room temperature [282], cw operation at 3.06 pm at 20°C [283] and most
recently cw operation up to around room temperature at 3 — 3.5 um with mode-hop free
tuning of 8.5 nm and output powers ~ 1 mW [284]. However, these laser devices are still

very much at an early developmental stage.

Non-linear optics (NLO)

In contrast to the direct laser radiation devices outlined above, mid-IR light can also be
generated by non-linear optical processes, which convert near-IR radiation inputs to the
mid-IR. There are two main ideas based on non-linear optics (NLO) in order to generate
mid-IR radiation: optical parametric oscillators (OPOs) and difference frequency gener-
ation (DFG). Both exploit a second order non-linear optical effect concerning laser light
at three different frequencies, wy, ws and ws, which are also known as the pump, signal
and idler radiation, respectively, with w; > ws > w3 and w; = w9 + w3, that occurs inside
a suitable non-linear crystal under appropriate phase matching and environmental condi-
tions. NLO is one of the few ways cw, tunable, 2 — 5 um laser light can be generated, and
has the additional benefit that any favourable properties of the near-IR sources (e.g. room
temperature operation, precise wavelength resolution, compactness, narrow linewidths and
continuous, rapid tunability) are translated into the mid-IR. Depending on the input fre-
quencies and the crystal material selected, radiation over the whole 2 — 12 pm region can

be produced.

In OPOs [285], the non-linear crystal is placed inside an optical cavity. The pump radiation,
w1, is injected into it generating both the signal and idler radiation at ws and ws. OPOs
can either be singly resonant (where only wo is in resonance with the cavity), doubly

resonant (with both wy and ws in resonance) or even triply resonant (all three frequencies
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in resonance) [24]. The presence of the cavity allows the we and/or ws fields to build up
to large values giving high powers (several W), but the wide bandwidth of the radiation
(typically > 3 GHz) makes it unsuitable for high resolution studies. Although cw OPOs can
operate at wavelengths up to ~ 4.5 pm with smooth, mode-hop free tuning of up to 60 GHz
[286, 287], their prohibitive cost, critical alignment and onerous maintenance somewhat

limit their use and tend to confine them to laboratory studies.

In DFG, the pump and signal laser light rays, w1 and we, respectively, are passed through the
appropriate dielectric medium to create the idler radiation with frequency ws = wy; — wo.
DFG-based sources offer narrow linewidths and wide, rapid and continuous wavelength
tunability. However, low crystal conversion efficiencies tend to lead to low output powers
of the order uyW-mW (though this can be improved by the use of a waveguide architecture
in the crystal), which can be extremely inhibiting when attempting to combine DFG mid-
IR radiation with certain spectroscopic techniques, especially given the typically poorer
detectors and optical components in this spectral region compared to those available in
the near-IR, visible and UV. In addition, in order to achieve the full output tunability
the phase matching requirements in the non-linear crystal must be considered. But it is
this wide, continuous wavelength tunability, including wavelengths not accessible by other
laser sources, that is the major advantage of DFG. Since DFG was first used by Pine in
1974 at 2.2 — 4.2 um [288], advances in non-linear optical materials and pumping lasers
have extended the spectral coverage obtainable by DFG-based mid-IR laser sources; of
particular significance was the work accomplished by the Laser Science Group at Rice
University (Houston) in 1991 [289, 290].

As DFG was the technique implemented in this work to produce mid-IR radiation, the
following section is dedicated to a more detailed discussion on its background theory. The
actual DFG experimental set-up used in this thesis is then described and characterised in

Section 4.3.

4.2 Difference Frequency Generation

4.2.1 Non-linear optics (NLO)

Optics is the study of the properties and behaviour of light, including its interactions
with matter. At the low light intensities encountered in nature, the optical properties of
materials are observed to be invariant to the intensity of the incident radiation. However,
as the light intensity increases, additional, non-linear interactions between the radiation

and matter begin to manifest themselves. NLO describes the behaviour of light in such



96 Chapter 4

extremes, as occurs when non-linear media, whose dielectric polarisation responds non-
linearly to the electric field of the radiation, are subjected to high intensity light with
electric field strengths comparable to those of interatomic electric fields. In such situations,
the optical properties of the material become dependent on the characteristics and intensity
of the radiation. Although sufficiently intense light sources required to study NLO have
only been developed within the last century with the advent of the laser, this relatively
new scientific discipline has already been the subject of extensive research and many books
[174, 291-293].

In general, during the interaction of light with a dielectric material, the oscillating electric
field of the radiation disturbs the atomic electron density distributions in the medium,
leading to instantaneous charge displacements and induced electric dipole moments. The
induced electric polarisation of the material, P(t), when it is subjected to an applied electric
field, E(t), is given by:

P(t) = xWE@t) + xPE* (1) + XV E*(t) + ... (4.1)
=PO@)+ P (1) + PO () + . .. (4.2)
——
PL(t) PNL(t)

where x are the electric susceptibility constants of the material, which indicate the ability

of the dipoles within the substance to respond to the polarising electric field.

In the limit of low intensity radiation, only the first term of Equation 4.1 is required to
accurately represent the induced polarisation, so the polarisation is observed to depend
linearly on the applied electric field strength with a proportionality constant equal to the
linear susceptibility constant, x(*). In the case of strong optical fields, however, the con-
tributions from the higher order terms to the overall polarisation must also be accounted
for, necessitating the use of the full version of Equation 4.1. This non-linear response en-
genders new components in the polarisation of the material, PN%(t), at frequencies not
present in the incident radiation, and these in turn create new frequency components in
the electromagnetic field. The process of how this new light is generated can be described
by Maxwell’s relations, resulting in the following wave equation (assuming the material is

non-magnetic and devoid of free charges and currents):

n® OPE(t) 4w 9°PNE(t)
2 o2 2 o2

V2E(t) — (4.3)

In this work, only the quadratic contribution to the non-linear polarisation, P(?)(t), and

its resultant second order non-linear optical interactions, will be considered.
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4.2.1.1 Units for NLO

In this thesis, the Gaussian system of units [174] has been adopted unless otherwise stated.
In this system, mechanical properties are measured in cgs units, i.e. cm for distance, g for
mass and s for time. The fundamental unit is one of charge, known as the statcoulomb, and
the unit of electric potential is the statvolt. However, literature adopting this convention
seldom explicitly quotes the units of electrical quantities, but instead just states that the
value is given in electrostatic units (esu). When using the Gaussian unit system, the vectors
for the electric field, electric displacement field, magnetic induction, magnetic intensity,
polarisation and magnetisation all have the same dimensions of statcoulombcm™, also
equivalent to one gauss, and the units of the susceptibilities Y, x® and y® are none,

cm statvolt™! and cm?statvolt™, respectively.

There are two different conventions when using the MKS (SI) unit system. In the first

[294], Equation 4.1 becomes:

P(t) = eo(XVE@) + xPE2(t) + xPE3(t) +...) (4.4)
and the units of (1), ¥ and x® are none, mV-! and m?V-2, respectively.
In the second convention, Equation 4.1 is written as:

P(t) = eo(XVE(®) + xXPE?(t) + xX®PE3(t) + . .. (4.5)

with the units for Y, ) and x® now equal to none, CV-2 and CmV-3, respectively.

4.2.2 Second order NLO

The equation for the electric field of an electromagnetic wave travelling in the z direction

through an isotropic medium is given by:

E(z,t) = Epcos(kz — wt) (4.6)
— Aei(szwt) + A*efi(szwt) (47)

where Ej is the electric field amplitude, k is the propagation wavevector, w is the angular
frequency and A is the complex field amplitude equal to Ey/2. If the electric field of the
light incident on the dielectric material has two distinct frequency components, wi and wa

with wy > wa, so that it can be expressed as:

E(t) = Eje ' 4 Eye 2!t cc. (4.8)
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Figure 4.4: The interaction schematics and energy level descriptions for the second order
non-linear processes of (a) SHG, (b) SFG and (¢) DFG.

where E,, = A,,e** and c.c. represents the complex conjugates, then the second order

contribution to the non-linear polarisation is given by:

PO (1) =\ Bt (4.9)
= YD EZe Bt 4 e,
+ P E2e 2wt ¢ e,
+ 2P By Byemirtwn)t ¢ ¢ (4.10)
+ 2xP B Eiei@imw2)t 4 ¢ ¢
+ 2xP(E\E} + E>E})

where the four different processes involved are:

2w1) = xP) B2t 4.11
2wg) = x(?) FZe—Awet 4.12

1. Second harmonic generation (SHG) P( (4.11)
( (4.12)
(w1 + wg) = 2D B Fyeilwitw2)t  (413)
( (4.14)
( (4.15)

el

2. Sum frequency generation (SFG)
w1 — ws) = 2x P B Ejeilwi—w2)t (414
0) = 2x P (E\Ef + Eq2F3) 4.15

3. Difference frequency generation (DFG) P
4. Optical rectification (OR) P

Each of these source terms of the form P(Q) drives a field component at frequency Q.
Hence the three processes of SHG, SFG and DFG result in four new, non-zero frequency
components of the polarisation and hence light at four new frequencies: 2wy, 2ws, w1 + wo
and w1 —ws. These are illustrated in Figure 4.4. Conversely, OR creates a static field inside

the non-linear crystal.

In reality, only one of these interactions occurs efficiently on the irradiation of a non-linear
material by light with two different optical frequencies. Which process is dominant is de-
termined by how well the experimental requirements unique to each non-linear interaction,

referred to as the ‘phase matching conditions’, are satisfied.
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Of these various second order non-linear optical effects, the one of particular interest in
this work is DFG due to its ability to produce mid-IR light. Thus the remainder of this

chapter is devoted to further theoretical and experimental discussions of this process.

4.2.2.1 Second order non-linear susceptibility

Though not explicitly emphasised in the preceding derivations, the electric field and induced
polarisations are actually vectorial quantities, varying over three-dimensional space. The
second order non-linear susceptibility is in fact a third rank tensor, XEJQ.,)C, where 1, j, k refer
to the Cartesian components of the field x,y, 2. The form of this tensor is restricted by
various symmetry properties of the non-linear optical material [293]. In situations where
the dispersion of X(Q) can be neglected, such as when the frequencies of interest are in the
material’s transparency region and far from absorption resonances, Kleinman’s symmetry
can be employed which allows the susceptibility’s indices to be permuted freely without
permuting the corresponding frequencies. This yields a contracted notation for y(?:

_ 1

dy = 2Xijk (416)

where the two indices jk are distilled into the one index [ according to:

jk: 11 22 33 23, 32 31, 13 12, 12
l: 1 2 3 4 5 6

Thus x® can now be written in the simpler form of a 3 x 6 matrix allowing the second

order polarisation leading to DFG to be expressed as:

P, (w3) di1 dig diz dia dis dig
Pyws) | =4 | dor doo doy dos dos d Balwn) Bx(wr
w p—
(w3 91 doa dog dos dos das By (wn) B (w2) — Bs (1) By ()
P, (w3) d31 d3o d3z d3s d3s dsg

where w3 = w1 — we. The values of the coeflicients vary between different dielectric mate-
rials, and any additional symmetry properties of the utilised medium can impose further
limitations on the susceptibility d; tensor. For example, lithium niobate (LiNbO;), one

of the most commonly used materials for DFG and that used in this work, belongs to the
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crystallographic point group Cs, which reduces the d;; tensor to:

0 0 0 0 d31 —doo
dii=1—das dog 0 d31 O 0 (4.18)
d31 d31 d33 0 0 0

with dos = 5.0 x 1079, d3; = —10.4 x 107 and d33 = —64.9 x 1077, all in units of
cm statvolt™ [293, 295, 296]. Only certain matrix coefficients are accessible experimentally
depending on the polarisations of the electric fields applied. So, by knowing the magnitudes
of the different d;; components, the most efficient polarisation scheme which maximises the
effective value of the non-linear susceptibility constant and hence the amount of new light
generated, can be found. The value of the effective non-linear susceptibility constant for

the adopted interaction geometry is referred to as deg.

4.2.3 Difference frequency generation (DFG)

DFG has been the focus of a range of books [24, 297] and journal reviews [244, 245,

298], and has also played an important role in spectroscopy [299]. It involves passing
two electromagnetic waves with frequencies wy and wo, known as the pump and signal
radiations, respectively, through an appropriate dielectric medium to create light with a
new frequency, ws, called the idler radiation, where w3 = w; — wy and w; > ws > ws.
Figure 4.4(c) provides an interpretation of this process at a quantum level: the excitation
caused by the pump radiation to the highest energy level is succeeded by two photon decays
back to the ground state, the first of which is via stimulated emission caused by the signal

radiation; conservation of energy means the final decay photon must have frequency ws.

In the ideal case, when the non-linear material is lossless, ws is absent from the incident
radiation, wy is undepleted by the non-linear process (so A; is effectively constant) and
the input beams are cw, collimated and monochromatic, then the DFG interaction of the

coupled wave equation (Equation 4.3) can be assigned a trial solution of the form:
Es(z,t) = Ag(z)e!F32=wst) | ¢ ¢ (4.19)

which represents a plane wave travelling in the 4z direction with frequency ws. The

wavevector, k3, and linear refractive index, ng, of the idler radiation are defined as:
n3ws

ks = (4.20)

ng = v/ € (w3)pr(ws) (4.21)
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where €,(ws) and p,(ws) are the relative permittivity and permeability, respectively, of the
material at frequency ws. The former describes the resistance encountered when forming an
electric field in a material, and the latter is approximately equal to one for most naturally
occurring substances at optical frequencies and is assumed to be unity in this work. The
amplitude of the non-linear polarisation driving the wave equation for DFG can be written
as:

P3(z,t) = Adyg Ay Aell(F1—h2)z=wst] o ¢ (4.22)

By using this as the PNZ term, substituting in Equation 4.19, replacing V? with d? /dz?
(as the interaction only occurs along the z axis) and applying the slowly varying amplitude
approximation (where it is assumed Ajg varies only slowly over the crystal length), then the

wave equation (Equation 4.3) becomes:

dAs  8midegw? "
= Aq ASe'™? 4.23
dz k3c? 1442€ (4.23)

where Ak is termed the wavevector mismatch which for DFG is:
Ak = k1 — ko — k3 (4.24)

As the intensity of each wave is designated as the magnitude of the time-averaged Poynting

vector with a value of:
Ny C
Ip = % | A (4.25)
where m = 1,2, 3, then the integration of Equation 4.23 over the length of the dielectric
crystal, Lerys, allows the amplitude of the resultant idler radiation to be determined. The

idler intensity is thus equal to:

51270 d>? AkL
Iy = —— el 112 sinc? [ ——¥° 4.26
3 ninangAic 172 HerysSHC 2 ( )

where A3 is the idler wavelength in a vacuum, given by A3 = 27c¢/ws, and sincz = sinz/z.
Hence the conversion efficiency varies with Ak via the sinc®(Ak Leys/2) factor, as illustrated
in Figure 4.5. The sinc?(AkLeyys/2) term is known as the phase mismatch factor and forms
the basis of the phase matching conditions required for efficient DFG to take place, as

discussed in the following section.

4.2.4 Phase matching

The phase relationship between the interacting waves determines the direction of power flow
between the propagating fields, and as such affects the efficiency of a non-linear conversion

process. So in order for the two incident optical fields to interact efficiently to generate the
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Figure 4.5: Conversion efficiency curve for non-linear interaction processes, including
DFG, under the plane wave approximation. The maximum conversion efficiency occurs
when Ak = 0; minima occur at Ak = 2mm/Leys where m is a non-zero integer.

new one, a phase matching condition must be fulfilled: this condition is that the wavevector
mismatch must equal zero, i.e. Ak = 0. Such perfect phase matching corresponds to the
maximum of the conversion efficiency curve and a maximum in the generated radiation

intensity, as demonstrated in Figure 4.5.

A dramatic decrease in the conversion efficiency is seen when this condition is not satisfied.
This is due to the varying phase relationship of the interacting waves along the direction of
propagation caused by the frequency dependence of the propagating waves’ phase velocities
induced by chromatic dispersion. Minima in the conversion efficiency occur when a relative
phase shift of mm, where m is a non-zero integer, is accumulated on the passage of the
waves through the medium. The distance over which such a phase shift occurs is known as

the coherence length, L.:
i

L. = —
C Ak

(4.27)

Unfortunately, the perfect phase matching condition of Ak = 0 is impossible to achieve.
This is because of an effect known as normal dispersion, which causes the refractive index
to increase with frequency for most materials. In the case of DFG, where wi > wo > ws,
this means that n; > ny > nz. Hence the wavevector mismatch for DFG (Equation 4.24),
which can be expressed as:

niwi Nnow2z naws
Ak = — —

(4.28)

c c c
cannot equal zero as required for perfect phase matching. This can be proved by con-
tradiction: substitution of Ak = 0 and w; — wy = w3 into Equation 4.28 gives wy /w3 =
(ng —n2)/(n1 — ng), a statement which is not possible as the left hand side is positive but

the right hand side is negative. However, two experimental methods have been developed to
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Figure 4.6: BPM for DFG using congruent LiNbO,, a negative uniaxial crystal with
n, > ne as shown in (a) (refractive indices calculated at 24.5°C [300]). The highest
frequency wy wave is set as e-polarised so that it experiences the lower refractive index, n.,
and a type I scheme, with the other two waves being o-polarised, adopted as this maximises
the deg value. (b) depicts this combination of polarisations of the interacting waves.

overcome this problem to maximise the DFG process: birefringent phase matching (BPM)

and quasi phase matching (QPM).

4.2.4.1 Birefringent phase matching (BPM)

Birefringence is the dependence of the refractive index on the polarisation direction of the
optical radiation. For example, uniaxial crystals, such as LiNbO,, exhibit two different
refractive indices: an ordinary refractive index, n,, when the light is polarised perpendic-
ularly to the plane containing the propagation wavevector and the optical ¢ axis (axis of
rotational symmetry) of the material, and an extraordinary refractive index, n., when it is

parallel. Uniaxial crystals can either be positive, with n. > n,, or negative, n, > ne.

In BPM [301], the polarisation of the highest frequency wave (w;) is chosen such that is
experiences the lowest of its possible refractive indices, while the other two waves are as-
signed polarisations following either the type I or type II phase matching scheme. In type
I interactions, the highest frequency polarisation is orthogonal to both polarisations of the
other two frequencies; for type II interactions, the lowest two frequencies are orthogonally
polarised to each other. Normally the scheme which accesses the largest possible deg com-
ponent of the susceptibility tensor is chosen. The refractive indices of the three waves are
controlled by either tuning the crystal temperature as according to the Sellmeier equation
[300, 302, 303] or by altering the angle between the direction of propagation of the incident
light beam and the optical ¢ axis of the crystal [304]. Figure 4.6 illustrates the use of BPM
for DFG using congruent LiNbO,.
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In the early days of NLO, BPM was the dominant phase matching strategy adopted. How-
ever, it suffers from several drawbacks. BPM cannot be implemented if the material is
not birefringent, which includes all isotropic crystals, or if the material has insufficient
birefringence to counterbalance the normal dispersion of the linear refractive indices over
the frequency range of interest. Furthermore, limitations on the polarisations enforced by
the different phase matching strategies make some of the coefficients of the non-linear sus-
ceptibility d;; tensor unattainable. In particular, the d33 component, which is often larger
than the other coefficients and so would be especially useful to exploit (as is the case with
LiNbOj;), cannot be accessed as this would require all the interacting waves to be polarised

in the same direction, a feat not possible with BPM.

4.2.4.2 Quasi phase matching (QPM)

As an alternative, the phase matching technique of QPM can be utilised, as employed in
this thesis. This approach was proposed even before BPM [305, 306], though BPM was
the first to be widely implemented.

In QPM [298, 307], the phase of the non-linear polarisation is periodically reset to maintain
a coherent build up of the non-linear interaction. This rephasing is achieved by regularly
inverting the orientation of one of the crystalline axes of the material, and hence the sign
of its second order non-linear susceptibility constant, x(?), over the distance in which it
interacts with the propagating waves. The effect of normal dispersion means the wavevector
mismatch deviates from the perfect phase matching condition of Ak = 0; in QPM, the non-
zero Ak is compensated for by introducing an additional wavevector, k,, which ensures a

continuous build up of the generated radiation over the crystal length.

Figure 4.7 demonstrates the variation in the intensity of the generated light with distance
for cases of perfect phase matching, no phase matching and QPM. When the phase matching
condition is fully satisfied, so Ak = 0, energy from the incident optical fields is efficiently
transferred to the generated wave and its intensity increases quadratically with propagation
distance. In contrast, when the non-linear interaction is strongly dephased, so Ak # 0, the
amplitude of the generated field oscillates over the crystal length. However, if a QPM
scheme is adopted such that the sign of the non-linear susceptibility constant is inverted
every mL., where m is an odd integer, then the phase of the polarisation wave is shifted
by 7 and the interaction is essentially rephased at each reversal, resulting in a monotonic

power flow into the generated radiation.

QPM can be described mathematically as follows, assuming that the pump source is cw and
undepleted and by applying the plane wave approximation. The evolution of the DFG field
is described by the slowly varying wave equation (Equation 4.23) which can be integrated
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Figure 4.7: The effect of QPM on the intensity of the generated radiation as a function
of propagation distance, z, given in units of L.. The two extreme regimes of perfectly
phase matched (black) and mismatched (red) are shown, in addition to two QPM schemes
with different orders: (a) m = 1 (green) and (b) m = 3 (blue). The modulation period
of the inversion of the sign of the susceptibility, known as the poling period and given by
A = 2mL,, is illustrated in the lower parts of the figures for the two cases.

over the crystal length to give:
Lcrys .
A3(Lerys) =T / d(z)e**dz (4.29)
0

where I' = 8miw3 A1 A3 /ksc? and d(z) represents the (possibly) spatially varying non-linear
susceptibility. For a uniform medium, d(z) is simply a top-hat function of length Lc;ys and
depth deg, resulting in the expression for the idler intensity previously found (Equation
4.26). However, if the variation in the non-linear susceptibility of the material is a periodic
reversal of its sign such that d(z) can be expressed as a symmetric square wave modulation
from +deg to —deg with a period A (Figure 4.8), then d(z) can be written as the well-known

Fourier series for a square wave function:

d(z) = i e km? (4.30)

m=—0oQ

where A is known as the poling period, k,,, = 2mm /A for the m'™" spatial harmonic and d,,,

is the corresponding Fourier coefficient given by:

dpm = 2dGﬂfsin (%) (4.31)

mm
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Figure 4.8: The d coefficient plotted as a function of distance in a QPM crystal.

which is equal to zero for all even values of m and has a magnitude of 2d.g/mm for all odd
orders. Equation 4.30 can be substituted into Equation 4.29 and the resultant expression
integrated. Assuming one Fourier component of the QPM grating is sufficiently closer to

Ak than the others such that it dominates the summation, this integration yields:
A3(Lerys; m) = TLepysdmel®Farlesys/2ginc(Akqpy Lerys /2) (4.32)

where the effective wavevector mismatch for QPM-DFG is:

AkaM =k1— ko — ks —kn, (433)
niq no ns m

—or (= _=_22_ " 4.34

T ()\1 A A3 A) ( )

Equations 4.31 and 4.33 indicate that the use of QPM alters the wavevector mismatch
and the non-linear susceptibility constant from their values for perfect phase matching in a
homogeneous medium: the phase matching condition is shifted to Ak = k,,, and the effective
d coefficient is reduced by a factor of 2/mm so the conversion efficiency falls by a factor
of (2/mm)? and the average growth rate of the generated radiation intensity is lower than
that for a perfectly phase matched interaction (Figure 4.7). The QPM order, m, refers to
the number of coherence lengths after which the intensity build up begins and is related to
the poling period by:

A=2mL, (4.35)

Usually, m is chosen to be one as it gives the largest d,, value, but higher order interactions
can be useful in situations where small L. are required in order to generate short wavelength

radiation, as small poling periods are difficult to manufacture [308].

The main advantage of QPM is its ability to access the larger coefficients of the non-linear
susceptibility tensor. However, the requirement for poling periods of the order of microns
presents fabrication challenges: poling periods of ~ 30 um are needed to generate 3 pm
radiation, and even smaller poling periods (as low as 5 um) are required to create shorter

wavelength light.
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. Chemical Operating PM Example

Material formula Acronym wavelengths/ um  method  reference

Lithium niobate LiNbO, PPLN 1.5-5 QPM 311, 312]

Lithium tantalate LiTaO4 PPLT 04—4.5 QPM  [308, 313]
Potassium titanyl phosphate KTiOPO, PPKTP 2-5 QPM [314]
Potassium titanyl arsenate =~ KTiOAsO, PPKTA 24 —45 QPM [315]

Zinc germanium phosphide ZnGeP,, 7ZGP 3.8—-38 BPM  [316, 317]
Cadmium selenide CdSe CdSe 2-55,8—-12 BPM [318]
Silver selenogallate AgGaSe, AgSe 2.7—-12 BPM [319]
Silver thiogallate AgGasS, AGS 2-11 BPM [320]

Gallium arsenide GaAs GaAs 23-12 QPM  [321, 322]

Gallium selenide GaSe GaSe 3.3-19 BPM  [323-325]

Table 4.1: Summary of the key materials used for DFG mid-IR generation [244, 245, 285].

Initially, the periodically poled materials were produced by forming a stack of thin crystal
slices where every other layer was inverted by 180° to reverse the crystal’s optical axis [309].
Contemporary techniques make use of electric field poling methods, in which a periodic
electrode is lithographically etched onto the surface of the crystal and then subjected to
a large electric field (~ 10 — 100 kV mm™!), inverting the sign of the susceptibility in the
domain of the electrode [310]. Despite advances in the manufacturing processes, it is still
hard to create perfectly homogeneous regions within the periodically poled materials, and

any imperfections in the QPM grating may decrease its conversion efficiency [307].

Nonetheless, several periodically poled non-linear crystals are now commercially available
owing to their well established fabrication technologies and the relatively low cost of the
required materials. Periodically poled lithium niobate (PPLN) was the first widely used
ferroelectric oxide crystal and remains the most popular today, though others such as
periodically poled lithium tantalate (PPLT), potassium titanyl phosphate (PPKTP) and
potassium titanyl arsenate (PPKTA) are also used. These four crystals represent the most
mature quadratic non-linear materials and each of them can be pumped at 1 um by advanced
solid-state lasers, allowing for the generation of light in the 2 — 4.5 um range. For longer
wavelengths, more unusual materials, in conjunction with more uncommon pump sources
emitting above 2 um, are required, though many of these substances are not suitable for
QPM as the introduction of periodic poling into the material is too difficult, meaning BPM

must be implemented instead. Table 4.1 summarises some of the main materials available.

PPLN is often used for QPM-DFG applications as it is transparent over the 0.3 — 5.5 pm
range and its ds3 component is the largest of the ferroelectric oxide crystals [244, 298].
Furthermore, relatively long PPLN crystals are available and it has a high photorefractive

damage threshold which can be increased by magnesium oxide doping [326].



108 Chapter 4

4.2.5 Conversion efficiency

In previous sections, it has been assumed that the interacting waves are plane waves, with
wavefronts taking the form of infinite, planar, equiphase surfaces perpendicular to the
direction of propagation. The use of a plane wave as the trial solution to the wave equation
for a DFG process (Equation 4.19) resulted in a conversion efficiency dependent on Ak and

dominated by a sinc? term, with a maximum at Ak = 0 (Equation 4.26, Figure 4.5).

In reality, laser sources tend to have Gaussian beam profiles, as discussed in Section 1.2.2.1
and Appendix A [10, 166]. When focused Gaussian beams interact with a non-linear mate-
rial, the irregular longitudinal and transverse phase distributions of these waves introduce
departures from the traditional collinear plane wave situation. As the properties of the
wavefronts vary with the distance travelled in the propagation direction, and also differ
from those of a plane wave, it can be presumed that the optimal phase matching condition
is no longer Ak = 0 [327].

A variety of mathematical approaches for the treatment of DFG interactions using focused

Gaussian beams have been proposed [314, 328-330], but the formalism offered by Borri et

al. [331] as a generalisation of the theory of Chu and Broyer [332] is adopted here. This

model uses the first MKS unit system as outlined in Section 4.2.1.1 (though expressions in

alternative unit systems are also available [289]) and gives the output idler power as:
327r2c1lgff

P; = Lerys PpPs < (&, 0, p, @, Lerys 4.36
€0cniAZ (nsAp + npAs) crys PpPs X (E, 0 11, @, Lexys) ( )

where P is the power, the subscripts p, s and 7 refer to the pump, signal and idler radiations,
respectively, and h is the focusing function, with other variables and constants as previously

designated in the Nomenclature. The focusing function is defined as:

efaLcrys/Q 13 I3 efio(‘rf‘r’)JraLcrys(‘r+‘r’)/4£
h(éa g, 1, Oé,LcryS) = T /5/ drdr’ (437)

¢ 1—1—7’7”—1?‘:52(7—7/)

where « is the absorption coefficient of the material at A; and the dimensionless quantities

&, 1 and o are given by:

LCI‘ S
€= by (4.38)

N
w=— Ap (4.39)

prs

S 7 1
g:_wb(’;p_g_;_Q (4.40)
D s 7

= —fAkaM (441)
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Figure 4.9: An example numerical evaluation of the focusing function, A, as a function
of the mismatch parameter, o, and the confocal parameter, b, for experimental conditions
of Ay = 1064.32 nm, Ay = 1558.49 nm, Le;ys = 40 mm and a = 0.001 cm™. (a) 3D plot
reproduced from Ciaffoni [333]. (b) Cross-sections of h at selected values of b.

and where b is the confocal parameter (Figure A.2) and can be regarded as the longitudinal

extent of the region in which the waves interact in the crystal.

Equation 4.41 relates the phase mismatch parameter, o, to the more conventional wavevec-

tor mismatch, Akqpy. Simulations of h can be performed in order to find the values of

b and o that maximise h and hence the idler output power (Figure 4.9). In performing

such calculations, the temperature dependence of the refractive indices, crystal length and
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1.0 —— Plane wave approx
————— Focused Gaussian
beams

Normalised conversion efficiency

T<T, AKL, J2 T

Figure 4.10: The conversion efficiency curves for the collinear plane wave and focused
Gaussian wave regimes. Increasing AkLcyys/2 also corresponds to increasing temperature,
T, and decreasing signal wavelength, \,, as can be deduced from Equation 4.28 and knowl-
edge of the temperature dependence of n (Equation 4.44). Ty represents the theoretical
temperature at which the DFG interaction is optimised for the plane wave approximation.

poling period must be taken into account [302, 334]. It is found that, regardless of the
value of b, the peak of h always occurs at a positive value of o, which differs from the
normal phase matching condition of o = 0. This is highlighted in Figure 4.9(b), which also
shows that the highest possible value of h can only be reached by one value of b, by, and
deviations from this value change the shape of the efficiency curve. This optimum case is a
compromise between using tightly focused beams, which enhances the field intensity at the
centre of the crystal but at the cost of reducing the interaction distance (e.g. b = 5 mm),
and having a softer focus, which ensures a longer, but weaker, interaction between the

waves (e.g. b =30 mm).

The optimal focusing condition occurs when the confocal parameters for each field are
identical and equal to this optimal b value, i.e. b, = bs = b; = bopt. The beam waist, wy,
for each beam can be related to this confocal parameter by:

2
2N WG

bop = (4.42)

where m = p, s,4. Thus the best focusing scheme for the incident beams can be found using
beam propagation studies and ray transfer matrix analysis (Appendix A) to give beam
waists at the centre of the crystal corresponding to the by value, so maximising h and the

DFG conversion efficiency.

Figure 4.10 is a comparison of the conversion efficiencies of the plane wave and Gaussian

beam schemes. It is seen that with focused Gaussian beams, the maximum obtainable
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conversion efficiency value is lower than that achievable under the plane wave approximation
and that this occurs at negative Ak values. Furthermore, an asymmetric broadening of the
profile is observed when Ak < 0, meaning a greater range of temperatures and wavelengths

provide an acceptable conversion efficiency.

In situations when the beams are weakly focusing and diffraction effects can be neglected,
the near field approximation can be applied such that £ — 0 and so h — £. Equation 4.36
can thus be reduced to [288, 289, 335]:

2 72 2
4(“)1' deff Lcrys

PZ‘ p—
e npnsn; waS + wap

P,P, (4.43)

which again follows the first MKS unit system convention as outlined in Section 4.2.1.1.

4.3 Experimental QPM-DFG Systems

Since their first experimental demonstration [288], a huge variety of DFG-based mid-IR
laser sources have been reported, driven by demand from a wide range of applications and

made feasible by the availability of new lasers and improved non-linear materials.

In order to efficiently produce mid-IR radiation by DFG, careful consideration must be
given to the non-linear material and laser sources to be used. The optimal choices for
these will vary depending on the experimental priorities and the requirements of any po-
tential applications, and concern properties such as output power, operating wavelengths
and spectral tunability. High output powers are often desirable for sensitive spectroscopic
studies, which can be achieved by using powerful laser input sources and materials with
large non-linear conversion efficiencies; however, pump depletion may limit the maximum
output intensity and the use of very high pump intensities can lead to the occurrence of
other, competitive non-linear processes [336]. At least one input laser is usually selected
to be widely tunable to yield a broad spectral coverage in the mid-IR; this then requires
a periodically poled crystal with several different poling periods on multiple tracks, along
with a mechanism for its temperature tuning, to allow access to the full potential wave-
length range. Additionally, the spectral linewidth of the DFG output is a convolution of
the pump and signal linewidths, which has implications for high resolution spectroscopic

work in which narrow linewidths are essential.

In this work, radiation at ~ 3 pum was desired for the reasons outlined in Section 1.1.3.
PPLN was selected as the mixing crystal as it is the best dielectric medium for this wave-
length range. Commercial telecom-type diode lasers, using optically pumped amplifiers

to boost their typically low power outputs, were initially chosen as the radiation sources,
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rather than more powerful dye or Nd:YAG lasers, as this meant a relatively inexpensive,
compact and tunable DFG system could be created; however, the use of different laser

sources was also explored in later work (Section 5.4, Chapter 6).

Two possible PPLN-based QPM-DFG strategies that can be used to generate light at 3.3 um
are a free-space system using bulk PPLN [94, 337, 338] or a fibre-coupled system using a
waveguide PPLN module [312, 339-341]. Using a bulk PPLN crystal has the advantages
of being able to utilise high total input powers (0.1 — 3 W) and the ability to change the
poling period of the multi-grating crystal to give wide mid-IR tunability (> 200 nm), but
such schemes typically achieve only low conversion efficiencies (0.01 —0.05% W-'cm™) and
hence low idler powers (10 — 400 uW). In waveguide systems, however, higher conversion
efficiencies are possible (1 — 40% W) [342] as the interacting fields are overlapped more
efficiently, allowing greater output powers to be generated (up to 15 mW) [341]. A fibre-
coupled system is also flexible, portable and more robust. On the other hand, the fixed
poling period of the waveguide PPLN crystal results in a narrow mid-IR wavelength range
(~ 20 nm), so limiting the detection of species to a smaller spectral window. In addition, the
beam quality of the mid-IR light tends to be poor [343] with far field diffraction patterns
and ‘Airy like’ rings [341] due to the presence of wavefront aberration [344], which is a

problem when it is desired to combine this radiation with optical cavities.

One of the aims of this thesis was to use the mid-IR produced by DFG as a laser source
for CRDS; another was to obtain an extended mid-IR wavelength coverage. Considering
these objectives and the factors outlined above for the two different QPM-DFG strategies, a
free-space system using a bulk PPLN multi-grating crystal was deemed preferable in order
to achieve a high beam quality to aid in the fulfilment of the CRDS requirement for high
efficiency coupling into a single mode of an optical cavity, and also to offer the desired

wavelength flexibility via a range of possible poling periods.

4.3.1 Free-space QPM-DFG set-up

The experimental set-up of the QPM-DFG free-space system to generate mid-IR is shown
in Figure 4.11. Most of the work for its design and development has already been reported

[333], though it is summarised again here.

The signal laser source was either a 1560 nm pigtailed DFB diode laser or the DS-DBR
laser; the use of the latter is discussed fully in Section 6.1. The 1560 nm DL (JDS Uniphase,
CQF474/708-19220) offered a wavelength range of 1558.5 —1561.5 nm via temperature and
current tuning and a linewidth of 1 MHz, with an output power at the end of a PM fibre of
23 mW. It was housed in a butterfly package mount (Newport, 744TEC) and controlled by
commercial temperature (Thorlabs, TED200C) and current (Thorlabs, LDC205C) drivers.
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Figure 4.11: A (a) schematic and (b) photo of the experimental set-up for the mid-IR
DFG free-space system. The 15xx—16xx nm signal light from either a DL (or DS-DBR, see
Chapter 6) is combined with the 1064 nm pump radiation in the PPLN crystal to generate
mid-IR light. The remaining pump and signal radiation is reflected by the germanium filter
into a beam dump or wavemeter, leaving a ray of mid-IR light. OI: optical isolator; 1L-
OI: in-line optical isolator; Ls, Lp, L1: lenses; DM: dichroic mirror; d;: distance between
PPLN and L1.
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Figure 4.12: (a) The energy level diagram for an EDFA pumping scheme. (b) The
output of the EDFA seeded at 1560 nm as a function of injection current of the input
signal radiation.

This light passed through a double stage fibre optic in-line isolator (Newport, F-ISO-D-
2-P), which had a peak isolation of 52 dB at 1550 nm and an operating bandwidth of
1520 — 1580 nm, to avoid back reflection into the laser, and then entered an erbium doped

fibre amplifier (EDFA).

A fibre amplifier is an optical amplifier which uses an optical fibre as a gain medium.
Generally, the signal to be amplified co-propagates with light from a pump laser (which is at
a significantly different wavelength to the signal input) through the fibre core, though some
fibre amplifiers work using a counter-propagation pumping scheme [345] or a mixture of the
two [346-348]. The pump laser excites the dopant ions into a higher energy level from which
they decay via stimulated emission triggered by a photon at the signal wavelength, thereby
causing new photons to be emitted at this wavelength travelling in the same direction with
the same phase: thus the signal radiation is amplified. In the case of an EDFA, the gain
medium is a glass fibre doped with rare earth erbium ions and two pump lasers operating
at 980 nm and 1480 nm are used to amplify signals in the 1550 nm region. The energy level
diagram can be depicted as a quasi-three-level system (Figure 4.12(a)). The high powers of
the pump lasers are able to amplify a weak input signal to output intensities of 10 —30 dBm
(10 — 1000 mW). However, as well as amplifying the signal radiation, light produced by
spontaneous emission is also amplified. This generates incoherent, broadband, randomly
polarised optical radiation called amplified spontaneous emission (ASE), which increases
the noise and decreases the amplifier gain. The gain and noise level depend strongly on the

power of the signal input, pump laser power, fibre length and erbium ion density, but it has
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been demonstrated that, if supplied with sufficient pump power, the EDFA can operate in

a saturation regime with maximum gain and a suppressed noise level [349].

Here, a C-band EDFA (Nuphoton Technologies, NP2000-C4-PR-B25-1200-FCA-01) was
used. It was designed to give saturated output power in the 1530 — 1560 nm region of up
to 400 mW for input powers of less than 25 mW, though it was found experimentally that
a threshold input power of 1.5 mW was required and that the signal was only amplified to
~ 250 mW. Investigations into the performance of the EDFA were conducted by dispersing
the output beam using a diffraction grating and measuring the results with an IR camera
(Electrophysics, MicronViewer 7290A) [333]. On increasing the injection current (and hence
the power and wavelength) of the 1560 nm input radiation, a change was seen in the spectral
width and peak height of the output: the ASE and 980 nm pump ‘spike’ were diminished and

the output at the desired signal wavelength was increased and narrowed (Figure 4.12(b)).

The pump source was a single-mode fibre-coupled 1064 nm DL (Lumics, LU1064M150) with
a linewidth of 30 MHz, spectral coverage of 1 nm and an output power of 140 mW. The
laser module was installed in a 14 pin butterfly laser diode mount ( Thorlabs, LM14S2) with
commercial temperature ( Thorlabs, TED200C) and laser ( Thorlabs, LDC205B) controllers.
However, this device suffered from poor continuous tunability, with only narrow (~ 1 GHz)
mode-hop free spectral windows. Because of this, the pump radiation was kept at a constant
wavelength of 1064.3 nm and tuning in the mid-IR achieved by varying the wavelength
of the signal laser; this allowed access to idler wavelengths between 3342.5 — 3356.4 nm
(2979.4 — 2991.7 cm™'). The pump radiation was passed through a 48 dB optical isolator
(OFR, 10-2.5-1064-VLP) and then directed and focused by several optical elements onto
the PPLN. In other, later experiments, this pump laser was occasionally replaced with a
higher power (500 mW), single-mode Nd:YAG laser (Section 5.4).

The PM fibres which guided the signal and pump laser outputs were connected to suitable
fibre couplers held in rotation mounts which were adjusted to optimise the polarisation
axes for difference frequency mixing. Both beams were focused using anti-reflection (AR)
coated, plano-convex lenses with focal lengths and distances chosen to maximise spatial
overlap along the PPLN crystal and so also the DFG conversion efficiency, as discussed in
Section 4.2.5; details are given in Table 4.2 [333].

The two input beams were combined with a dichroic mirror (Edmund Optics) and their
precise overlap established before entering the PPLN crystal. The AR coated, 4 cm long
PPLN crystal (Stratophase, OP03-40) contained 8 tracks, each with cross-sectional dimen-
sions of 0.5 x 0.5 mm?, with grating periods ranging from 29.5 — 31.5 um in 0.25 um steps.
The crystal was mounted in a temperature stabilized oven (HC Photonics, TC038) which
allowed the temperature to be tuned in steps of 0.1°C and controlled the crystal tempera-

ture via resistive heating to within £0.5°C of that set. The crystal and oven were fixed on a
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Radiation A/ nm  wg,/ mm  wp/ pm  f/ mm d/ mm

D 1064.32 1.2 35 119 111
s 1558.49 1.8 42 148 140
? 3356.60 1.8 42 71 61

Table 4.2: Results for the optimal focusing optics for the pump and signal beams into the
PPLN crystal. The values of the collimated spot sizes for the beams before the focusing
optics, Wy, were measured with an IR camera. The mathematical simulations of h for
these experimental conditions, calculated using Equation 4.37, are shown in Figure 4.9
and returned a maximum value of h = 0.6 at b = 16 mm. For this value of b, the beam
waists, wg, required at the centre of the PPLN crystal for the pump and signal beams were
deduced using Equation 4.42, and the idler beam waist set equal to the maximum of these.
The strength and positions of the lenses (Ls and Lp in Figure 4.11) needed to focus the
beams to these beam waists were calculated using ray transfer matrix analysis (Appendix
A). f and d refer to the focal length and distance before the crystal, respectively [333].

3D translation stage with micrometer controls in order to allow selection of the appropriate

PPLN track and to ensure that the beams passed fully though this track.

The three beams exiting the PPLN crystal were collected by a 50 mm diameter, calcium flu-
oride (CaF,) plano-convex lens ( Crystran, CAF50LENS135) with a focal length of 13.5 cm.
By setting the distance d; in Figure 4.11(a) as 12.80 cm, a collimated idler beam of spot size
1.80 mm was generated (Section 5.2.2). An AR coated Ge filter (Edmund Optics, 62643),
with a transmittance of 73% at 3.2 um, reflected the pump and signal radiation into a
wavemeter (Burleigh, WA-1000), allowing the vacuum wavelengths of the signal and pump

lasers to be monitored, leaving the mid-IR radiation ready for study or experimental use.

The mid-IR light was measured by focusing the radiation with a CaF,, lens (Crystran) onto
a 2-stage thermoelectrically cooled HgCdZnTe photodiode (MCZT-PD) detector, optimised
for the 3 — 4 pm spectral range and with a 1 mm? active area, which was coupled with a
low bandwidth (100 kHz) pre-amplifier ( Vigo Systems, PVI-2TE-4/VPDC-0.11).

4.3.2 PPLN parameters: poling period and temperature

The values of the PPLN temperatures and poling periods (at the reference temperature of
25°C) required for DFG at the wavelength ranges of the laser sources used in this work
were found by solving Equation 4.34 for the case of perfect phase matching. The pump
wavelength was fixed at 1064.3 nm and the signal wavelength varied over 1555 — 1615 nm,
representing the range accessible with the DFB and DS-DBR lasers used as signal sources
in this thesis. The results, shown in Figure 4.13, indicated that poling periods in the range
29.85 —30.7 um and PPLN temperatures of 25 —85°C would be necessary to access the full
potential idler wavelength range of 3100 — 3400 nm. However, due to the limited, defined
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Figure 4.13: Calculated idler wavelengths and the required poling periods for optimal
DFG efficiency at various PPLN temperatures over the range of signal wavelengths acces-
sible in this work, Ay = 1555 — 1615 nm, at fixed A, = 1064.3 nm.

poling periods of the PPLN crystal, only A of 30.00 um, 30.25 pm and 30.50 um could
actually be used, though this still provided enough flexibility for good mid-IR generation.
In order to perform these calculations, the temperature dependence of the refractive indices
and the length of the poling period had to be taken into account. The extraordinary
refractive index for LiNbO, at wavelength A, (where m = p,s and 4 for the pump, signal
and idler radiations, respectively) and temperature T is given by the Sellmeier equation
[302]:

az + ba f as +baf
)\?n — (a3 + bgf)2 )\%n — a%
where the a and b coefficients are listed in Table 4.3 and f = (T'—24.5)(T7' 4 570.82) with T
in °C. The true length of the poling period, A, at the temperature 7' is related to its length

n2 =a;+bf+ ag\2, (4.44)

at the reference temperature of 25°C, Ay, by [334]:
A= Agsor [14 (T — 25) + B(T — 25)?] (4.45)

where av = 1.54 x 1075 K, 8 =5.3 x 107 K2 and T is once again in °C.

When the 1560 nm DFB laser was used as the signal source, the 30.00 um poling period was
employed. The optimum PPLN temperature was determined by performing temperature
tuning experiments, where the mid-IR power generated was measured as a function of
crystal temperature for constant A, and A;. These powers were found by converting the
voltage signal of the mid-IR radiation recorded with the MCZT detector, which had a
known responsivity of 9.02 4+ 1.80 uWV-! at 3.3 um with 1 MQ impedance. The results
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Parameter Value Parameter Value
al 5.35583 by 4.629 x 1077
as 0.100473 by 3.862 x 1078
as 0.20692 b3 —0.89 x 1078
as 100 by 2.657 x 107°
as 11.34927
ag 0.015334

Table 4.3: The a and b coefficients for the Sellmeier equation (Equation 4.44) to describe
the temperature dependence of the extraordinary refractive index in LiNbO4 [302].

of such a temperature tuning curve for A\, = 1064.295 nm and A\; = 1560.244 nm are
shown in Figure 4.14(a). The shape of the curve resembled the conversion efficiency curve
calculated for focused Gaussian beams (Figure 4.10), and indicated that the optimum
crystal temperature, T,p¢, necessary for maximum DFG conversion efficiency was 83.1°C
with a temperature acceptance bandwidth of 7°C (FWHM). It was also found that for the
1558.5 — 1561.5 nm signal wavelength range, Topt = 78.6 — 86.2°C. These temperatures are
approximately 15°C higher than those predicted by solving Equations 4.34, 4.44 and 4.45

for perfect phase matching.

The experimental results of Figure 4.14(a) were translated into the Ak domain and then
compared with those of a theoretical curve simulated using Equation 4.36 for the same
experimental conditions (Figure 4.14(b)). The experimental maximum did not occur in
the negative AkqpnLerys/2 region as predicted by theory, but instead at a displacement
of +9.5 AkqpMmLerys /2 units. This positive shift is a common feature among such tuning
curves [333, 340] and is possibly due to the inaccuracies in the quoted poling period of
the PPLN crystal and/or a misreporting of the true crystal temperature by the thermistor.
Indeed, in order to shift the experimental peak position to overlay that of the simulation,

a decrease in A,y of just 70 nm is required, which is of the same order of magnitude as

250
the uncertainty in the grating as reported by the manufacturer (10 nm). There is also a
big discrepancy in the peak height between the theoretical and experimental results. This
is likely to be caused by non-ideal spatial and spectral beam qualities, inefficient spatial
overlap within the PPLN crystal and disparities between the numerically estimated optimal
values for b and wq and those actually used. However, such magnitude deviations from the

expected idler powers are commonly observed (references in Table 4.4).

4.3.3 Output power

The pump and signal powers incident on the PPLN crystal were measured as 66 mW and

213 mW, respectively, using a power meter (Gentec-EO, SOLO 2). These input powers
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Figure 4.14: (a) Temperature tuning curve recorded at A, = 1064.295 nm, Ay =

1560.244 nm and A

= 30.00 pm, indicating an optimal crystal temperature of 83.1°C.

(b) Translation of this experimental data into the Ak domain for comparison with the
theoretical simulation.
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/\p Pp )\s Ps A1' P1 Lcrys n

Pump /nm / mW Signal /om /mW /pm /pW /mm /% Wlem! Reference
DBR+YDFA 1083 600 ECDL 840 25 3.8 12 20 0.040 [352]
DBR+YDFA 1064 800 DFB+E/YDFA 1550 260 3.4 220 19 0.056 [353]
DBR+YDFA 1083 1600 DFB+EDFA 1561 500 3.5 640 19 0.042 [19]

ECDL 808 20 Nd:YAG 1064 660 3.4 27 50 0.041 (94]

DL 850 78 Nd:YAG+YDFA 1064 3830 4.2 170 40 0.014 [331]
Nd:YAG 1065 217 DFB 1560 50 3.4 19 30 0.057 [354]
ECDL+YDFA 1050 550 EFL 1560 3900 3.2 3500 50 0.033 [311]
ECDL+MOPA 820 980 Nd:YAG 1064 180 3.4 280 50 0.035 [148]
Ti:sapphire 827 200 Nd:YAG 1064 400 3.7 48 40 0.015 [355]

ECDL 820 3.5 Nd:YAG 1064 1700 3.6 10 50 0.034 [338]

DBR 1064 74 DFB+EDFA 1560 229 3.3 29 40 0.043 [333]

DBR 1064 66 DFB+EDFA 1560 213 3.3 19.6 40 0.035 *

Table 4.4: A comparison of the conversion efficiencies for reported free-space QPM-DFG
systems in the 3—4 um region from 2000-present. The references are ordered chronologically
with * referring to this work. YDFA: ytterbium doped fibre amplifier; MOPA: master
oscillator power amplifier; EFL: erbium fibre laser.

predicted a theoretical mid-IR power of 63 uW for this DFG set-up, estimated using Equa-
tion 4.36 with h = 0.59, as associated with the optimum focusing conditions adopted in
this experiment, and deg = d33(2/m)M;; = 14.4 pmV~!, as resulting from a first order QPM
interaction accessing the PPLN ds3 coefficient (Equation 4.31), where ds3 = 27.2 pmV-!
[293] and M;; = 0.85 is the Miller factor for the DFG process using these pump and signal
lasers [94, 350, 351].

Experimentally, the effective mid-IR power generated was measured as 19.6 uW. This in-

dicated an overall DFG conversion efficiency of 0.035% W-tcm™, calculated according to:

P;
= ——— x 100% 4.46

"7 BPLays ' (4.46)

which is a typical performance for this configuration (Table 4.4), though this power output

is still much lower than that offered by some other available mid-IR sources (Section 4.1).

4.4 Conclusions

In this chapter, various mid-IR laser sources were discussed and the technique chosen
to generate mid-IR light in this work, DFG, explored in depth. In order for efficient
DFG conversion to take place, phase matching conditions must be satisfied; this can be
realised experimentally by the methods of BPM or QPM, with the latter requiring the
use of periodically poled materials, such as PPLN, in which the phase of the non-linear
polarisation is periodically reversed in order to maintain a coherent build up of the non-

linear interaction.
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The experimental free-space QPM-DFG system using a bulk PPLN crystal which was
constructed in this work was then described and characterised. The system provided tens
of uW of power across the 3.1 —3.4 um wavelength range at a conversion efficiency of 0.035%
W-lem™, which is a typical performance for such a free-space arrangement. This radiation

was used to perform the mid-IR spectroscopy chronicled in the remainder of this thesis.






Chapter 5

CRDS and QPM-DFG for
Mid-Infrared Spectroscopy

By marrying the use of the mid-IR region of the spectrum and enhanced detection tech-
niques, highly sensitive spectrometers, capable of multi-component detection and high se-
lectivity, can be constructed. Whilst there are many examples in the literature of using
mid-IR light from a range of different sources with a variety of spectroscopic techniques
for gas sensing applications, there are relatively few examples involving the coupling of
mid-IR radiation into an optical resonator. This chapter therefore begins with a review
of the current state of cw cavity-based mid-IR spectroscopy before reporting on the 3 pm
diode laser-based DFG CRD spectrometer created in this work by combining the mid-IR
radiation source described in Section 4.3 with the CRDS system developed in Section 3.1.
The results of its use in spectroscopic studies of methane, deuterium and acetone are pre-
sented, demonstrating its suitability for sensitive trace gas sensing. Having established this
viability, further enhancements to increase the sensitivity of the system were then sought,
and the alterations made in order to achieve this objective are reported and the improved

set-up characterised.

5.1 Cavity-Based Mid-Infrared Spectroscopy

The literature is rife with examples illustrating the use of all the different mid-IR laser
sources outlined in Section 4.1 with a whole range of different spectroscopic techniques,
from simple direct absorption measurements to heterodyne methods or the use of multi-
pass cells. However, there are comparatively few cases documented where the very long
path lengths afforded by optical cavities are coupled with mid-IR light to perform spec-

troscopy. Presumably this is because such a feat is difficult given the typically low input

123
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powers, relatively poor mirrors and noisy detectors available at these wavelengths, espe-
cially compared to those obtainable in the near-IR. Nevertheless, the potential benefits of
the intrinsically higher levels of sensitivity and selectivity offered in the mid-IR, as discussed
in Section 1.1.3, make this a strategy worthy of investigation. Some of the major examples
of the successful coupling of mid-IR radiation and cavity-based spectroscopy are described

below and summarised in Table 5.1.

CEAS is perhaps the easiest cavity-based method to implement, and has been favourably
combined with various QCL sources by Tittel and co-workers. For example, a liquid N,
cryogenically cooled cw DFB QCL operating at 5.2 um with ~ 20 mW power was coupled
into a cavity with an effective path length of 0.67 km to perform CEAS on nitric oxide
(NO) [356-358]. The laser frequency was tuned over 1918 — 1923 cm™ in 0.5 cm™ steps by
modulating the laser current and a NO detection limit of 10 ppb with a 15 s integration time
achieved, though this was reduced to 2 ppb when the CEAS was combined with wavelength
modulation. This laser source has recently been used in real-time, simultaneous monitoring
of NO and CO, in exhaled breath [359]. Tittel and co-workers have also used other QCLs to
detect NO by CEAS. These TEC cw DFB QCLs, which required additional water cooling
to access the total tuning range, operated at 5.5 um with output powers of 30 mW and
were used to measure NO at 1835.6 cm™ [360] and 1828.0 cm™ [361] with detection limits
of 3.2 ppb in 1 s and 3.6 ppb in 4 s, respectively, though the former detection limit was
lowered when 2 f-WMS was integrated into the CEAS system.

Miller et al. have used a liquid N, cryogenically cooled cw DFB ICL to perform CEAS
for formaldehyde (H,CO) detection, with the aim of using the system for spacecraft and
indoor air monitoring [362]. A H,CO transition at 2832.485 cm™ was studied at 50 Torr
and yielded a detection limit of 150 ppb for a 3 s acquisition time. An OPO has also
been used as a mid-IR laser source for CEAS by Harren and co-workers [74, 363]. This
powerful (1.2 W) and tunable (3 — 4 pum) radiation source allowed ethane (CyHg) to be
measured with a sensitivity of 50 ppt over a 0.25 s integration time at 2996.9 cm™, as well
as permitting other species, such as H,O, CH, and acetone ((CH;),CO), to be observed.
The last of these is a broadband absorber and was studied by tuning the laser wavelength

over 2967 —2973 cm™ to obtain a detection limit of 100 ppb with a 0.4 s integration period.

Another, lower power, type of tunable mid-IR laser source, based upon DFG, has been
combined with CEAS by Grilli et al. [339]. In this case, a waveguide PPLN module was
used to generate 260 uW of 3.2 um light, tunable over 35 cm™, via DFG with two near-IR
diode laser sources, and this light was used to perform CEAS to monitor ethene (C,H,)
at low pressures (~ 2 Torr), achieving a sensitivity of amyin(BW) = 1.6 x 1078 em 'Hz /2.
Such a device has applications in urban and industrial air monitoring. This DFG system

has also been used in another resonant cavity technique, PS-CRDS, monitoring the same
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ethene isotopologues at 3081 cm™' and reporting a 79 of 5.09 & 0.08 ps and an oy, of
1.4 x 1077 cm™ in 4 mins [364].

CRDS is a more challenging cavity-based technique, but this too has been used in con-
junction with mid-IR laser sources. Miirtz and co-workers have used CO overtone lasers to
perform CRDS at different regions in the mid-IR. Their first CO overtone laser operated
between 2.6 — 4.1 um with output powers of 40 — 200 uW and was used to study 130H4
[105, 119], ethane [146] and formaldehyde [99] at 3048.3 cm™, 3000.3 cm™ and 2853.4 cm™,
respectively. 7y values of 6 — 12 us were reported and studies were conducted on calibrated
mixtures, ambient air and breath samples, though in the latter case a cooling trap was
used to remove unwanted species. Investigations of the 13CH4 / 12CH4 isotopic ratio were
conducted by measuring the 13CH4 and 12CH4 transitions at 3048.3 cm™ and 2947.8 cm™,
respectively, yielding a CH, detection limit of 105 ppt over 20 s and an isotopic ratio ac-
curacy of 11%o [120]. The second CO overtone laser covered the 4.8 — 5.5 um wavelength
range and the frequency modulated sidebands used provided powers at 10 — 40 pW. The
combination of this laser with CRDS achieved higher 7y values (~ 32 ps) and has been
used to detect carbonyl sulphide (OCS) at 2039.0 cm™ with a 7 ppt in 0.4 s detection limit
in calibrated mixes, ambient air and breath samples [365], NO and NO at 1874.9 cm™!
with a 7 ppt in 70 s detection limit in exhaled nasal breaths [366] and CO at 2012.2 cm™!
with a 7 ppb in 0.8 s detection limit in exhaled breath samples [367].

Paldus et al. have demonstrated the use of a QCL as a light source for CRDS [368]. A liquid
He cooled cw DFB QCL operating at 8.5 um with 16 mW power was used to monitor a
transition of ammonia (NH;) at 1177 cm™. The QCL could be tuned over 15 nm by means
of temperature modulation, and the QCL CRDS set-up reported a 7y of 0.929 4 0.002 us.
Different concentrations of NH; in N, were studied at standard temperature and pressure
(stp), achieving iy values of 1.8 108 em! for single shot measurements and 1 x 1079 em!
by averaging 600 spectra, yielding a NH; detection limit of 0.25 ppb in 1 s. Popp et al. have
combined CRDS with an OPO laser source for ethane detection at 2990 cm™ [369]. The
2.4—3.8 um, 200 mW radiation source was coupled into the 0.52 m cavity with a 79 of 13 us.
The spectrometer was tested by monitoring the stepwise reduction in the concentration of
ethane in N, from 75 ppb to 0 ppb with flowing samples at a constant pressure of 75 Torr.
An api, of 1.2 x 1072 cm™ was observed in a 16 s integration time, corresponding to an

ethane detection limit of 300 ppt in 16 s.

Ethane has also been investigated with CRDS using mid-IR light generated by QPM-DFG.
Stry et al. produced 27 uW of radiation tunable over 3 — 3.6 um by mixing light from an
ECDL (794 — 820 nm) and a Nd:YAG ring laser (1064 nm) in a bulk PPLN crystal, and
coupled this into an optical cavity with 79 = 11.22 4+ 0.04 ps, obtaining a sensitivity of

1 x 1078 cm™ over a 2 s integration period [94]. A 1f lock-in technique was also employed
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to frequency stabilise the cavity resonances to the laser frequency. Studies of 100 ppb of
ethane in N, at stp were performed at 3000 cm™ with a 150 MHz resolution, and a detection
limit of 1 ppb over a 2 s acquisition time attained. This system was improved in later work
by the addition of an amplifier to the pump diode laser and the replacement of the signal
source with a higher power Nd:YAG laser [148]. This resulted in an increase in the mid-IR
power to 280 uW, which in turn lowered the ethane detection limit to 270 ppt in 1 s and the

1/2

sensitivity to 8 x 1072 cm™ Hz /2. A different ethane transition at 2983 cm™ was measured

and experiments on breath samples conducted, taking into account the presence of water.

Alternative resonant cavity-based methods have also been performed in the mid-IR. One
such example is OF-CEAS [36], in which the laser is passively locked to the optical cavity
resonance frequency to permit a greater intensity build up inside the cavity. The laser light
is injected into a tilted confocal cavity and scanned through many cavity resonances. Part
of the light is allowed to return to the laser from the resonator and this feedback, which is
frequency selected by the cavity, forces the laser to emit at the cavity resonance frequency
with a narrower laser linewidth, provided certain intensity and optical phase conditions
are satisfied. Thus the coupling of light into the resonator is more efficient and the light
intensity transmitted by the cavity is far larger than for normal CEAS. Conventional OF-
CEAS uses a three-mirror V-shaped cavity [370], where a linear cavity is folded around
a central mirror through which the laser beam is introduced at a non-normal angle of
incidence, hence spatially decoupling the optical feedback beam from other reflections off
the first cavity mirror. Romanini et al. have used this technique with RT cw DFB QCLs
operating at 4.5 um [371] and 5.6 um [372]. In the first instance, the QCL was wavelength
tuned by control of the laser temperature to study the nitrous oxide (N,O) transition at
2242 cm! at low (50 mbar) pressures, achieving an o, of 3x 1072 em™ for 1 s averaging of
spectra composed of 100 independent points, which corresponded to a N,O detection limit
of 35 ppt. CO, was also observed in this wavelength range with a 15 ppb detection limit. In
the second case, formaldehyde was studied at 1769 cm™. The compact and transportable
device displayed mode-hop free wavelength tuning over 1763 — 1770 cm™ and an oy, of
1.6 x 1072 em™ for one scan (0.1 s, 100 data points). Allan variance studies indicated an
optimal integration time of 12 s would result in a detection limit of 5 ppt, limited by the
development of small fringes which prevented the further reduction in the rms noise level
at integration times greater than several tens of seconds. Hamilton and Orr-Ewing [104]
have also used a cw DFB QCL and a V-shaped optical cavity to perform OF-CEAS, this
time at 7.8 um. Simultaneous measurements of CH, and N,O in ambient air were recorded
with a resolution of 0.014 cm™ and an oy, of 5.5 x 1078 cm™ for 1 s averaging achieved.
More recently, Bergin et al. [373] have demonstrated that a two-mirror linear cavity is also
a viable geometry for OF-CEAS. With this configuration, the field directly reflected from

the coating of the first cavity mirror was not found to adversely affect the optical feedback
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locking scheme. No feedback attenuation optics were needed at the power of the laser used
and the unadjusted feedback rate yielded a frequency locking range smaller than one cavity
FSR. This simpler arrangement has the advantages that it requires one less cavity mirror
than a V-cavity, thereby lowering cavity losses, and, as all modes have a node at each
mirror, there is no variation in the power build up of odd and even modes. A 3 mW, cw
DFB QCL operating at —10°C was coupled into the two-mirror linear optical cavity and
OF-CEAS performed at 5.5 um. An appiy of 2.4 x 1078 cm™ was achieved by averaging over
1 s, a value limited by etalon fringing. Spectroscopic measurements of NO were performed,
with investigations into the temporal stability of the instrument indicating that an NO

detection limit of 5 ppb in 2 s was feasible.

Another, more complex resonant cavity method, NICE-OHMS, has also been combined
with both QCL and DFG-based mid-IR sources. Taubman et al. locked a 8.5 um DFB
QCL to a high finesse optical cavity to achieve natural laser linewidth narrowing down to
5.6 Hz [374]. This laser light was combined with NICE-OHMS to study a N,O transition
at 1175.0 cm™! at low (~mTorr) pressures, attaining a sensitivity of 9.7 x 10~ cm™Hz1/2
limited by the MCT detector utilised. More recently, 2.8 — 4.8 um light generated by DFG
has also been combined with NICE-OHMS [375]. Restricted to the 3.0 — 3.4 um wavelength
range by the reflectivity profiles of the cavity mirrors, transitions of CH, circa 3120 cm™ at
very low (~pTorr) pressures were studied. In the Doppler broadened regime, a sensitivity

of 2x 1077 e Hz /2 was reported, though this was reduced to 6 x 107 cem ™ Hz /2 when

wavelength modulated NICE-OHMS was used to investigate sub-Doppler Lamb dips.

A yet more complicated and expensive technique, cavity enhanced direct frequency comb
spectroscopy (CE-DFCS), has also been used in conjunction with mid-IR laser sources.
Foltynowicz et al. have used a 400 mW OPO, together with CE-DFCS, to create a spec-
trometer which has a central wavelength tunable between 2.8 — 4.8 um and a simultaneous
spectral coverage range of 100 — 300 nm, depending on the central wavelength chosen, with
a 800 MHz resolution [376, 377]. At this resolution, a sensitivity of 5.4 x 1079 ecm ™ Hz'/2

1/2 per spectral el-

for 6000 points was achieved, corresponding to 6.9 x 10~ cm™'Hz
ement. Absorptions from ethyne (C,H,), N,O and CH, were observed at stp between
2525 — 2740 ecm™, and hydrogen peroxide (H,0,) at 630 Torr over 2597 — 2740 cm™ was
measured with a detection limit of 8 ppb in 1 s, though this increased to 130 ppb in the

presence of 3% H,O.

De Natale and co-workers have been developing spectrometers using mid-IR produced by
DFG coupled with a range of cavity-based techniques. The initial DFG design consisted of
mixing 848 —855 nm pump radiation from a master/slave diode laser system with 1064.5 nm
fibre amplified signal radiation from an Nd:YAG laser in a bulk PPLN crystal to gener-
ate 172 uW of power over 4.15 — 4.35 um [331]. This was used to study a "O'2C!0
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transition at 2340.77 cm™' using cavity enhanced saturated-absorption spectroscopy, with
the resulting sub-Doppler Lamb dips providing useful information pertaining to the line
centre frequency. The system was improved by the addition of a fs Ti:sapphire optical
frequency comb synthesiser (OFCS), which phase locked the pump and signal lasers of the
DFG source to two near-IR teeth of the optical comb [378]. The benefits of such a strategy
are two-fold: as well as improving the accuracy of the reported wavelengths, it enhances
the spectrometer sensitivity because results can be averaged for longer without the problem
of slow laser drift. In later work, an 830 — 870 nm ECDL was used as the signal source
generating 20 uW of mid-IR radiation at 4.5 um within a single-pass DFG scheme [379].
This mid-IR radiation was frequency referenced using the OFCS and CRDS performed on
the 13002 transition at 2231.8 ecm™!. An effective path length of 15 km and a 79 of 25 ps
were obtained. By measuring 256 CRD events over 60 s, a A1y/79 of ~ 1% was found,
indicating that the locking of the pump and signal lasers of the DFG set-up to the OFCS
not only allowed measurements to be made with accurate absolute frequencies, but also
with very high sensitivities. The mid-IR power was further increased to 80 — 300 uyW when
the ECDL was used to seed a cw ring Ti:sapphire laser; when coupled into an optical cavity,
this provided a short term absorption sensitivity of 1.3 x 10~ cm™*Hz'/2 in a measure-
ment time of 100 ps [380]. This radiation was then used to perform saturated-absorption
cavity ring-down (SCAR) spectroscopy on the 2343.66 cm™ 170'2C!0 transition with pre-

L over a 12 min

cise absolute frequency measurements and a sensitivity of 1.1 x 1072 cm"
acquisition time [40]. A huge advance was then made when intracavity DFG [332] was
used to produce an extremely powerful (up to 30 mW) cw tunable mid-IR laser source at
3.9 — 4.6 um [381]. This was achieved by placing the MgO-doped PPLN crystal inside the
Ti:sapphire laser cavity itself. This also resulted in a Gaussian beam profile with a near
TEMyy mode. The mid-IR laser source was still phase locked to the OFCS for absolute
frequency stabilisation and was used in both CRD and SCAR spectroscopy giving aumin
values of 1079 em'Hz /2 and 10710 ecm™ Hz /2, respectively [382, 383]. 33 ro-vibrational
transitions in the v 14C1602 band over 2190 — 2250 cm™! were studied at a high resolution
(1 kHz) and absolute frequencies measured with an uncertainity of 0.7 — 4.8 MHz. SCAR
was also used to measure 14(31602 at 2209.11 cm™ with a detection limit of 43 parts per

quadrillion (10!, ppq) over a 1 hr averaging time, which has applications in radiocarbon

dating and the detection of hazardous materials [101].

There are also several reports of the use of mid-IR cavity-based spectroscopy in a range of
different applications. One of the principal fields of use has been in environmental sensing,
where this concept has been implemented in such diverse situations as atmospheric trace gas
detection [93, 104, 385-387], indoor environmental monitoring [388, 389] and industrial
applications, the latter including combustion studies [390], detection of explosives [121]

and the measurement of vehicle exhaust emissions [391, 392]. In addition, breath sensors
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for ethane [393|, formaldehyde [394] and acetone [160] based on such arrangements have
been proposed. Mid-IR cavity-based spectroscopy has been employed in high resolution
spectroscopic studies to investigate fundamental lineshape and molecular properties, such
as the lineshape parameters of deuterium [395], the absorption line centres of ethene [396]
and the intermolecular interactions in heavy water [397]. Plasma diagnostics [27, 95, 398]

and surface studies [399] have been other areas of research utilising these methods.

The above discussion highlights that whilst a number of examples exist illustrating the
use of different mid-IR laser sources with different cavity-based techniques, there are few
accounts in the literature of using mid-IR radiation generated by DFG to perform CRDS:
the two major ones being those reported by Stry et al. in 2002 [94, 148] and by de Natale
and co-workers from 2009-present [40, 101, 380-383]. In the remainder of this chapter, the
results of work combining DFG-generated mid-IR light with CRDS to create a 3 um DFG
CRD spectrometer are presented. The design and development of this device is described
and the results of its use in spectroscopic studies of various molecules reported, thereby
demonstrating its potential as a useful tool to study atmospheric, environmental or medical

gases of interest.

5.2 Experimental Set-Up of a DFG-Based CRD Spectrome-

ter

5.2.1 Combining the QPM-DFG and CRDS systems

A mid-IR CRD spectrometer was created by combining the all DL-based, free-space QPM-
DFG set-up described in Section 4.3 with the CRDS system developed in Section 3.1, as
shown in Figure 5.1 [384]. This radiation source meant that the spectrometer operated over
a 3342.5 — 3356.4 nm (2979.4 — 2991.7 cm™!) spectral range, and as such different cavity
mirrors to those previously used were required. In this case, the cavity was composed of
a pair of 25.4 mm diameter, zinc selenide (ZnSe) plano-concave mirrors with 1 m radii
of curvature (NovaWave Technologies). These mirrors were AR coated on the plane side
and HR coated on the curved side with a quoted reflectivity of R ~ 0.9998 at 3300 nm.
The first mirror was mounted on the PZT, as before. The length of the cavity was 77 cm,

corresponding to a free spectral range of 195 MHz.

In coupling together the separately developed DFG and CRDS entities, it was found that the
relative positioning of the EDFA and AOM components of the two systems was important.
The input voltage signal to, and hence throughput of, the AOM is shown in Figure 5.2(a):
once triggered by the detection of a cavity mode, the AOM switched off so that no more

signal radiation could pass through it. A similar profile was also desired for the near-IR
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Figure 5.1: A (a) schematic and (b) photo of the experimental set-up for the mid-IR DFG
free-space system combined with the CRD spectrometer. The mid-IR light generated by
QPM-DFG of two near-IR diode lasers is injected into an optical cavity composed of mirrors
of reflectivity R = 0.9996 and length L = 0.77 m. RF gen: radio frequency generator to
switch AOM; MCZT-PD detector: HgCdZnTe photodiode detector.
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Figure 5.2: The amount of signal radiation available for mid-IR generation as the AOM
is switched on and off when the AOM is placed (b) before and (c) after the EDFA.

radiation exiting the fibre coupler, as this would thus prevent the generation of further

mid-IR light and so allow ring-downs to be recorded.

Initially, the AOM was placed before the EDFA so that when the AOM was triggered
the EDFA would cease to be seeded and would only emit ASE which could not be used
in mid-IR generation. This was the preferred configuration because it would give higher
mid-IR powers as the signal radiation available for mid-IR generation would not be reduced
by passing it through the AOM. However, it became apparent that this arrangement was
unworkable (Figure 5.2(b)) due to gain saturation of the EDFA [400]. This is where the
gain of the amplifier does not instantly adjust to the required level, and so on a sudden
increase in the EDFA input power, such as that caused by the AOM switching back on
after a ring-down event, the gain reduces to the appropriate level only after a certain, finite
response time of the EDFA. This response time is of the order of ps or greater [400, 401],

which is comparable to the RDTs that were to be recorded. This phenomenon created
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large, decaying bursts of the seeded EDFA output power of the signal radiation, which in
turn resulted in large spikes in the generated mid-IR. These spikes led to the re-triggering
of the system which prevented the AOM from remaining on for a sufficient length of time

to allow enough mid-IR to couple into the cavity to generate cavity modes.

To avoid this effect, it was therefore decided to place the AOM after the EDFA. This
meant that there was a continuous seeding of the EDFA, and so a constant output of
amplified signal radiation. This radiation was then passed through the AOM and when
the AOM was triggered to switch off, its passage was stopped (Figure 5.2(c)). However,
this arrangement lowered the amount of signal radiation available for mid-IR generation
and hence the ultimate level of mid-IR power. Indeed, inserting the AOM at this position
caused the power of the signal radiation incident on the PPLN crystal to drop from 213 mW
(Section 4.3.3) to 112 mW. At the wavelengths used to perform the experiments with CH, in
Section 5.3.1 and their associated optimal PPLN properties (Tt;ys = 84.3°C, A = 30.00 um),
this resulted in a final mid-IR output power of 15.8 uW with a conversion efficiency of

0.053% W-lem ™.

Unless otherwise specified, the following settings were used in the experiments conducted
in this chapter: DAQ card: 10 V at 200 kHz update rate; PCI card: +0.2 V at 20 MHz
sampling rate with t,ec = 50 ps; PZT waveform: Vynp = 6 V, Vieq = 10 Hz, Vog = 60 V;
fitting and analysis: tqisc = 1.5 s, tgy = 40 ps, 7get = 1.6 us (using 7qet = 1/27BW, as
according to the manufacturer’s specifications, and the known bandwidth of the detector);
conditioning criteria: minimum R? = 0.95. The PZT amplitude and frequency were chosen
following the same reasoning as that discussed in Section 3.1, and the optimum fitting

parameters determined using the same procedures as implemented in Section 3.3.2.

In order to tune the mid-IR radiation over a region of interest for the acquisition of spectra,
the frequency of the signal radiation was changed whilst keeping the pump wavelength
constant, as discussed in Section 4.3.1. This meant that wavelength calibrations correlating
the Vioq from the DAQ into the DL current driver with the signal wavelength were needed
in order to step across the required mid-IR spectral range with the desired resolution. When
recording spectra, the number of RDTs averaged per point was set as nays = 100 (Section

5.2.3) and the settling time between points as tsett = 2 s.

5.2.2 Beam profiling and mode matching

A suitable collimating lens, L1, with focal length f; placed a distance d; after the PPLN
crystal, as shown in Figure 5.1(a), was required. Beam profiling techniques like those
employed in Section 3.3.1 were once again used, and it was found that a 50 mm diameter,
CaF, plano-convex lens (Crystran, CAF50LENS135) with a f; = 13.5 cm placed at dy =
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Figure 5.3: Profiles of the width of the mid-IR light beam with increasing distance from
the PPLN crystal for different displacements, d;, of the 13.5 cm focal length collimating
lens. A collimated beam with spot size w = 1.80 £+ 0.03 mm was observed when d; =
12.80 cm.

12.80 cm after the PPLN crystal collimated the idler beam to a spot size of 1.8040.03 mm
(Figure 5.3).

At 3345.676 nm (2988.933 cm™!), the beam waist at the cavity centre was calculated as
wo = 0.7198 mm and the spot sizes at the mirrors as wi2 = 0.9178 mm. Using the
collimated spot size of 1.80 mm and the mode-matching analysis of Appendix A, it was
found that optimal mode-matching could be achieved by placing a lens with focal length
f = 73.52 cm at a distance d = 37.12 cm before the cavity. However, it was discovered
that the cavity alignment and beam quality were good enough for efficient cavity coupling
without the need for mode-matching, as discussed in Section 5.2.3. As it was desired not to
decrease the already low power levels in the mid-IR, this circumstance was very beneficial as
it meant that it was possible to minimise the distance travelled by the mid-IR light before
entering the cavity, thereby reducing power dissipation, and also to avoid the introduction
of any additional lenses into the optical beam path, which would decrease the light intensity

even when using optics made of CaF, which has a relatively high transmission at 3 um.

5.2.3 Characterisation

An example of the observed cavity modes is shown in Figure 5.4. The regular spacing
between the modes, and the relative lack of neighbouring modes of smaller intensity, en-
sured that the system was only triggered by the fundamental TEMyg modes. The average

signal height of these cavity modes above the detector baseline varied between 2 — 10 mV,
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Figure 5.4: Cavity transmission of the mid-IR light on scanning the PZT at two dif-
ferent degrees of optical cavity alignment. The upper trace corresponds to a poor cavity
alignment, while the lower one to a well-aligned CRDS cavity supporting predominantly
TEMgp modes. The traces have been offset for clarity.

corresponding to powers of 0.04 — 0.18 uW. The trigger level of the discriminator box was
set such that it was high enough so that only the most intense cavity modes would trigger
an event to be recorded in order to give consistent RDT's, but low enough to allow frequent

triggering.

The pump and signal wavelengths were set at 1064.289 nm and 1560.795 nm, respectively,
generating mid-IR light at 3345.653 nm (2988.95 cm™). This light was coupled into the
cavity filled with N, at a pressure of 6 Torr, and 3015 ring-downs recorded over 3 mins.
These were then fitted with the LRS fitting routine described in Section 3.1.2 and 7y found

using Equation 3.1; an example of such a ring-down and fit is shown in Figure 5.5(a).

In these experiments, it became clear that two important factors had to be considered. The
first one was the effectiveness of the triggering on the cavity modes. Cavity modes were
generated on both the up and down ramp of the PZT modulation, so as the PZT waveform
had a frequency of 10 Hz and an amplitude equivalent to one FSR in the spectral domain to
ensure at least one cavity mode per ramp was produced, the theoretical cavity mode trigger
rate was 20 Hz. However, the system was not triggered continuously on every cavity mode
at this expected rate, but at a reduced rate of 16.8 Hz, i.e. only 84% of the cavity modes
triggered the detection system to record ring-downs. Additionally, as discussed in Section
3.1.2, the poor quality of some of the cavity modes led to the requirement for conditioning
criteria to filter the results. Here, it was decided to discard results with R? values of the
exponential fit lower than 0.95 and those with an RDT outside the +3 standard deviation

range of the overall average. Considering these two factors together, a total conversion
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Figure 5.5: Ring-downs recorded of 6 Torr of N, at a single wavelength (3345.653 nm).
(a) An example of a ring-down trace with the raw data given by the open circles (only a
reduced number of data points are shown for clarity) and the exponential fit by the solid
line; the residuals between the two are given in the lower plot. The fitting routine only
used data recorded 1.5 — 41.5 pus after the trigger and returned a 7y of 6.14 ps, indicating
a mirror reflectivity of 0.9996 and effective path length of 1.84 km. (b) An Allan variance
plot of the i, values calculated from recorded sequential ring-downs under the same
conditions over 3 mins. The results were filtered so that only ring-downs whose fits had an
R? > 0.95 were used. Inspection of this plot indicated that an optimum number of ring-
downs to record and average per point would be 730, giving a detection limit in the RDT
of ~ 1079 s and iy of ~ 1072 cm™!; however, this would necessitate a long recording time
per point. Hence in order to record spectra, 100 ring-downs per point, with a detection
limit in the RDT of ~ 107% s (aumin of ~ 1078 cm™) taking ~ 6 s per point, was used.

efficiency of 73% of the generated cavity modes into useful RDTs was achieved. Complete
conversion was not possible owing to the low and varying mid-IR power levels entering the
cavity caused by the fluctuations in both the crystal temperature (due to the oven warming

cycles) and in the temperature of the lab environs on the time scale of 5 — 10 mins.

The filtered results of this data set were used to construct an Allan variance plot [225], shown
in Figure 5.5(b). From this plot it was seen that the maximum sensitivity corresponded to
an average of 730 RDTs. It was judged, however, that an average of 100 RDTs, would be

more appropriate for the recording of spectra to reduce the total acquisition time.

This data set was also used to estimate the ay,i, for this system either when recording
at one wavelength (using the optimal number of RDTs to average of 730) or when taking
spectra (100 RDTs average per point). Applying the conditioning criteria outlined above to
groups of 730 of this data set and averaging the results, it was found 7y = 6.065 £ 0.003 us
(10), yielding an amin = 2.9x 1072 em™! over 44 s (min(BW) = 1.9x 1078 em'Hz1/?). For
groups of 100, 79 = 6.07+0.03 us (10) giving amin = 2.8 x 1078 em™ over 6 s (i (BW) =
6.9x107% cm ' Hz Y/ 2). Using this value of 79 = 6.07 us, the mirror reflectivity was calculated

as R = 0.9996. It is worthy of note that this optimal cupin of 2.9 x 1072 cm™ is worse than
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that found in Section 3.3.2.2 when using the near-IR DS-DBR CRD spectrometer of 2.8 x
10710 em™ (@pin(BW) = 1.3 x 1072 em™'Hz'/2); this is because lower reflectivity mirrors
were used in the mid-IR compared to the near-IR due to commercial availability restrictions,
and as a consequence only smaller 7y values were achievable with correspondingly worse

results for ami, (Equation 1.54).

5.3 Spectroscopic Measurements with the DFG-Based CRD

Spectrometer

In order to demonstrate the use of this DFG CRD spectrometer, studies on methane,
deuterium and acetone were conducted to illustrate different favourable characteristics of
the system. The absorption cross-sections of these compounds over the wavelength range

of the spectrometer are shown in Figure 5.6.

As a first validation of the DFG CRDS system, studies of the narrowband absorber methane
(CH,) at 3346 nm were performed. CH, was chosen as it has highly resolved and well-
assigned spectral features. It is also of medical interest. Typical concentrations of CH,
in breath vary from ambient air levels to 30 ppm [149] and it has also been shown that
breath CH, can be used as a biomarker for colonic fermentation and intestinal problems
such as irritable bowel syndrome [150, 152]. In fact, laser spectroscopic techniques have
already been developed for the measurement of CH, in breath [88, 144]. In addition, CH,
is an important molecule for environmental studies as it is a potent greenhouse gas [26].
Knowledge of the ratios of its isotopologues allows information about its sources and sinks,
and thus the global CH, budget, to be inferred [118, 406], with §!3C values (Equation 3.2)
of different CH, sources and sinks varying between —10%o and —80%o [120, 407, 408]. It is
considered necessary to be able to measure this isotopic ratio with a precision of 0.1 — 1%o

for atmospheric research [118, 409], and thus a highly sensitive instrument is required.

Next, the DFG CRD mid-IR spectrometer was used to study deuterium (D,) so to ap-
praise the capability of the system to perform high resolution spectroscopy. Particular D,
transitions at certain pressures (~ 100 — 7,600 Torr [23, 410]) display Dicke narrowing
(395, 411, 412], and the D, feature monitored in this work demonstrated this effect over
the range of pressures investigated (100 —450 Torr). Such collisionally narrowed absorption
features must be fitted with more complex lineshapes, such as Galatry profiles, rather than
the usual Gaussian or Voigt functions; thus a spectrometer used to take these measurements
would need to have a sufficiently high wavelength resolution and sensitivity, as well as an
accurate frequency calibration, in order to distinguish and assess these differences in the
absorption lineshapes. D, is also a useful molecule to study as the experimental data col-

lected can be compared with the outputs of theoretical simulations in order to test theories
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Figure 5.6: Absorption cross-sections of the three molecules studied in this work across
the 3 um region: oiy, values of the narrowband absorbers CH, and D, are shown, whereas
o values are given for the broadband absorber acetone. The CH, oy values reported are
from the HITRAN database [15]; the major features observable correspond to the P, Q
and R branches of the fundamental v5(F3) vibrational transition, though absorptions due
to other combination bands are also present in this range, such as the F} and F3 symmetry
bands of the vy + v4 transition. The D, linestrengths and positions are the results of
simulations performed by Kassi et al. [402] and correspond to the electric quadrupole
transitions of the fundamental vibrational band, v(1 + 0), of D,, comprising of O, @ and
S branches (AJ = —2,0 and +2, respectively). The acetone o values are estimated from
the 1 ppm-meter, 760 Torr, 296 K absorption spectrum reported in the PNNL database
[403] and corroborated by work by Harrison et al. [404], with the band centred at 2972 cm™!
caused by the vo0(Bz2) CH; degenerate stretching mode and the feature at 3019 cm™ by
the v1 (A1) and v13(B1) CH; degenerate stretches [405].

and algorithms which have been developed to model the effects of collisional broadening or
to predict the spectroscopic parameters of transitions (e.g. line centres, linestrengths, pres-
sure shift coefficients, etc.). Once validated, the results of these models could be utilised
to provide useful information in spectral regions inaccessible by current experiments to aid

in tasks such as the astrophysical search of D, lines [402].

Finally, investigations into the broadband absorber acetone ((CH;),CO) were conducted.
Measurements of broadband absorbers are fundamentally more difficult than those of nar-
rowband absorbers due to the problems in finding a 7y value (as this must now be measured
separately rather than by simply selecting a 7y value from the 7 spectrum at a nearby

wavelength at which no absorption occurs) and due to the fact that there is often no clear
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absorption feature to fit (so estimates of the o values, rather than oj,;, must be used to
calculate sample concentrations). It was desired to test the ability of the DFG CRDS sys-
tem to measure broadband absorbers, and acetone was chosen due to its medical relevance:
acetone concentrations present in breath can be used monitor the levels of ketones in blood
[413, 414]. In the case of type 1 diabetes, for example, the onset of ketoacidosis is accompa-
nied by increased levels of both blood ketones and breath acetone [415-417], with healthy
subjects exhibiting acetone breath concentrations of 0.35 — 0.85 ppm (accepted value of

0.49 ppm) [82] compared to the 0.80 — 3.97 ppm levels seen in diabetic patients [158].

5.3.1 Methane

CH, is a stereotypical spherical top molecule with tetrahedral symmetry and thus belongs
to the T, point group which consists of the irreducible representations A, E, F; and F5.
It has nine normal modes of vibration [418]: a non-degenerate stretch v1(A;), a doubly
degenerate bend v»(F), a triply degenerate stretch vs3(F) and a triply degenerate bend
v4(Fy), with fundamental frequencies of 2917 cm™, 1533 cm™, 3019 em™ and 1306 cm™,
respectively [419]. A simple group theoretical analysis of the transition dipole moment inte-
gral (Section 1.1.1) reveals that the only IR active fundamental vibrational transitions from
the ground vibrational A; state are those of the v3(F») and v4(F>) modes. This evaluation
is further complicated, though, by the fact that vibrational transitions are simultaneously
accompanied by rotational ones, which perturb the genuine vibrational motion of the sys-
tem. This means the degeneracy of the vibrational state is lifted by a first order Coriolis
interaction and other, higher order ro-vibrational effects [420], which results in the splitting

of a ro-vibrational transition into several components.

The upper and lower states of CH, transitions are listed in HITRAN [14, 15] with global
quanta, V, of (v1 vs v3 vy n C*), where v; is the quantum number for the i*" vibrational
mode, n is a multiplicity index and C* is the symmetry, and with local quanta, @, of
(J C « F), where J is the quantum number associated with the total angular momentum
excluding nuclear spin, F' is the quantum number associated with the total angular momen-
tum including nuclear spin, C' is the ro-vibrational symmetry of the state (= A, Ag, E, F}
or Fy) and « is a counting integer for levels of the same J and C, incremented in order of

increasing energy [14, 421].

5.3.1.1 Results

CRD spectra of CH, were recorded at 2989 cm™!, sourcing the CH, from a variety of
samples. ), was set at 1064.292 nm and \s scanned between 1560.740 — 1560.862 nm,
generating mid-IR light over the range 3345.38 —3345.94 nm (2988.7—2989.2 cm™) covering
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Line centre Cint Rotational transition

/ cmt / em?cm™molect  (J'C'a’ + J'C"a")
2988.795 1.1 x 1071 (2414 « 3451)
2988.933 6.4 x 10720 2F9 <« 3FK1)
2989.033 6.4 x 10720 2FR11 « 3K 1)

Table 5.2: Line positions, integrated cross-sections, rotational levels and symmetry labels
of the P(3) transitions of the fundamental v3(F») band of CH, studied [14]. The degeneracy
of the v3 = 1 excited vibrational level is lifted by the Coriolis interaction and therefore the
P(3) transition is split into several components. The initial and final states contributing
to each component are labelled using the nomenclature (J C' «), where J is the quantum
number associated with the total angular momentum excluding nuclear spin, C' is the ro-
vibrational symmetry of the state and « is a counting integer for levels of the same J and
C, incremented in order of increasing energy.

three strong CH, transitions, details of which are given in Table 5.2. Studies were carried
out at pressures of 25 Torr or lower, as at higher pressures the absorptions due to these
features were sufficiently large to result in substantial decreases in both the RDT's and cavity
transmission. Using low pressures also had the advantage of isolating the features under
investigation from interferences from water. The second of these lines, at 2988.933 cm™, was
studied in detail as its lower absorption cross-section allowed a greater range of pressures

to be examined without reducing the RDT below that which could be measured.

Spectra of T against \; were recorded using Program Two of Section 3.1.2 and the conditions
stated above in Section 5.2.1. A 7y baseline was fitted to the data and « calculated using
Equation 1.53. A Voigt profile was then fitted to the absorption feature, fixing the Gaussian
width as the Doppler width at 277 MHz; the broadening contribution from the narrow laser
linewidths (< 10 MHz) was negligible and hence not included.

Firstly, a calibrated 7.5 ppm mixture of CH, in air (CK GAS, Order Ref 15205) was tested.
The cavity was filled with several different pressures of the sample between 2 — 4 Torr, and
CRD spectra recorded of the 2988.933 cm™ CH, line in steps of 34 MHz; these spectra took
between 10 — 15 mins to record. The areas of the fitted Voigt profiles were used to estimate
the concentration of CH, present in the cell using the i, reported in the HITRAN database
[14], and these calculated concentrations were then compared with those expected. The
results of these experiments are shown in Figure 5.7. The returned Lorentzian contributions
to the linewidths of the fitted Voigt profiles at each pressure were observed to be similar to
the values predicted from the broadening coefficients reported in HITRAN. For example, for
the spectrum recorded at 3.2 Torr (Figure 5.7(a)), a fitted Lorentzian width of 34 +£8 MHz
was found compared to the expected value of 17 + 4 MHz; this discrepancy may be due to
minor laser frequency instabilities over the acquisition time period or the cumulative effect

of slight miscalibrations of each frequency step due to the inaccuracies in the wavemeter



CRDS and QPM-DFG for Mid-Infrared Spectroscopy 141

5 € 1x10” 1
] S ]
2
o
€
E,, 9x10"" -
3 .
>
£
o £ ]
g ‘% 8x10""
© c p
=] [}
-~ ©
E 3
E H-
2 7x10"
= <4
T
3}
he)
o
...,...,..,I,,86x10”.....................
2988.90 2988.92 2988.94 2988.96 s 6x10" 7x10" 8x10" 9x10" 1x10"
-1 f . 3
Wavenumber/ cm Expected CH, number density from pressure reading/ molec cm
(a) (b)

Figure 5.7: CRDS results of the 2988.933 cm™ CH, line of a 7.5 ppm calibrated mixture
of CH, in air. (a) is an example of a spectrum recorded at 3.2 Torr, with the raw data given
by open circles. From the Voigt fit (solid line), the concentration of CH, in the sample was
calculated, and a fitted Lorentzian width of 34 MHz found. This was repeated at several
pressures between 2 — 4 Torr, with the resulting CH, concentrations shown in (b) as open
circles, where the y-error bars are calculated from the error in the area of the Voigt fit, and
the z-error bars from the change in pressure inside the cell during the spectra acquisition
period. The average of these results gave a concentration of CH, of 7.59 +0.16 ppm. Also
shown in (b) is a straight line through the origin with a unitary gradient (solid line), to
emphasise how well the expected and calculated concentrations compare.

used to perform the wavelength calibrations. A good agreement between the calculated
and expected concentrations was also observed. These experimental results gave an average
concentration of CH, of 7.59 & 0.16 ppm (the quoted error is the standard deviation of the
repeated measurements). Using the aui, of 2.8 x 10~® cm ! calculated in Section 5.2.3, the
expected sensitivity for this CH, line at 3 Torr is 50 ppb, which is comparable with the

experimental error found.

To illustrate the use of the DFG CRDS system to a medical situation, two samples of breath
were analysed in order to calculate the CH, concentration present. These samples were col-
lected in breath bags (Fischer Analysen Instrumente GmbH, 1.5 litres) and then transferred
to the cell without water removal or the filtration of aerosol particles. One sample was from
a known non-methane producer; this sample was studied at five different pressures between
3 —5 Torr in an undiluted form. The other sample was from a known methane producer; in
order to avoid overlarge absorbances and to ensure continuous triggering, this sample was
diluted with N, within the cell in an approximate 1:4 ratio, and four different pressures
of this mix between 3 — 4 Torr studied. CRD spectra with a resolution of 34 MHz were
recorded of the 2988.933 cm™ CH, line, and the fitted Voigt profiles used to estimate the
concentration of CH,. Examples of these spectra, each taking between 10 — 15 mins to

record, are shown in Figure 5.8.
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Figure 5.8: CRD spectra of the 2988.933 cm™ CH, line in breath samples at 4 Torr.
(a) is an undiluted sample from a non-methane producer; (b) is a diluted sample from a
methane producer. Both sets of data (open circles) have been fitted with Voigt profiles
(solid lines). From these fits, the CH, levels of the two different subjects were calculated
as 2.3 ppm and 29.5 ppm, respectively. The Lorentzian widths of 27 MHz and 21 MHz
for the two plots compared well with the values expected using the broadening coefficients
from the HITRAN database [14] of 20 MHz and 21 MHz, respectively.

Averaging the calculated concentrations from these spectra, a CH, concentration of 2.26 &
0.10 ppm for the non-methane producer and 29.4+ 1.0 ppm for the methane producer were
found. These concentrations were in line with the results expected from previous studies
of these subjects using CEAS of the 23 band of CH, at 1.65 um [203)].

5.3.1.2 Discussion

To place these results in context, they must be compared with other, similar spectroscopic
studies in the mid-TR. As seen in Section 5.1, there are very few examples in the literature of
coupling mid-IR light produced by DFG into a cavity to perform CRDS: the two major ones
being those reported by Stry et al. in 2002 [94, 148] and by de Natale and co-workers from
2009-present [40, 101, 380-383]. Of these, the work by Stry et al. is most comparable to
that presented here; a summary of the results from both studies is given in Table 5.3. Stry
et al. [94] used DFG of a diode laser and a frequency-stabilised Nd:YAG laser to generate
27 uW of mid-IR radiation at 3.3 pm, which was then used in CRDS by modulating the
laser frequency at 100 Hz, yielding a RDT acquisition rate of 100 Hz. An oy, of 1078 cm™!
over a 2 s integration time was reported, and the spectrometer used to measure ethane
with detection limits of 1 ppb at 100 mbar of a calibrated 100 ppb mixture of ethane in
N,. This is a similar amin to the one found in the CH, studies of this work [384], which
employed a cavity whose 19 was half of that reported by Stry et al. and used cavity length

modulation at 10 Hz to generate cavity modes, with a nominal RDT acquisition rate of
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Property Stry et al. This study
7;/ cm 3000 2989
Signal laser type Nd:YAG DFB-DL+EDFA
As/ nm 1064 1560
P,/ mW 660 112
Pump laser type ECDL DBR-DL
Ap/ nm 808 1064
P,/ mW 20 66
P,/ uW 27 16
Lerys/ cm 5 4
n/ % Wlem™ 0.041 0.053
L/ cm 53 7
Cavity mirrors R =0.9998 at 3.3 um for both
70/ us 11.22 6.07
ATO. / us 0.04 0.03
Qmin/ cm™ 1x1078 3x 1078
Cavity mode scanning method Wavelength (via As) Cavity length
Cavity mode scan rate/ Hz t 100 10
RDT acquisition rate/ Hz 100 20 §
Nayvg Per point 500 100
tmt/ S 2 6
Step size/ MHz 150 34

Table 5.3: A comparison of the key DFG and CRDS properties from Stry et al. [94]
and this study [384]. T refers to the rate at which the laser current (Stry et al.) or the
PZT component (this study) were scanned. In this work, the value reported for the RDT
acquisition rate (1) is the nominal RDT acquisition rate (the effective acquisition rate was
16.8 Hz, as discussed in Section 5.2.3) and nayg (*) is the number of RDTs recorded per
point before the conditioning criteria were applied (which reduced the actual number of
RDTs averaged to 80 — 95).

20 Hz. Another significant difference between the two studies was the approach to the
analysis of the exponential decays. In Stry et al., each data point represented the mean
value of five measured decay times, which were themselves the result of an average of 100
decay events. In this work, an exponential decay was fitted to each ring-down event and
the resulting RDTs from these fits averaged. It can be concluded from these comparisons
that the performance of this spectrometer is consistent with that developed by Stry et al.
and reaches the expected sensitivities for such a configuration. Whilst the spectrometer
developed in this work does not match the very high detectivities achieved by de Natale and
co-workers, this is unsurprising as it does not incorporate an OFCS and is consequently less
sensitive; however, such an omission means that this system has the advantages of being

considerably less complex and expensive.
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5.3.2 Deuterium

Due to its homonuclear nature, ordinary electric dipole allowed absorption cannot be used
to investigate the fundamental vibration-rotation energy levels of the D, molecule [422].
Instead, Raman scattering spectroscopy [410, 411, 423-425], electric quadrupole absorption
spectroscopy [395, 402, 426, 427] or electric field induced absorption spectroscopy [422]
must be used. As these processes are about a million times weaker than ordinary dipole
absorptions [422], it is necessary to utilise high concentrations of D, sensitive spectroscopic
techniques or both in order to study these transitions. Furthermore, in consequence of
its low mass and small size, the spectroscopy of D, is additionally complicated by the
observation of Dicke narrowing in the IR region at atmospheric and lower pressures. In
order to complement the experimental work undertaken, many computational studies have
also been conducted [402, 412, 427-429]. Here, electric quadrupole absorption spectroscopy

has been used to investigate the collisional narrowing of a D, transition at 3.3 pm.

5.3.2.1 Dicke narrowing

The effect of Dicke, or collisional, narrowing [21-23, 430] on the widths of spectral lines was
initially postulated in 1953 [22] before its first experimental observation in the quadrupole
spectrum of H, in 1963 [431]. It refers to the narrowing of the Doppler broadening of a
spectral line due to elastic, velocity changing collisions between the absorbing species and
other particles. Due to the detailed balance principle, these collisions favour the transfer of
large velocities to smaller ones, leading to a reduction in the range of velocities associated
with the molecules in the sample. This results in a narrowing of the molecular velocity
distribution and hence also in the spectral Doppler distribution [23], which is manifested

as a taller and narrower overall observed profile.

Dicke narrowing occurs in situations when the pressure is high enough so that a significant
number of these elastic, velocity changing collisions occur within the dephasing time of
the system, but also when the combination of the molecular mass, pressure and pressure
broadening coefficients of the target transition means that the lineshape has a substantial
contribution from the Doppler broadening mechanism and is not dominated by the pres-
sure broadening caused by phase changing collisions, i.e. Avp > Avp. As Avp o< m~1/?2
(Equation 1.13) and Avy, « vp (Equation 1.10), Dicke narrowing is thus more likely to be
observed when studying the transitions of lighter molecules with small pressure broadening
parameters at lower pressures. For IR transitions of typical molecules at room temperature,

this corresponds to pressures of 100 Torr or less [21].

There are two major models which quantitatively describe the narrowing effects of the

velocity perturbing collisions on the lineshape, depending upon whether the collisions are
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treated as hard or soft [21]. When the collisions are considered to be hard, such as when the
mass of the perturber is much greater than that of the absorber, the velocity probability
distribution after every collision is assumed to be Maxwellian, so that the velocity of each
particle following the collision is independent of its velocity before. The lineshape obtained

from this hard collision model is described by the Rautian profile [21].

However, in the soft collision limit, which is most appropriate for light perturbers, the
effects of individual collisions are assumed to be negligible so that the final velocity is
strongly correlated to the velocity prior to the collision. Hence it is only after the cumulative
action of many collisions that a random velocity distribution is attained, at which point the
molecular dynamics may then be modelled using Brownian motion. This soft collision model
for velocity changes, with the assumption that velocity changing collisions are statistically
independent of state changing collisions, gives rise to the Galatry profile [20], which can be
written as [21, 432]:

N(x,y,2) = \}%Re [/OOO exp {—ixT —yr + % (1—21— e_ZT)} dT] (5.1)

where the dimensionless variables x, y and z are given by:

= w (5.2)
AVD
. p
= o (5.3)
kT
_ 4
§ 2remAvy D (5-4)
= 20p (5.5)

In Equations 5.2-5.5, all the frequencies are in wavenumbers, § is the line shift per unit
pressure, Avp, is the 1/e Doppler half-width related to Avp (Equation 1.13) by Av), =
Avp/ 2v/1n2, m is the molecular mass, D is the optical diffusion coefficient in cm2s! and
other variables and constants are as listed in the Nomenclature. z is termed the standardised
narrowing parameter and is related to the effective frequency of the velocity changing
collisions within the soft collision approximation. As such, z scales with pressure as shown

in Equation 5.5, where:
kT

0= W (5.6)
In this equation, the inverse pressure dependence of D has been removed to yield the
pressure-independent optical diffusion coefficient, Dy, which is a function of temperature
and some constants related to the gas species [429]. It is worthy of note that this optical

diffusion coefficient, D, is similar, but not identical, to the conventional mass diffusion
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coefficient, D,,,, which also has units of cm?s! and is approximated by [433]:

3 [T° 1
M, pg?

Dy, = 2.6280 x 10~ (5.7)
where M, is the relative molecular mass, ¢ is the molecular diameter in A and p has units

of atm.

5.3.2.2 Results and discussion

CRD spectra of the D, electric quadrupole v(1 + 0) Q(2) transition at 2987.29 cm™ were
recorded at a variety of pressures (70 — 460 Torr). Pure D, (BOC, 299917-AH) was used,
and A, set at 1064.302 nm, Ty at 84.5°C and A, stepped over the wavelength range
1560.396 — 1560.433 nm in order to generate mid-IR light between 3345.38 — 3345.94 nm
(2987.20 — 2987.35 cm™!) to cover the transition of interest.

In these experiments, very large absorbances were observed, corresponding to small 7,
values. Whilst using the single exponential decay model of Equation 1.49 and extracting
Tact from Tmeas using Equation 3.1 is a suitable method to find Tact if Tact > Tdet, it be-
comes less viable as the magnitude of T,t approaches that of 74e¢, as was the case in these
measurements. In such situations, an alternative fitting function which better models the
ring-down is required. Such a function can be created by taking the convolution of the
exponential decay of the laser light with the (assumed) exponential decay originating from
the response of the electronics of the system; this yields a sum of two weighted exponential
decays. Hence, in these D, studies, the signal intensity, I(t), at a time ¢ was fitted with

the double exponential decay model:

— STdet 7(t7toff)/7_det 7(t7toﬂ)/7_act
I(t) = p——— (Tdete Tact® ) + So (5.8)

where S and Sy are the amplitude and offset constants associated with the signal, respec-
tively, Tact and Tqet represent, as before, the true RDT and the contribution to the measured
RDT from the electronics, respectively, and t.g is the time offset. This last constant ensures
that the point ¢ = 0 corresponds to the time when the cavity mode activated the trigger
box and so the true start of the cavity ring-down, and thus is set equal to —tgisc.. In fitting
this function to the recorded data, values of tgic = 1.5 us and tg; = 40 us were used as

before, and fixed values of 7qet = 1.6 us and tog = —tgisc = —1.5 us were also utilised.

In addition to averaging a given number of RDT's at every point in the spectrum, a series of
sequential spectra of the same sample were also averaged. This methodology was employed

to average out any thermo-mechanical drifts which may have occurred during the total data
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Figure 5.9: (a)-(c) Example absorption spectra of the v(1 <— 0) Q(2) D, transition under
investigation at increasing pressures. The raw data are shown by the open circles and the
Voigt and Galatry fits by the solid red and green lines, respectively; also given are the
residuals between the two different fits and the data. In fitting the Voigt and Galatry
profiles, the Gaussian width was fixed at the expected Doppler width of 554 MHz and the
offset at zero; other parameters, including z, were allowed to float. A characteristic ‘W’
shape in the Voigt fit residual is clearly seen, indicating the occurrence of Dicke narrowing,
and this becomes more pronounced at higher pressures; in contrast, the Galatry fit residual
is much smaller and flatter showing that this profile is a better model for the lineshape.
(d) Comparison of the normalised absorption data and Galatry fits for these plots in order
to illustrate the effect of Dicke narrowing on the transition lineshape as pressure increases.
The plots have also been shifted to the 2987.293 cm™ zero pressure line position [402].

acquisition time [434, 435]. The RDT was evaluated and averaged nays = 10 times at 127

points across the spectral range with a settling time between points of tgty = 0.2 s, and

then 10 RDT spectra averaged with a settling time of 7 s between spectra. This procedure

took ~ 40 mins.

These two ideas, of extracting 7,.¢ using the double exponential fitting model of Equation

5.8 and of averaging sequentially recorded RDT spectra, were combined with Program Two

of Section 3.1.2 to obtain spectra of 7 against \;. A 1 baseline was fitted to the data, using
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Pressure Line centre HWHM Area

Take / Torr / cm! / cm! / cm™ i i3
1 73.7 2987.281 0.00838 0.667 x 1078 0.229 0.9348
2 91.7 2087.273  0.00759 0.748 x 1078 0.412 0.9311
3 104.6 2987.275  0.00665 0.913 x 10~® 0.509  0.9690
4 136.3 2987.289  0.00721 1.069 x 1078  0.529 0.9744
) 176.5 2987.272  0.00663 1.405 x 10~® 0.629 0.9730
6 192.3 2987.275  0.00604 1.476 x 107% 0.624 0.9815
7 232.6 2987.281 0.00622 1.703 x 1078 0.695 0.9845
8 264.2 2987.287  0.00563 1.976 x 10~® 0.858 0.9809
9 251.3 2087.278  0.00674 1.902 x 1078 0.676 0.9874
10 310.2 2987.282  0.00553 2.251 x 107® 0.916 0.9885
11 369.1 2987.269  0.00523 2.689 x 1078  1.027 0.9943
12 456.8 2987.284  0.00486 3.408 x 10~® 1.251 0.9936

Table 5.4: Results of Galatry fits to the recorded data of the v(1 + 0) Q(2) transition of
D, at various pressures (70 — 460 Torr). In fitting the Galatry profiles, the Gaussian width
was fixed at the expected Doppler width, Avp, of 554 MHz and the offset at zero, whilst
other parameters were allowed to float. The line centres reported have been corrected for
the —0.002 cm™'amagat™ pressure shift for this transition [424, 436]; the average of these
zero pressure line positions is 2987.279 4 0.006 cm™. R? is the coefficient of determination
and indicates how well the Galatry curve fits the data points.

either a linear (pressures < 300 Torr) or cubic (> 300 Torr) polynomial, and « calculated
using Equation 1.53. It is noteworthy that this process of averaging the 7 spectra and
then converting this average to an a spectrum gave the same result as transforming the
individual 7 spectra to « spectra before averaging these o spectra. As the former method

was easier to implement, this technique was adopted.

Examples of the absorption spectra recorded at different pressures are given in Figure 5.9.
These were fitted using both a Voigt and Galatry profile, and in both cases the vertical
offset was set at zero and the Gaussian width at the expected Doppler width of 554 MHz
whilst allowing other parameters, including the Galatry z narrowing parameter, to float. A
‘W’ structure is clearly observed in the residuals of the Voigt fits which is indicative of Dicke
narrowing, and this residual structure becomes more pronounced at higher pressures as this
narrowing effect becomes more significant. In comparison, the Galatry profile provides a

much better fit for the recorded data as the residuals are smaller and unstructured.

Table 5.4 summarises the results of the Galatry fits of the data recorded at various pressures,
and some of these properties are displayed in Figure 5.10. From these plots and data, it
was possible to calculate values for the line centre, oj and Dg of 2987.279 4+ 0.006 cm™,
2.29 +0.03 x 10727 cm?em 'molec™! and 1.20 4 0.05 cm?amagat s7!, respectively, where an
amagat is a unit of number density defined as the number of ideal gas molecules per unit

volume at 1 atmosphere of pressure and 0°C [433].
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Figure 5.10: Plots concerning the Galatry fits to the data of the v(1 + 0) Q(2) transition
of D, at various pressures. (a) The appropriateness of using a Galatry, rather than Voigt,
profile is indicated by the goodness of fit parameter, R?, for the different experimental data
sets: as pressure increases, the Voigt fit becomes increasingly worse whereas the Galatry
fit remains good. (b) The reduction in the HWHM of the Galatry fit as pressure increases,
signifying the increasing effect of Dicke narrowing. The error bars were estimated from the
frequency resolution of the fit returned by the in-house developed Galatry fitting routine
[437]. (c¢) The gradient of the plot of the area of the Galatry fit against pressure allows an
estimate of o;,; to be found; using a linear fit with the intercept fixed at the origin, oy, was
calculated as 2.294-0.03 x 1027 cm?cm™'molec™!. (d) By considering Equations 5.5 and 5.6,
the slope of the line of best fit of a plot of z against pressure can be used to find Dy; fixing
the intercept of the linear fit at the origin, Dy was estimated as 1.20 £0.05 cm?amagat s.

There are several recorded observations of Dicke narrowing for different D, transitions in
the IR in the literature; the results of these experimental studies which pertain to the
v(1l < 0) Q(2) transition under investigation here are given in Table 5.5, along with the
reported results of simulations. The findings of this work with regards to the line centre,
oint and Dy are consistent with those measured or calculated previously. Though the line
centre found in this work is 0.014 cm™ lower than that predicted by Kassi et al. [402],

this is of the order of the 0.01 cm™! error associated with the wavemeter used for frequency
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Mode Approximate type of mode Symmetry 7/ cm!

V1 CH; degenerate stretch Aq 3019
Vo CH,; symmetric stretch Ay 2937
V13 CH; degenerate stretch By 3019
V14 CH,; symmetric stretch By 2937
90 CH; degenerate stretch By 2972

Table 5.6: IR active fundamental vibrational modes of acetone over the 3.3 pm region
[405].

calibrations. Of greater significance, however, is the very good agreement between the
calculated oy and this first experimental measurement of it. Yet most importantly of all,
the fact that Dicke narrowing was clearly observed on the D, v(1 < 0) Q(2) transition,
with the features better fitted by Galatry rather than Voigt profiles, has demonstrated the
capability of the DFG CRDS system to perform high resolution spectroscopy.

5.3.3 Acetone

Acetone belongs to the Cy, point group and due to its relatively large, bulky size has a
greater number of, and more complex, vibrational modes than those of smaller absorbers
such as CH,. These manifest themselves as broad, congested IR absorption features mean-
ing that acetone is classified as a broadband absorber. Its rotational spectrum is particularly
complicated by the internal rotation of the two methyl groups and their interaction with
each other and the rigid-body rotation of the rest of the molecule [438]. There are 24
vibrational modes of acetone [405]; the IR active bands centred over the 3 um region which

are shown in Figure 5.6 are listed in Table 5.6.

Single wavelength studies, similar to those performed in Section 3.2, were conducted. A
5.37 £ 0.27 ppm calibrated mixture of acetone in N, (BOC, 166668-AK-C) was used. The
pump and signal wavelengths were set as 1064.304 nm and 1560.035 nm, respectively, and
Terys at 81.7°C, generating mid-IR radiation at 3349.299 nm (2985.70 cm?).

There were two important issues that needed to be addressed in order to carry out these
experiments. One was that, because acetone is a broadband absorber, it was necessary to
record a separate 7y value with the same cavity conditions and alignment as those used
for the sample measurements. The other was that the cavity mirror alignment altered
slightly with large changes in the cell pressure (~ 100 Torr). In order to overcome these
problems, the RDTs were recorded as follows. An evacuated cell was flushed and then
filled with approximately 90 Torr of N,, at which point 79 was measured. The cavity was

then flushed with the acetone sample, maintaining a constant, similar pressure inside the
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Figure 5.11: Change in RDT recorded using the mid-IR CRD spectrometer at a single
wavelength (2985.70 cm™) on filling the cavity with approximately 90 Torr of a 5 ppm
calibrated mixture of acetone in N,. The independent axis gives the number of RDTs
recorded, approximately one every 0.5 seconds. 79 was measured by filling the cavity with
~ 90 Torr of Ny. The cell was then flushed and filled with the sample to ~ 90 Torr,
observed as a reduction in the RDT. After a period of time, the cavity was re-flushed with
N, and a post-sample 7 recorded. By measuring the RDT with and without the sample,
and estimating the absorption cross-section of acetone for this wavelength from the PNNL
data [403], the acetone concentration was calculated; for this example, a concentration of
5.34 ppm was found.

cell, before filling with ~ 90 Torr of the calibrated mix. 7 was recorded while holding
this stationary sample of acetone inside the cavity. Afterwards, the cell was flushed and
re-filled with ~ 90 Torr N, in order to measure a post-sample 79 to check that no significant
changes in the background RDT had occurred, before evacuating the cavity ready for the
next experiment. An example of this procedure is shown in Figure 5.11, and the results
of repeated runs summarised in Table 5.7. The acetone concentration calculated from the
average of the experimental results (5.26 + 0.08 ppm) agreed well with that quoted by the
manufacturer (5.37 4+ 0.27 ppm) for this 5 ppm mixture.

Following on from these single wavelength studies, it was desired to determine the optimum
wavelength in order to perform acetone measurements in breath. This selection is dependent
on two criteria: the chosen wavelength must be one at which acetone absorbs strongly
but is also free from absorbances due to other species present in the sample. The two
strongest absorption features of acetone as determined from the experimental PNNL data
(Figure 5.6) [403], which occur at 2970 cm™ and 3017 cm™ and correspond to the vy (Bs)
and v1(A;)/v13(B1) vibrational modes, respectively, were identified as regions of interest

owing to their large and distinct absorption profiles; this latter point was significant as it
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Cal. Take P 70/ us T « Acetone conc.
mix / Torr Before After / us / cmt / ppm
1 91.8 6.134+0.20 6.06+0.21 549+0.17 6.34 x 1077 5.34
5 ppm 2 89.0 6.124+0.18 6.05+0.24 551+0.20 6.05x 107 5.26
3 89.6 6.14+0.20 6.07+0.18 5534+0.20 6.00 x 1077 5.18
5.26 4+ 0.08

Table 5.7: Results of the single wavelength studies of the 5.37 4+ 0.27 ppm calibrated

mixture of acetone in N, at 2985.70 cm™'. All experiments were performed at sample

pressures of approximately 90 Torr. 7y values were recorded before and after the intro-
duction of the sample into the cavity, with those measured before used to calculate the
absorption. An estimate of the absorption cross-section of acetone at this wavelength
(0 =3.96 x 1072 cm?molec™!) from the PNNL data [403] was used to find the concentra-
tion of acetone. An average of the results of the acetone concentration in terms of ppm for
the calibrated mixture was then computed (value at base of ‘Acetone conc./ ppm’ column);
this agreed well with the expected value.

allowed for the potential of recording spectra over a wavelength range to observe changes in
absorbance and therefore fit the spectral feature. Simulations of the absorbance of acetone
at concentrations of 1 ppm and 5 ppm in a breath-like matrix (2% H,O in air) at 100 Torr
for these two ranges are shown in Figure 5.12, using the 1.84 km effective path length found
in Figure 5.5(a) in Section 5.2.3 and data from the HITRAN 2004 [14] and PNNL [403]
databases. It can be seen that in both regions the absorbance by acetone is appreciable,
but the 2970 cm™ feature was judged preferable for study as acetone absorbs more strongly

here and it suffers less from interference by other absorbing species.

On fixing the pump laser wavelength at 1064.3 nm, it was calculated that a signal laser
source operating at 1556.2 nm and 1567.7 nm would be required to monitor the features at
2970 cm™! and 3017 cm™, respectively. Furthermore, in order to scan over the FWHM of
the absorption features, it was also determined that the signal source in both cases needed a
tunability of £0.3 nm about the central wavelength. Thus whilst the 3017 cm™ feature was
accessible using the DS-DBR as the signal source, the preferred absorbance at 2970 cm™

was not.

As such, a DFB diode laser (Fitel, FRLI5DCWD-A81-19265-C) centred at 1556.2 nm with
a 1 MHz linewidth and 40 mW output power was purchased. This was substituted for
the JDSU 1560 nm diode laser previously used as the signal source (Sections 4.3, 5.2 and
5.3.1, Figure 5.1(a)) and Ty altered accordingly in order to maximise the generation of
mid-IR radiation at the new wavelength of 2970 cm™. Although light of a similar power to
earlier experiments was produced, noisy cavity modes were observed which were broader
and lower in peak amplitude than expected (Figure 5.13). This effect was similar to the
behaviour seen earlier when the DS-DBR, was used as a near-IR light source for CRDS
(Section 3.3.2.1). These previous studies with the DS-DBR had revealed, however, that



154 Chapter 5
04 1 ] \ —— 1 ppm acetone
T 0.4 —— 5 ppm acetone
1 ——CH,
] ] ——HO
2
. 0.3 034
e 3
[ =
. g
2 0.2 4 § 0.2
<< < 1L [ Y
0.1 0.14
] L WRAATA
0.0 0.0 T T T T 1
2966 2968 2970 2972 2974 3012 3014 3016 3018 3020 3022
Wavenumber/ cm” Wavenumber/ cm”
-1 -1
(a) 2970 cm (b) 3017 cm

Figure 5.12: Simulations using HITRAN 2004 [14] and PNNL [403] data of the expected
absorbances of 1 ppm and 5 ppm acetone in breath (2% H,O in air) over the 2970 cm™
and 3017 cm™' regions, using the measured effective path length of the CRDS system of
1.84 km.
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Figure 5.13: Cavity transmission of mid-IR light using two different DFB diode lasers
as the signal radiation source. The same cavity, cavity scanning conditions and pump
radiation source (A, = 1064.298 nm) were used in both cases, as well as the different
optimum 7,y required for the different wavelengths. From Equation 1.39, the cavity
modes for this mid-IR system were predicted to have widths of Avyoqe = 25 kHz. In the
upper trace, the JDSU 1560 nm DL was used as the signal source with Ay = 1559.896 nm
and Terys = 83.5°C to generate 15.0 pW of mid-IR light at 2985.181 cm™!; strong, sharp
cavity modes (Lorentzian FWHM of 0.3 MHz, limited by the DL linewidth) were observed
which could be discriminated by the trigger box and so used to record RDTs. In the lower
trace, the Fitel 1556 nm DL was used as the signal source with A; = 1556.323 nm and
Terys = 70.6°C yielding 13.5 pW of mid-IR light at 2970.463 cm™; much wider, noisier
and weaker cavity modes (Lorentzian FWHM of 5.5 MHz) were now seen, which were too
small for the trigger box to detect.
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the noisy cavity modes could still be used to report accurate RDTs. But whereas in the
case with the DS-DBR in the near-IR an amplifier could be used to boost the signal of the
weak, noisy cavity modes so they could be detected by the trigger box and hence activate
the system, this was not possible with the Fitel 1556 nm DL in the mid-IR because the
signal had already been pre-amplified by the detection module; this action had introduced
a large 7get (~ 1.6 ps) relative to 7act (~ 6 ps) thereby making a significant contribution
t0 Tmeas (Equation 3.1), and any further increase in 74e4 would have led to an even greater
uncertainty in 7.t found. So although the Fitel laser linewidth was nominally 1 MHz, its
bandwidth was sufficiently large compared to that of the JDSU laser that high quality
modes could not be observed in the mid-IR; the reduced height of these modes meant they
could no longer be distinguished by the trigger box and hence no ring-downs could be
recorded. This highlights a significant problem when buying commercial products where

only minimal specifications are provided.

5.4 Improving the DFG-Based CRD Spectrometer

5.4.1 Alterations

Towards the end of this work, two major changes were made to the DFG-based CRD
spectrometer in order to increase its sensitivity levels and improve its performance. The
first was to substitute the pump DL used heretofore with a more powerful (500 mW),
single-mode Nd:YAG laser (Laser Quantum, Forte-S 1064 500 mW) in order to maximise
the amount of mid-IR radiation generated (Equation 4.36). This laser was not fibre-coupled,
but the collimated beam output had a Gaussian beam profile with a spot size of 1.1 mm,
which was similar to the 1.2 mm value measured after the fibre coupler of the DL used
earlier. Additionally, the typical operating wavelength of the YAG laser was observed to
be 1064.525 nm, which was slightly higher than the usual 1064.300 nm output of the pump
DL employed before. However, simulations indicated that this change in A\, by +0.2 nm
only required an increase in Tirys of 0.1 — 0.4°C compared to values found previously over
the 1560 — 1615 nm signal wavelength range. A comparison of the mid-IR power levels

attained with the different pump radiation sources is given in Table 5.8.

In contrast to the manufacturer’s specification, the YAG was not observed to exhibit
exclusively single-mode behaviour, but fluctuated between single- and multi-mode be-
haviour with time. This effect was monitored using a spectrum analyser with a FSR
of 10 GHz (Melles Griot, 13SAE046) and an oscilloscope (LeCroy, Waverunner 6100A,
1 GHz, 10 GSa/s), as shown in Figure 5.14. It was noted that drifts between the two differ-

ent behaviours was most prominent after the laser was initially switched on, and that the
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DFB + 4.3.3
DBR  1064.295 66 C-band EDFA 1560.800 112 30.00 84.3 3345.69 15.8 0.053 591
YAG 1064.527 214 DFB + 1560.748 117  30.00 84.5 3348.22 734 0.073 5.4.1
' C-band EDFA ' ' ' ' ' ‘ o

Table 5.8: A comparison of the mid-IR radiation generated using the DBR DL and YAG
as the pump laser. Both the pump and signal powers are those measured incident on the
PPLN, i.e. in the case of P, after the OI, and for P, after the IL-OI, EDFA and AOM.
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Figure 5.14: Transmission spectra of the 10 GHz, 1064 nm spectrum analyser when
seeded with light from (a) the 1064 nm DL and (b), (c¢) the Nd:YAG laser. In (a), single-
mode behaviour of the DL is observed, whereas the YAG laser alternates between (b)
single-mode and (¢) multi-mode behaviour with time; these two traces were recorded 2 mins
apart.

severity of the multi-mode behaviour also varied. In general, once fully warmed, the laser
displayed periods of single-mode behaviour lasting between 10 — 30 mins. Hence, to ensure
experimental data was only recorded during these times of desired single-mode behaviour,
the waste pump radiation reflected by the Ge filter (Figure 5.1(a)) was injected into the

spectrum analyser and the result constantly monitored to inspect the YAG performance.

In addition to changing the pump radiation source, a new detector and amplification system
was also installed. This new detector was a 4-stage thermoelectrically cooled HgCdZnTe
photodiode (MCZT-PD) detector, optimised for detection at 3.4 pum, which was coupled
with a 20 MHz pre-amplifier (Vigo Systems, PVI-4TE-3.4/MIPDC-F-20); full details are
listed in Table 1.1. The high bandwidth of this detection module meant that a custom-
built variable gain, variable low pass filter amplifier could be used in conjunction with
the detector to enhance the output signal with a corresponding small increase in response
time, whilst still being faster overall than the previously utilised PVI-2TE-4/VPDC-0.11
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Gain Tdet/ WS

15dB  x5.6 0.55
20dB  x10.0 0.55
25dB  x17.8 0.53
30dB x31.6 0.52
35dB  x5H6.2 0.52
40 dB  x100.0 0.51
45dB  x177.8 0.51
50 dB x316.2 0.50
55 dB  x562.3 0.49

Table 5.9: A table of the gain settings and associated 7T4et of the new detector and
amplification system, using the 500 kHz low pass filter on the amplifier.

detection module. Table 5.9 gives the gain settings accessible with this amplifier, as well
as the measured Tqe; of this combined new detector and amplifier system when using the

500 kHz low pass filter on the amplifier.

5.4.2 Characterisation

The pump and signal wavelengths were set at 1064.527 nm and 1560.742 nm, respectively,
generating mid-IR light at 3348.250 nm (2986.64 cm™'). This light was coupled into an
evacuated cavity and cavity modes with the new system (using a gain setting of 25 dB and
a low pass filter of 500 kHz on the amplifier) were observed; an example is shown in Figure
5.15. 960 ring-downs were then sequentially recorded over 4.5 mins, which were fitted with
the LRS fitting routine described in Section 3.1.2 and 7y extracted using Equation 3.1 with

Taet = 0.53 ps; an example of such a ring-down and fit is shown in Figure 5.16(a).

Again, it was noted that the effectiveness of the triggering on the cavity modes, and the
requirement for conditioning criteria to filter the results, were significant factors in the
overall conversion of cavity modes into valid RDTs. Here, results were discarded if the
R? values of their exponential fits were lower than 0.95 or the RDT was outside the +3

standard deviation range of the overall average.

The filtered results of this data set were used to construct an Allan variance plot [225], shown
in Figure 5.16(b). From this plot it was seen that the maximum sensitivity corresponded
to an average of 537 RDTs, with 79 = 5.9840 + 0.0007 ps (1o), yielding an i, of 6.4 X
10719 e¢m™ over 151 s (amin(BW) = 7.8 x 1079 ecm'Hz'/2). This is better than the
optimal i, of 2.9 x 107 cm™ attained by averaging 730 RDTs over 44 s (qumin(BW) =
1.9%x 1078 cmtHz Y/ 2) found using the previous pump laser and detection system in Section

5.2.3.
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Figure 5.15: Cavity transmission of the mid-IR light on scanning the PZT of the improved
DFG-based CRD spectrometer, in which the pump radiation source was replaced with a
more powerful YAG laser and a new detector and amplification system utilised, with the
amplifier settings at 25 dB gain and 500 kHz low pass filtering. Once again, a well-aligned
CRDS cavity, supporting predominantly TEMyy modes, was achieved.
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Figure 5.16: Ring-downs recorded of an evacuated cavity at a single wavelength
(3348.250 nm). (a) An example of a ring-down trace with the raw data given by the
open circles (only a reduced number of data points are shown for clarity) and the expo-
nential fit by the solid line; the residuals between the two are given in the lower plot. The
fitting routine only used data recorded 1.5 — 41.5 us after the trigger and returned a 7y of
6.03 us, indicating a mirror reflectivity of 0.9996 and effective path length of 1.81 km. (b)
An Allan variance plot of the o, values calculated from sequentially recorded ring-downs
under the same conditions over 4.5 mins. The results were filtered so that only ring-downs
which had fits with R? > 0.95 were used. Inspection of this plot indicated that an optimum
number of ring-downs to record and average per point would be 537, giving an a, of
6 x 10710 cm!.
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Figure 5.17: Change in RDT recorded using the improved mid-IR, CRD spectrometer at
a single wavelength (2985.70 cm™) on filling the cavity with approximately 90 Torr of a
5 ppm calibrated mixture of acetone in N5, following the same procedure as that described
in Section 5.3.3. For this example, the acetone concentration was calculated as 5.30 ppm.

5.4.3 Spectroscopic measurements

In order to test this improved mid-IR spectrometer, single wavelength studies of the 5.37 +
0.27 ppm calibrated mixture of acetone in N, were repeated. The pump and signal wave-
lengths were set as 1064.525 nm and 1560.510 nm, respectively, and Ty at 81.8°C,
generating mid-IR radiation at 3349.299 nm (2985.70 cm™). The same methodology as
outlined in Section 5.3.3 was applied; an example of one of the experimental runs is
shown in Figure 5.17, and the results from four different trials are given in Table 5.10.
Once again, the acetone concentration calculated from the average of the experimental
results (5.24 + 0.06 ppm) compared favourably with that specified by the manufacturer
(5.37 £ 0.27 ppm), and also agreed well with the value found using the previous CRD
spectrometer set-up (5.26 &+ 0.08 ppm).

5.5 Conclusions

The combination of mid-IR light generated by QPM-DFG (Chapter 4) with CRDS (Chapter
3) is an attractive strategy for gas sensing spectroscopic applications and in this chapter,
it has been demonstrated that an all DL sourced DFG-based CRD spectrometer at 3 pm

is a viable and useful technique for such a purpose.
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Cal. Take P 70/ Us T « Acetone conc.
mix / Torr Before After / us / cm! / ppm
1 87.4 6.32+024 6.26+0.25 5.64+0.25 585x 107 5.18
5 m 2 86.5 6.26 £0.23 6.31+0.25 5.69+0.24 5.82x1077 5.21
PP 3 908 6314025 6304028 5644022 6.21x 1077 5.30
4 83.4 6.17+0.26 6.23+0.27 5.63+0.23 571 x 107 5.30
5.24 + 0.06

Table 5.10: Results of the single wavelength studies of the 5.37 + 0.27 ppm calibrated
mixture of acetone in N, at 2985.70 cm™ found using the improved DFG-based CRD
spectrometer. The 7y values measured after the introduction of the sample into the cavity
were used to calculate the absorption, and an estimate of the absorption cross-section of
acetone at this wavelength (o0 = 3.96 x 1072° cm?molec™!) from the PNNL data [403] was
used to find the concentration of acetone. An average of these results was then computed
(value at base of ‘Acetone conc./ ppm’ column).

Light from a 1560 nm diode laser, amplified by an EDFA, was mixed with 1064 nm radiation
from another diode laser in a bulk PPLN crystal to generate mid-IR light with powers of
10 — 20 pW. This light was injected into a 77 cm long cavity with mirror reflectivities of
0.9996 to give cavity modes which were used to perform CRDS. On flushing the cavity
with No, a 79 of 6.07 us with a standard deviation of 0.03 pus was measured, implying
a minimum detectable absorption coefficient of 2.8 x 1078 cm™ over 6 s (qpin(BW) =
6.9x10~8 cm™Hz Y/ 2) when filtering and averaging 100 ring-downs per point. Allan variance
analysis indicated an optimal apyi, of 2.9 x 1072 ecm™ by averaging 730 RDTs over 44 s
(min(BW) = 1.9x 1078 em™'Hz'/2). Such sensitivities are comparable with the only other

similar study reported in the literature, that of Stry et al [94].

The use of the DFG CRDS system for spectroscopic applications was illustrated by per-
forming experiments on a variety of molecules. Initially, the mid-IR CRD spectrometer was
used to investigate the narrowband absorber CH, at low pressures (< 25 Torr). Studies of
the (2 Fy 9 < 3 Fy 1) P(3) transition in the fundamental v3(F3) band at 2988.933 cm™!
were used to find the concentration of CH, present in a 7.5 ppm calibrated mixture of CH,
in air and in breath samples from both methane and non-methane producers. The results,
7.59 £ 0.16 ppm, 29.4 + 1.0 ppm and 2.26 &+ 0.10 ppm, respectively, correlate well with the
anticipated concentrations. The Lorentzian widths of the Voigt fits of the spectra were also
of the order expected given the pressure regimes used. The optimal ai, of 2.9 x 1072 cm™!

implied a detection limit of 5 ppb over 42 s for the same conditions.

The spectrometer was then used to study the v(1 «— 0) Q(2) transition of D, at 2987.29 cm™
to assess the ability of the system to perform high resolution spectroscopy. The absorption
profile of this transition was measured at various pressures (70—460 Torr) and was observed

to narrow as pressure increased due to Dicke narrowing. This was clearly demonstrated



CRDS and QPM-DFG for Mid-Infrared Spectroscopy 161

by the characteristic ‘W’ feature seen in the residuals between the data and Voigt fits,
which became more apparent at increased pressures. Instead, the lineshapes were more
accurately represented by Galatry profiles, which accounted for the collisional narrowing.
The fact that the system could detect these differences in lineshape demonstrated its ca-
pacity for high resolution work. From these measurements, a ojyt value for this transition
of 2.29 +0.03 x 10727 cm?cm 'molec! was also found, which was in very good agreement

with that predicted by theoretical calculations of 2.378 x 10727 cmZcm 'molec.

Measurements of acetone were also conducted in order to assess the capability of the
DFG CRD spectrometer to detect broadband absorbers. Single wavelength studies at
2985.70 cm™ of a 5.37 & 0.27 ppm calibrated mixture of acetone in N, were carried out by
recording 79 and 7 values at this wavelength with the cavity filled with ~ 90 Torr of N,
and the sample, respectively. The calculated concentration of 5.26 4+ 0.08 ppm compared

favourably with the expected value.

Finally, two modifications to enhance the sensitivity of the DFG-based 3 um CRD spectrom-
eter were made: a 500 mW Nd:YAG laser was substituted for the pump radiation source in
order to boost the amount of mid-IR power, and a new detector and amplification unit, ca-
pable of recording data faster with larger amplification gains, was emplaced. These amend-
ments led to an improvement in the maximum sensitivity achievable with the spectrometer,
with Allan variance measurements signifying a new optimal apiy of 6.4 x 1070 em™! over
151 s (amin(BW) = 7.8 x 1079 em™'Hz'/2). The spectroscopic utility of this system was
then tested by repeating the single wavelength studies at 2985.70 cm™' of the 5 ppm cal-
ibrated mixture of acetone in Ny; this time, an acetone concentration of 5.24 + 0.06 ppm

was calculated.

The results of all these experiments indicate that the DFG CRD spectrometer is capable of
measuring high resolution spectra with high sensitivity. However, whilst the DLs used in
the DFG system used here offer many advantages, they only cover a small spectral range.
Replacing the 1560 nm diode laser with the widely tunable DS-DBR laser of Chapter 2
would evidently allow a larger range of mid-IR radiation to be generated (3000 —3200 cm™),
and this use of the DS-DBR as the signal laser for DFG, and the combination of the resultant

mid-IR radiation with optical cavity techniques, is the subject of the following chapter.






Chapter 6

Combining the DS-DBR Laser
with QPM-DFG for Mid-Infrared
Spectroscopy

Throughout this thesis, it has been emphasised how a broadband, cavity-based spectrom-
eter in the mid-IR would be a sensitive and selective approach for gas sensing. Three
distinct elements, each addressing one of these separate aspects, have been studied and
developed in this work: the widely tunable DS-DBR laser (Chapter 2), the CRD spectrom-
eter (Chapter 3) and the QPM-DFG system for the generation of mid-IR light (Chapter
4). Some of these components have already been successfully paired: the DS-DBR laser
has been combined with the CRD spectrometer for near-IR CRDS (Section 3.3) and the
mid-IR radiation produced by the DFG system has been coupled into a cavity to perform
mid-IR CRDS (Chapter 5). In this final experimental chapter, the last remaining permu-
tation, namely the use of the broadband DS-DBR laser with the QPM-DFG system, is
explored. The applicability of this arrangement for high resolution, mid-IR spectroscopy
over an extended wavelength range is demonstrated by the use of this radiation for direct
absorption spectroscopic studies of methane and methanethiol, and also for WMS for the
former species. Then, as a culmination of all that has gone before, the chapter concludes
with work performed to unite all three disparate entities to achieve the goal of creating a
DS-DBR sourced, DFG-based mid-IR cavity-based spectrometer.

163
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6.1 Using the DS-DBR Laser as the Signal Source for QP M-
DFG

The work presented in this chapter was conducted using the QPM-DFG experimental set-up
described in Section 4.3.1 and illustrated in Figure 4.11, with the DS-DBR laser replac-
ing the DL as the signal source [205]. For the work performed in Section 6.2, in order
to access the whole mid-IR spectral coverage possible given the different and extended
signal wavelength range provided by the DS-DBR, one further change was required: an
alternative EDFA covering the telecommunications L-band. This EDFA (Nuphoton Tech-
nologies, NP2000-L1-PR-B25-1200-FCA-01) was designed to give saturated output power
in the 1568 — 1603 nm region of up to 26 dB, but as only one of the pump lasers could be
used, the signal power was only amplified to 63 mW. All other elements and particulars
of the system, however, remained the same. Using this L-band EDFA, up to 2.6 yW of

1

mid-IR radiation was generated, resulting from a conversion efficiency of 0.016% W-tcm™,

which was a typical performance for this configuration [311, 331, 354].

As before, the wavelength of the pump DL was fixed at 1064.3 nm and mid-IR wavelength
tuning achieved by scanning the signal laser. The 1563 — 1613 nm spectral range of the DS-
DBR meant that this set-up had the potential of generating cw mid-IR radiation between
3130 — 3330 nm (3000 — 3200 cm™). In order to scan across the entire mid-IR frequency
range obtainable with this signal and pump laser combination, the physical properties
of the PPLN, namely its poling period and temperature, also had to be considered, as
discussed previously. The calculations of Section 4.3.2, which are summarised in Figure
4.13, revealed that to access all the possible wavelengths of the DS-DBR DFG system,
two different poling periods (i.e. tracks in the PPLN crystal) of 30.25 pm and 30.50 pm,
together with temperatures in the range of 25 — 85°C, were required [439]. All of the initial
work presented here was conducted with just half of the wavelength range available, so
only one track with A = 30.25 um was used. However, the temperature of the crystal still
needed to be tuned as the DS-DBR was scanned to ensure generation of a significant level

of mid-IR power.

By finding the optimum crystal temperature, 1oy, for various signal wavelengths, a rela-
tionship between these two parameters was determined (Figure 6.1(b)) which allowed Topt
to be estimated and implemented for every spectrum recorded; this calculated relationship
was observed to work well experimentally, giving optimal conversion and high mid-IR pow-
ers, at all the wavelengths studied in this work, which can be attributed to the sufficiently
spread nature of the data points used in its computation. Figure 6.1(a) shows an example

of one temperature tuning curve recorded for pump and signal wavelengths of 1064.288 nm
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Figure 6.1: Temperature tuning curves recorded of the mid-IR light generated by the
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QPM-DFG set-up when using the DS-DBR as the signal radiation source.
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and 1579.081 nm, respectively, translated into the AkqpnLerys/2 domain. This plot pos-
sesses the usual asymmetry observed for QPM tuning curves with focused Gaussian beams
[127, 244]. However, it is noteworthy that the maximum does not occur in the negative
Akqpm Lerys /2 region as predicted by theory (Section 4.2.5). This positive shift is a common
feature among such tuning curves [333, 340] and is possibly due to the inaccuracies in the
quoted poling period of the PPLN crystal. Indeed, in order to shift the peak position of
Figure 6.1(a) to the negative region, a decrease in A of just 29 nm is required which has
the same order of magnitude as the uncertainty reported by the manufacturer of the PPLN
crystal (£10 nm). The FWHM of the temperature tuning curve in Figure 6.1(a) is 4.5 in
the Akqpm Lerys/2 domain and 9.5°C (centred at 62.3°C) in the temperature domain.

6.2 Non-Cavity-Based Mid-Infrared Spectroscopy Using the
Combined DS-DBR Laser and QPM-DFG System

The set-up outlined in Section 6.1 was used in single-pass direct absorption experiments
on both narrowband and broadband absorbers, namely CH, and methanethiol (CH,SH),
respectively [205]. WMS was also performed on CH,.

To record spectra across the wavelength range of interest, the internal scanning mode of
the DS-DBR, as described in Sections 2.2.2.1 and 2.3.1, was employed. The reliability
and reproducibility of the DS-DBR meant the mode-hop free scan settings and absolute
wavelength calibrations performed using CO, in Section 2.3.1 were able to be used in these
experiments to generate a mid-IR frequency scale. In all of these studies, the scan rate
of the DS-DBR was set at 1.3 Hz and a fast oscilloscope (Agilent, MSO8104A Infiniium,
1 GHz, 4 GSa/s) utilised for data acquisition.

6.2.1 Methane

As expected given the mechanism of the DFG process, the properties of the DB-DBR in the
near-IR were transposed to the mid-IR. This included favourable characteristics such as a
good quality beam shape, but also less advantageous attributes like the occurrence of mode-
hops on scanning the laser frequency. These mode-hops are jumps in frequency of ~ 1.7 cm™!
(determined by the laser cavity geometry) which result in gaps between continuous regions
of recorded spectra and the number of mode-hops, as well as the wavelength range between

them, varies depending on how the laser is scanned (Section 2.2.2.1).

This translation of the modulation characteristics of the DS-DBR laser observed in the near-

IR to the mid-IR was confirmed by absolute frequency measurements of the absorption lines
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Figure 6.2: The CH, transmission spectrum (upper, black) and corresponding 500 MHz
Ge etalon trace (lower, red) on scanning the DS-DBR; traces have been offset for clarity.
The scan settings used in this case result in the presence of mode-hops, indicated by dashed
vertical lines. The Ge etalon allowed the spectral ranges of the mode-hop free regions to
be determined (red numbers). Absolute wavelength calibrations were possible for those
segments containing CH, peaks (black numbers) which allowed the size of the mode hops
to be estimated (grey values).

of CH, (BOC, CP grade, 99.995%) and relative frequency measurements using a 500 MHz
Ge etalon, as illustrated in Figure 6.2. The DS-DBR was scanned over a large wavelength
range (18.4 cm™) which encompassed several mode-hops. Relative frequency calibration
was possible using the Ge etalon for all of the mode-hop free regions in the spectrum, but
absolute calibration was only feasible for those regions containing CH, transitions. The
size of the mode-hop jump for the scan settings used here was calculated as 1.7 cm™!, a

value which depends on the front pair selected.

It is notable that the overall intensity variation of the spectrum strongly resembles the shape
of the conversion efficiency curve of Figure 6.1(a). In this case, however, the PPLN was set
at one temperature and the wavelength scanned. The temperature was chosen in order to
optimise the signal at the central wavelength of the spectrum, so the conversion efficiency,
and hence signal, at the wings is lower. From Figure 6.2, the FWHM for the conversion

efficiency in the frequency domain was estimated as 8.6 cm™, which corresponded to 3.7 in
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the AkqpmLerys/2 domain. This is larger, as expected, than the FWHM predicted by the

plane wave approximation for this case (2.8 in the AkqpmLerys/2 domain).

6.2.1.1 Direct absorption spectroscopy

The pump laser wavelength, \,, was set at 1064.289 nm. The signal wavelength, A,
was scanned by applying 40 mode-hop free scan settings (as found in Section 2.3.1 [202])
to the DS-DBR, covering a range of 1567.3 — 1588.0 nm, along with their corresponding
optimal Ty, 26.3 — 83.2°C, over a period of 5.5 hours. The resultant idler radiation of
3016 — 3096 cm™! was passed through a 10 cm long glass cell with CaF, windows filled with
0.18 Torr of CH, and 6 Torr of humid air. Each spectrum was averaged over five scans,

each scan taking 0.8 s to acquire.

The overall CH, direct absorbance spectrum, formed by stitching together these 40 indi-
vidual spectra, is shown Figure 6.3(a). The major absorption lines correspond to the @
and R branches of the fundamental v3(Fy) transition of CH,, centred at 3015 cm™ (tran-
sitions labelled using notation introduced in Section 5.3.1). Figure 6.3(b) is a horizontally
expanded version of Figure 6.3(a) and Figure 6.3(c) shows an example of a Voigt fit to one

of the absorption lines.

For comparison, a simulation of the expected absorbance for the experimental conditions
is included as the lower plots in Figures 6.3(a) and 6.3(b). This simulation was calculated
using data from the HITRAN 2004 database [14] and is composed of two parts: firstly,
the contribution from the 10 cm cell filled with 0.18 Torr CH, and 6 Torr moist air, and,
secondly, the absorption by 1% H,O in air at 760 Torr over a 90 cm long open path. This
last part corresponds to the absorption which took place before the radiation entered the
cell and was required to account for the broadened H,O absorption lines present in the
spectrum. The simulation is in good agreement with the recorded data in terms of both

the positions and intensities of the absorption features.

The Voigt fitting of the (6 Ay 8 + 6 A 1) Q(6) transition in Figure 6.3(c) also returned
good fitting parameters. The Gaussian width was fixed at the expected Doppler width of
280 MHz, and the fitted value for the Lorentzian width found to be 46+1 MHz. Considering
the pressures of CH, and buffer present in the sample, the expected Lorentzian width due

to pressure broadening using values from the HITRAN database [14] was 30 £ 6 MHz.

While the frequency calibration was excellent at the low wavenumbers recorded at the
beginning of the data acquisition period (Figure 6.3(b)), small drifts in the frequency cal-
ibration were observed at higher wavenumbers which were recorded at later times. These

drifts were not always of the same magnitude, nor even in the same direction. For example,
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Figure 6.3: CH, direct absorption spectra. (a) The CH, direct absorption spectrum
across the entire frequency range of 3016 — 3096 cm™. (b) A zoom in of this in the
3015.5 — 3019.0 cm™ region. The absorption lines correspond to the @ and R branches
of the fundamental v3(F») transition. In (a) and (b), the lower traces are simulations
calculated using HITRAN 2004 data composed of two parts: firstly, absorption due to 1%
H,0 in air at 760 Torr over a 90 cm long open path and, secondly, absorption by 0.18 Torr
CH, and 6 Torr moist air in a 10 cm long cell. (¢) An example of a Voigt fit (solid line)
to the data (open circles), using the 3017.47 cm™ (6 Ay 8 <~ 6 A; 1) Q(6) transition. A
reduced number of data points are displayed for clarity.
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a drift in frequency of 4+0.01 cm™ was observed at the transitions centred at 3057.7 cm™
and of +0.02 cm™ at 3076.7 cm™!. These offsets might have been due to a drift in the
wavelength of the pump laser with time, a problem which could be rectified by constant
monitoring of A\, during spectra acquisition. However, it is worth emphasising that these
drifts of ~ 0.02 cm™" were small relative to the range of wavenumbers covered by the entire

spectrum (83 cm™).

6.2.1.2 Wavelength modulation spectroscopy

Further spectroscopic studies were conducted on the four R(5) absorption lines in the v3
vibrational band at 3076.7 cm™ using 2f-WMS (Section 1.2.1.1). Terys was set at 71.2°C.
Both the rear and phase injection currents, 4, and %,, respectively, of the DS-DBR were
ramped in order to scan \,, covering a wavelength range of 3076.5 — 3076.8 cm™ in the
mid-IR. This light was passed through a 46.5 cm long aluminium box with CaF, win-
dows containing 12 mTorr of CH, in 12.1 Torr of N,; the composition of this sample was
confirmed by fitting Voigt profiles to the direct absorption spectrum. Although four ab-
sorption features were seen in this wavelength range, only the features at 3076.68 cm™' and
3076.73 cm™' were examined in detail as they had the property of having almost the same

linestrength, and so approximately the same amplitude in the direct absorption spectrum.

A lock-in amplifier (Stanford Research Systems, SR830) was used to encode the detected
signal at a 1.3 kHz modulation frequency and afterwards to demodulate it at the second
harmonic (n = 2) of the reference frequency. A lock-in time constant of 1 ms was used and

spectra were averaged over 10 scans.

The novel property of performing WMS using the DS-DBR laser, as seen in Section 2.3.1,
is the ability to modulate either 4, or i,,, WMS spectra were recorded for both possibilities,
and in both cases at low and high amplitudes of the modulating signal as defined by the
lock-in amplifier, A,,. The resultant data are shown in Figure 6.4(a). Although these two
absorptions should be the same size as each other in all of these WMS spectra (as they have
very nearly the same height and width in the direct absorption spectrum), they plainly are
not. This is due to the fact that for a fixed lock-in amplifier modulation amplitude, A,, in
mV, there is a variation in the optical frequency modulation amplitude, a,, in cm™, with
frequency across the scan, which distorts the relative heights of the transitions; the same
behaviour was observed when using the DS-DBR to conduct WMS in the near-IR (Section
2.3.1). This yet again illustrates that the performance and properties of the DB-DBR in
the near-IR have been translated to the mid-IR via the DFG process.

This behaviour was investigated further by recording the signal from a 2.32 GHz spectrum
analyser (Melles Griot, 13SAE906) monitoring the near-IR light output from the DS-DBR
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Figure 6.4: (a) 2f-WMS spectra of the 3076.68 cm™ (6 F; 21 < 5 Fy 1) R(5) and
3076.73 cm™t (6 F» 24 <~ 5 Fy 1) R(5) CH, transitions of a 12 mTorr sample of CH, in
12.1 Torr of N,, recorded when modulating the phase and rear injection currents of the
DS-DBR at low and high lock-in amplifier modulation values, A4,,. (b) Simulation of the
2f-WMS peak-to-peak signal amplitude against modulation index, b. The arrows represent
the range of b values accessed using the different A,, settings investigated. The direction
of an arrow corresponds to the direction of increasing wavenumbers in the WMS spectrum,
and the length corresponds to the range of b and a,,, in cm™, covered.
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_ . . -1 . _ .
Modulation Meas. pk-pk heights  Gradient am/ cm™ at position Pred. pk-pk heights

Ln 1/Ln 2 (@m V) Lnl Ln2  Error Ln 1/Ln 2

None, i.e. direct 1.00
Phase Low A4,, 1.11 0.0020 0.0034 0.0035 0.0001 1.05+£0.08
High A,, 1.00 0.0149 0.0175 0.0182 0.0002 0.99 +0.01
Rear Low A, 0.67 —0.0157 0.0041 0.0034 0.0003 0.74 £0.18
High A,, 1.08 —0.0754 0.0184 0.0148 0.0020 1.09 £+ 0.09

Table 6.1: Table with ratios of the 2f-WMS peak-to-peak heights for the WMS data
(Meas. pk-pk heights) and those predicted using the simulation of Figure 6.4(b) (Pred.
pk-pk heights). The two lines are two different R(5) transitions in the fundamental v
vibrational band: ‘Ln 1’ corresponds to the 3076.68 cm™ (6 Fy 21 < 5 Fy 1) R(5) tran-
sition, ‘Ln 2’ to the 3076.73 cm™ (6 Fy 24 + 5 F; 1) R(5) transition. The gradient is
the slope of the linear fit of the optical frequency modulation amplitude versus relative
wavenumber (a,, v D) calibration. This relationship was used to calculate the a,, at the
positions of the two transitions of interest. For a given set of experimental modulation
settings, the predicted peak-to-peak height can take a range of values due to the error in
the determination of a,, at Ln 1 and Ln 2.

when it was subjected to the same scan and WMS modulation settings. The known FSR
of the spectrum analyser allowed for calibration from the time to the relative frequency
domain, and the widths of the spectrum analyser transmission features were then used to
calculate a,,. Hence the variation of a,, with relative wavenumber, 7, as the DS-DBR

was scanned was determined.

A simulation of the 2 f-WMS peak-to-peak signal amplitude against the modulation index
b (Equation 1.35) was generated for a low pressure (Doppler-limited) system, and this is
shown together with an overlay of the a,, regions scanned by the different A,, modulation
settings experimentally applied in Figure 6.4(b). In this plot, the direction of the arrows
correspond to the direction of increasing wavenumbers in the WMS spectra, and the lengths
correspond to the range of a,, covered over the scan range. The effect that the change in
modulation depth has on the observed trend in peak-to-peak heights across the WMS spec-
tra is illustrated by the corresponding arrow in Figure 6.4(b) in terms of both the direction
and amplitude of change, as seen in Table 6.1. An oy (BW) of 3.1 x 1076 cm™'Hz /2 was
calculated for the absorption feature at 3076.73 cm™.

This work demonstrated, once again, the need for care when using the DS-DBR laser
for WMS, especially for quantitative studies such as calculating quantum state resolved
populations. The laser can be frequency tuned by scanning i,, i, or both, and then WMS
performed by applying a modulation to either i, or ¢,. Depending on the scanning and
modulation settings chosen, the A,,-a,, relationship will be different, i.e. the position,
direction and length of the corresponding arrow in Figure 6.4(b) will change. As such, a
different A,,,-a,, calibration would be required for every set of scan and modulation settings

used.
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Figure 6.5: Absorption cross-section of CH;SH at 3 um, estimated from the 1 ppm-
meter, 760 Torr, 296 K CH;SH absorption spectrum reported in the PNNL database [403],
together with assignments of the fundamental vibrational bands [447].

6.2.2 Methanethiol

As seen in Section 1.3.3, CH;SH is a medically important molecule that absorbs at 3 pm
[312]. It belongs to the class of organic sulphur-containing compounds known as mercaptans
and its occurrence in human breath at elevated levels can be used as a biomarker for various
diseases [90, 133, 440], particularly those concerning the liver and including maladies such
as cirrhosis [441], hepatic encephalopathy [442, 443] and halitosis [444]. It is created
by the incomplete metabolism of the sulphur-containing amino acid, methionine, in the
transamination pathway controlled by gastrointestinal bacteria [445]. It has been discovered
that CH5SH hinders the synthesis of urea, resulting in higher circulating levels of ammonia
and short-chain fatty acids in the blood, leading to an increased likelihood for hepatic
disorders [446]; this explains the observed link between high concentrations of CH;SH in

exhaled breath and an impairment in liver function [441-443].

There are only a limited number of publications on the rotational and vibrational spec-
troscopy of CH;SH (447, 448]. It has twelve IR active normal modes (eight of A’ sym-
metry, four of A”) and, by approximating the molecule as a (nearly) symmetric top, the
vibrational bands associated with these modes can be regarded as either parallel or per-
pendicular. Strong overlap between the vibrations associated with the methyl group result
in a complicated ro-vibrational spectrum, part of which is illustrated in Figure 6.5 at 3 pum.
A sharp @Q branch at 2948 cm™ of the symmetric C—H stretch, v5(A’), which is assigned
to the parallel band, is clearly discernible. This is a strong single feature because for par-
allel bands the selection rule for rotational transitions is AK = 0, where K is the angular

momentum quantum number for rotation about the symmetry axis and is limited to values
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between —J and +.J, inclusive, with J defined as the total rotational angular momentum
quantum number [3]. The absorbances within the 2975 — 3050 cm™! range have been at-
tributed to the overlap between the perpendicular bands caused by the weak 14 (A’) and
strong vg(A”) antisymmetric C—H stretches with band origins of 3015 cm™ and 3012 cm™,
respectively [447]. The intense, nearly equally spaced (~ 5.5 cm™) features within this
region result from the AK = 41 selection rule associated with perpendicular transitions
which cause the P, @ and R branches with different K values to spread out [3]. Though
it is generally not possible to discern the P and R branches, the () branches can often be
distinguished. This is because each ) branch consists of such closely spaced transitions as
to appear almost line-like, with a separation between adjacent ) branches of 2(A — B),
where A and B are rotational constants. For CH;SH, A and B have values of 3.4 cm! and

0.4 cm™!, respectively, for the zero point energy level [448].

Initially, a survey spectrum of CH3SH (Fluka, purum, 1164432 20105093) across the entire
3016 — 3096 cm™! range was recorded. The same process was used as that employed in
Section 6.2.1: )\, was set at 1064.288 nm and \s scanned by applying 40 different mode-
hop free scan settings to the DS-DBR whilst changing Tty to the corresponding optimum
temperature appropriate for the wavelengths covered by each scan. The resultant radiation
was passed through a 46.5 cm long aluminium box with CaF, windows filled with 3.2 Torr
of CH;SH. Each spectrum was averaged over five scans and the whole run took two hours,
primarily due to the time taken to stabilise T¢rys. From this survey spectrum, five regions

of interest were identified for further, more detailed study.

As CH;SH is a broadband absorber, it was necessary to record an Iy baseline rather than
simply determining Iy by fitting a polynomial baseline to the I trace, which was the method
previously used in Section 6.2.1. To accomplish this, the cell was flushed with N, for 30 mins
between runs before it was evacuated and Ip measured; 3.2 Torr of pure CH;SH was then
introduced and I recorded. However, this procedure did introduce potential errors, as the
time delay between recording Iy and I allowed the power and frequency of the mid-IR light
to change due to drifts in T¢,ys and the laser frequencies. Also, the act of evacuating and

filling the cell could have affected optical elements and so altered any baseline etalon.

The resultant CH3;SH direct absorption spectra of these five regions are shown in Figure
6.6, together with the absorbances predicted using the FTIR data from the PNNL database
[403]. The dominant absorption features correspond to the intense () branches of the
perpendicular bands from the weak v (A’) and strong vg(A”) antisymmetric C—H stretching
modes, with both bands giving rise to the same () branches at approximately the same
frequencies (though the transitions of the v9(A”) are stronger), and are labelled as 5 AJg,
where the rotational quantum numbers for symmetric top entities, J and K, have been used

and ” indicates the lower level. The experimental and PNNL data compare favourably in
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Figure 6.6: CH;SH direct absorption spectra recorded at 3.2 Torr over a 46.5 cm path
length and expected absorbance calculated using PNNL data [403] given these experi-
mental conditions. The absorption features correspond to the strong ) branches of the
perpendicular bands from the v1(A’) and v9(A”) antisymmetric C—H stretching modes.
Both bands have @ branch transitions occurring at approximately the same frequencies,
though the transitions of the v9(A”) mode are stronger.

terms of both the positions and strengths of the major absorption features, as well as in
the non-zero baseline absorbance visible across the region. However, the experimental data
of this work was clearly recorded at a higher resolution than that reported in the PNNL
database (10 MHz compared to 3360 MHz), which allows more structure of the CH;SH

absorption spectrum to be distinguished.

From Figure 6.6, the #Q4 absorption at 3040 cm™' was identified as a potentially useful
feature for monitoring the CH;SH biomarker in exhaled breath at reduced pressures. This
is because it was one of the stronger absorptions observed, with an estimated iyt value of
4.66 £0.15 x 1072 ecm?cm ™ 'molec! found from these direct absorption measurements, and
was least susceptible to interference from H,O and CH, lines. To investigate this further,
another spectrum of this feature was recorded using 1 Torr CH3SH in 100 Torr N,. This
lineshape was then used to simulate the spectrum of a mixture of 1% H,0, 1.78 ppm CH,
and 10 ppb CH4SH in air at 100 Torr total pressure. These are typical concentrations for
these species in breath samples (Table 1.2 and references therein). The result is shown in
Figure 6.7. At 100 Torr, the CH;SH transition is seen to be relatively free from absorptions
by HyO and CH, which mean it could be used to find the amount of CH;SH present in
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Figure 6.7: Simulation of the absorption for a sample of 1% H,0O, 1.78 ppm CH, and
10 ppb CH4SH in air at 100 Torr in the 3038 — 3042 cm™ region. This was generated
using experimental CH;SH data recorded at 1 Torr CH3SH in 100 Torr N, to estimate the
absorption for CH;SH, and data from the HITRAN 2004 database [14] to calculate the
expected absorbances from CH, and H,O.

a breath sample; however, this selectivity was lost when the simulation was repeated at
760 Torr as the well-defined spectral features broadened and overlapped. So if this #Qy
3040 cm™! feature were to be used as an indicator for CH,SH in breath, samples would
need to be reduced in pressure before analysis. In addition, interference from absorptions
by other VOCs, such as acetone and isoprene, would have to be considered, although these
species are essentially uniform over the spectral range of interest encompassing the #Q,
CH,SH absorption [403, 404, 449] and, furthermore, could be removed from the sample

by selective chemical or molecular filters if required.

Figure 6.7 also indicated that the Q, absorption feature at 3040 cm™', measured under
these conditions to imitate breath of 10 ppb CH3;SH in 100 Torr air, had an absorption
of ~ 5 x 107 cm™. This is the level of sensitivity typically achieved by cavity-based
methods; indeed, in Section 5.2.3, Allan variance studies revealed au,i, values of the order
of 1072 cm™! were achievable with the DFG-based mid-IR CRD spectrometer created in
Chapter 5.
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Figure 6.8: The experimental set-up for CEAS using the combined DS-DBR and QPM-
DFG system as the mid-IR radiation source. Cavity properties were measured as L =
77.0 cm, R ~ 0.999. MC: mechanical chopper; M1, M2: turning mirrors; Fn gen: function
generator; LIA: lock-in amplifier. M2 was mounted on a 3D translation stage to allow
off-axis injection into the cavity.

6.3 Cavity-Based Mid-Infrared Spectroscopy Using the Com-
bined DS-DBR Laser and QPM-DFG System

6.3.1 Experimental CEAS set-up

Given the noisy cavity modes observed with the DS-DBR in the near-IR (Section 3.3.2.1)
and the anticipated translation of this behaviour to the mid-IR, together with the lower
powers achievable in the mid-IR and the resultant reduction in cavity mode intensity this
would entail, it was decided to use the DS-DBR sourced DFG system to perform CEAS,
rather than CRDS, as an illustration of cavity-based mid-IR spectroscopy using the DS-
DBR. The experimental set-up for these CEAS experiments is shown in Figure 6.8; once
again, it is based on the QPM-DFG experimental set-up described in Section 4.3.1 and
illustrated in Figure 4.11, still using the 1064 nm DL (Lumics, LU1064M150) as the pump
source and the 2-stage thermoelectrically cooled MCZT-PD detector ( Vigo Systems, PVI-
2TE-4/VPDC-0.11), but substituting the DS-DBR for the DL as the signal source.

In the work performed in this section, the DS-DBR was only varied between 1567 —1574 nm.
As such, the 30.25 pm poling period of the PPLN crystal was employed and the crystal

temperature set as appropriate according to the relationship between Tp; and A; found
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in Section 6.1. In addition, the fact that only these low signal wavelengths were used
allowed the C-band EDFA, rather than the L-band one, to be utilised. Both pump lasers
of this EDFA were functioning correctly so could be employed, which meant that the signal
power was amplified to 185 mW, generating 21 uW of mid-IR radiation. As the pump
power incident on the crystal was 66 mW, this indicated a conversion efficiency of 0.043%

W-lem™!, similar to values reported earlier in this work (Sections 4.3.3, 5.2.1 and 5.4.1).

Suitable DS-DBR settings covering the wavelength ranges of interest were found based on
the work conducted in Section 2.3, and the laser scanned over these settings at a frequency

of 5 Hz using using the external ramping mode described in Section 2.2.2.2.

In order to increase transmission through the cavity, lower reflectivity mirrors than those
previously used were employed. These 25.0 mm diameter, plano-concave mirrors (Layertec
GmbH) were AR coated on the plane side and HR coated on the curved side with a quoted
reflectivity of R > 0.997 over the range 3000 — 3500 nm. As before, the first mirror was
mounted on the PZT and the length of the cavity was 77 cm.

To achieve the congested mode structure required for CEAS, the second turning mirror
(M2 in Figure 6.8) was placed on a 3D translation stage so that the laser light could be
injected into the cavity off-axis [30, 71, 72, 92, 358, 393, 450]. Further disruption to
the cavity modes was caused by applying a high frequency (267 Hz) sine wave modulation

to the PZT in order to jitter the cavity length.

Due to the low power of the input mid-IR radiation, phase sensitive detection was also
utilised to enhance the observed signal. This was accomplished using a mechanical chopper
(Bentham Instruments, 218 optical chopper), which was situated directly in front of the
pump laser and modulated the intensity of the light at 1.35 kHz, and a lock-in amplifier
(Stanford Research Systems, SR830), which decoded the signal at this modulation frequency
using a lock-in time constant of either 3 ms (for CH, measurements) or 1 ms (for CH;SH
measurements), sensitivity of 20 uV and a phase of +141.44°. The final results were recorded
on an oscilloscope (LeCroy, Waverunner 6100A, 1 GHz, 10 GSa/s) and averaged over 80

scans of the up-ramp, giving a total acquisition time per spectrum of 8 s.

6.3.2 Spectroscopic measurements
6.3.2.1 Methane

CEAS studies of the (6 A 8 <— 6 A; 1) Q(6) fundamental v3(F3) transition of CH, at
3017.47 cm™!, as investigated in Section 6.2.1.1, were performed. Ap was set at 1064.269 nm
and Ag was scanned between 1567.710—1567.751 nm, corresponding to a mid-IR wavelength
range of 3313.94 — 3314.12 nm (3017.39 — 3017.56 cm™). Terys was set at 27.1°C.
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Figure 6.9: CEA spectra of the (6 A2 8 <— 6 A; 1) Q(6) transition of the fundamental
v3(Fy) band of CH, at 3017.47 cm™ for a calibrated 7.5 ppm mixture of CH, in air.
(a) Initial signal data across the absorption feature (open circles) with a fitted low order
polynomial I baseline (solid line) recorded at 56 Torr. (b) The resultant CEA spectrum
of the data in (a) (open circles) with a fitted Voigt profile (solid line). In both (a) and (b),
the number of experimental points has been reduced for clarity. (¢) CEA spectra for the
CH, transition recorded at a range of pressures (3 — 56 Torr). Only a selected number of
the spectra recorded have been included for clarity, and the plots have all been shifted to
the line centre at 3017.47 cm™. (d) The linear relationship between the area of the fitted
absorbance feature and the CH, concentration expected from the measured pressures. This
line passes through the origin, and from its gradient the effective path length of the cavity
at this wavelength was found to be 620 + 10 m, indicating an average mirror reflectivity of
R =0.9988.

Initially, spectra were recorded of a calibrated 7.5 ppm mixture of CH, in air (CK GAS,
Order Ref 15205) at various pressures (3 — 56 Torr), as shown in Figure 6.9. Voigt profiles
were fitted to the absorption spectra by fixing the Gaussian width at the expected Doppler
width of 280 MHz whilst allowing other parameters to float. It was noted that the widths of
the absorption profiles returned by the fitting routine considerably exceeded that expected

from normal Doppler and pressure broadening at these pressures. This phenomenon was
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Figure 6.10: CEA spectrum of the (6 A3 8 < 6 A; 1) Q(6) transition of the fundamental
v3(Fy) band of CH, at 3017.47 cm™ for 20.5 Torr of lab air. The data (open circles) have
been fitted with a Voigt profile (solid line), and the number of experimental points reduced
for clarity.

attributed to the instrumental broadening associated with the mismatch between the fre-
quency of the applied modulation for lock-in detection and the chosen lock-in time constant,
which was selected to optimise the SNR at the expense of a partially distorted spectral line-
shape. This belief is corroborated by the fact that the returned Lorentzian widths for the
fits were all much larger than anticipated (500 — 670 MHz compared to 14 — 280 MHz
predicted for the pressures studied) and demonstrated only a weak pressure dependence.
Similar behaviour, where instrumental broadening dominates the retrieved lineshape at low

pressures, has been observed in previous studies [333, 339, 451].

In such situations, though, the integrated signal should not be affected, and hence it was
this area parameter that was utilised in quantitative analysis. A plot of the area of these
Voigt fits against CH, concentration (Figure 6.9(d)) gave a straight line through the origin.
As absorbance is given by o(v)Cl, then the gradient of this line corresponds to ing Lo,
where L.g is the effective path length of the cavity. Using the oy, value for this transition
of 1.348 x 10712 em2em™'molec™! reported in HITRAN [14], an effective cavity path length
of 620 £+ 10 m, correlating to an average mirror reflectivity of R = 0.9988, was estimated at

this wavelength.

Spectra of samples of lab air at ~ 20 Torr were then recorded, an example of which is given in
Figure 6.10. The areas of the fitted Voigt profiles to the absorption spectra, combined with
the oint value of this transition and the 620 m estimated effective path length found using
the calibrated mixture studies, were used to calculate the concentration of CH, present

in the lab air; the results of three such investigations are reported in Table 6.2. The
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P CH, conc. Iy Al pin Otmin
Take / Torr / ppm /V /V / em!
1 20.3 2.75 3.594 0.014 6.49 x 108
2 20.3 2.92 3.458 0.013 5.95 x 108
3 20.5 2.74 3.609 0.014 6.14 x 108
2.81+0.10 6.2+0.3 x 108

Table 6.2: Results of the CEAS studies of the (6 Ay 8 <~ 6 A; 1) Q(6) fundamental
v3(Fy) CH, transition at 3017.47 cm™ in lab air. The CH, concentration (CH, conc./
ppm) was calculated using the area of the feature in the CEA absorbance plot, i =
1.348 x 1071 cm?em ' molec™! [14] and the effective cavity path length of 620 m found at
this wavelength using the calibrated mixture studies. i, was estimated using Equation
1.60, where Al,;, was taken as the RMSE of the fitted Iy baseline.

average CH, concentration was found to be 2.81 4 0.10 ppm; this concentration is typical
of an indoor environment [96, 149], which is slightly higher than the well-known outdoor
tropospheric CH, level of 1.7 ppm [452] due to the exhalation by people of endogenously
produced CH,. Using the error in the Iy baseline fit and Equation 1.60, the sensitivity of the
system was estimated as aui, of 6.2 X 1078 cm™

to an amin (BW) of 1.8 x 10°7 em™Hz /2. This implies a detection limit of CH, at this

over an 8 s integration time, corresponding

wavelength of 9 ppb in 8 s at 20 Torr.

6.3.2.2 Methanethiol

In order to study the £Qy CH4SH absorption at 3040 cm™! (identified in Section 6.2.2 as a
potentially useful feature to monitor this biomarker in breath) with this CEA spectrometer,
it was necessary to calibrate the mirror reflectivity at this wavelength. To achieve this,
similar studies as performed in Section 6.3.2.1 of the nearby 3038.50 cm™ (2 F, 10 +
1 Fy 1) R(1) fundamental v3(F») transition of CH, using the 7.5 ppm CH, calibrated
mixture were conducted at various pressures (3 — 55 Torr). Settings of A\, = 1064.300 nm,
As = 1572.2961 — 1573.005 nm and Ty = 44.3°C were implemented to monitor this
transition. The gradient of a plot of the area of the Voigt fits of these spectra against
CH, concentration (Figure 6.11(a)), together with the oy of this transition reported in
HITRAN of 8.79 x 1072° cm?cm tmolec [14], yielded an effective cavity path length of
71547 m, corresponding to an average mirror reflectivity of R = 0.9989, at this wavelength.
Three spectra of this CH, transition in lab air at ~ 20 Torr were also recorded, an example
of which is given in Figure 6.11(b). Using the calculated 715 m effective path length, the
average CH, concentration of lab air from these spectra was determined as 2.84+0.06 ppm,

which agrees well with the value found in Section 6.3.2.1. The ap,i, for these spectra was



182 Chapter 6

0.34
0.08 A

€
o
2 0.06 0.2
= -
® ®©
£ 5
2 B
2 004 1]
3 |
(5]
< 0.1
© o
(=2
Q
£ 002+

0.0 °5 0°°°% °°

0.00 — — 1 —————7— 77—
1
0.0 5.0x10 1.0x10 1.5x10 3038.40 3038.45 3038.50 3038.55
. . -3 o
Number density of CH, from pressure reading/ molec cm Wavenumber/ cm™
(a) (b)

Figure 6.11: Results of CEAS studies of the (2 F; 10 < 1 F; 1) R(1) transition of
the fundamental v3(F») band of CH, at 3038.50 cm™. (a) CEA spectra of this transition
of a calibrated 7.5 ppm CH, in air mixture were recorded at a range of pressures. The
linear relationship between the area of the fitted absorption feature at 3038.50 cm™ and
the CH, concentration expected from the measured pressure, as shown here, allowed the
effective path length of the cavity and the average mirror reflectivity at this wavelength
to be determined; these were found to be 715 £ 7 m and 0.9989, respectively. (b) A
CEA spectrum of the 3038.50 cm™ CH, absorption of 18 Torr of lab air. The data (open
circles) were fitted with a fitted Voigt profile (solid line), fixing the Gaussian width at
the expected Doppler width of 280 MHz whilst allowing other parameters to float. The
number of experimental points has been reduced for clarity.

7.1 x 1078 cm™ with an 8 s acquisition time, which, again, is similar to that ascertained

previously.

Mixtures of CH4SH in N, at various concentrations were prepared in the cavity by intro-
ducing small amounts (~ 1 —2 Torr) of pure CHySH (Fluka, purum, 1164432 20105093) to
the cell and diluting these with N,. This was accomplished by adding N, to the CH;SH
sample, pumping down the mixture, adding more N, and then re-evacuating the cavity
to approximately 20 Torr, at which point the measurements were taken. The spectral re-
gion of interest was studied by setting A\, = 1064.294 nm, Ty = 45.4°C and scanning
the DS-DBR over the range 1573.287 — 1573.346 nm, generating mid-IR radiation covering
3289.45 — 3289.70 nm (3039.79 — 3040.02 cm™!). Because CH;SH is a broadband absorber,
it was necessary to record signal data across the required wavelength range for both a filled
and evacuated cavity to obtain an I and Iy spectrum, respectively. Figure 6.12 shows an
example of the raw data recorded for one of the CH;SH in N, mixtures, in which smaller
transitions adjacent to the main absorption feature at lower wavenumbers are clearly visible;
these neighbouring features had also been observed in the direct absorption experiments of
this transition (inset in Figure 6.6). This data also emphasises the size of the noise observed
in the baseline compared to that of the absorption feature to be studied. It is believed that

the majority of this noise is intrinsic to the detector, and it is relatively large because the
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Figure 6.12: Raw data of the #Q, CH4SH absorption feature at 3039.9 cm™ for the
233 ppm CH3SH in N, sample at 19 Torr. The upper trace shows the laser scanning
function in black, whereas the lower trace gives the Iy and I signal data in red and green,
respectively. The laser scanning function is applied to the DS-DBR signal laser, hence
scanning the signal wavelength. An up-ramp of this modulation corresponds to a decrease
in As, and so to a decrease in 7;.

combination of low mid-IR powers and low transmission by the optical cavity means that
only a small amount of radiation is incident on the detector, resulting in a small measured
signal. This noisy background and poor SNR (the average baseline signal across one of the
up-ramps in Figure 6.12 is 2.88 £0.08 V (10), giving a SNR of 35) will have repercussions

in the sensitivity and detection limits of the system.

The results of repeating this process for a range of CH3;SH concentrations and creating
absorption spectra, using the effective cavity path length estimated at this wavelength
from the CH, studies of 715 4+ 7 m, are given in Table 6.3 and Figure 6.13. Voigt profiles
were fitted to the absorption feature of interest, utilising only data points which covered the
main feature and not the two small side peaks observed at lower wavenumbers. These fits
showed a general increase in the vertical offset of the Voigt fit as the concentration of CH;SH
increased, which is as expected due to the increase in the broadband absorption baseline.
The reported line centres of the fits agree well with the line centre found in the direct
absorption measurements, and their slight variation over the range 3039.90 — 3039.91 cm™!
can be explained by a small drift in A, over the several hours in which the spectra were
recorded. The Voigt width was approximately the same for all the spectra, as anticipated
given that they were all recorded at roughly the same pressure and so should be subject
to the same amount of pressure broadening. Again, it should be noted that the linewidths
are dominated by the instrumental broadening associated with the lock-in amplifier, as

discussed in Section 6.3.2.1, a fact which may also account for their uniformity.
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Figure 6.13: CEA spectra of the @, CH;SH absorption feature at 3039.9 cm™ for
diluted mixtures of CH;SH in N,, prepared in situ in the cavity. (a) and (b) illustrate
the construction procedure of the absorption spectra, using as an example the data for
the 233 ppm CH3SH in N, sample at 19 Torr. (a) Signal data was recorded across the
absorption feature for a filled (I, black) and evacuated cavity, and a low order polynomial
fitted to the latter to yield the Iy baseline (red). (b) The resultant CEA absorption
spectrum of the data (black) was found using Equation 1.59 and the empirically determined
effective cavity path length at this wavelength of 715 + 7 m. A Voigt profile (red) was
fitted utilising only data points which covered the main feature, and not the two small side
peaks observed at lower wavenumbers. (c) CEA spectra for the CH;SH feature recorded
at a range of concentrations. The concentrations are reported as ‘z ppm CH3;SH in N,/
total pressure of sample’. Only a selection of the recorded spectra have been included
for clarity, and the plots have been slightly shifted to account for the drift in A, over the
spectra acquisition period and in order to overlay the main absorption. The inset shows a
zoom in of the lower concentration spectra. (d) The linear relationship between the area
of the fitted absorption feature and the CH;SH concentration expected from the measured
pressures and dilution procedure, with the y-error bars calculated from the error in the
area of the Voigt fit and the z-error bars found by considering a 0.3 Torr uncertainty in
each pressure reading. A weighted linear fit with the intercept fixed at the origin indicated
an oine of 4.27 +£0.14 x 10721 cm?cm™'molec™! for this absorption feature.
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CH4SH conc. CH4SH conc. Voigt fit parameters

p .

T Jwoeeont e e ORI S
1 2.6 +0.3 x 1014 382 20.8 42x107%  3039.908 1.16 x 107 543
2 2.3+0.3 x 104 340 20.5 50x 1076  3039.905 1.04x 1076 522
3 1.94+0.3 x 1014 302 19.7 1.9x107%  3039.907 7.79x 107 424
4 1.54+0.2 x 1014 217 21.0 53x107%  3039.905 5.35x1077 518
5 1.440.3 x 1014 233 19.0 21x107%  3039.906 5.12x 1077 499
6 1.24+0.2 x 1014 186 20.5 25x 1077  3039.901 4.25x 1077 434
7 9.9+ 1.8 x 1013 148 20.4 9.8 x 1077  3039.901 3.63x10~7 487
8 7.14+1.1x 1013 110 19.9 1.9x107%  3039.901 2.74x10°7 560
9 42409 x 1013 71 18.2 22x107%  3039.901 2.04x 1077 499
10 3.5+1.4 x 10'2 5 19.8 3.2x1077 3039.903 7.95x10~% 512

Table 6.3: Results of the CEAS studies of the £Qu CH3SH absorption feature at
3039.9 cm™ of the prepared CH5SH in N, samples. The CH;SH concentration (CH;SH
conc.) was estimated using the pressures noted in the dilution procedure, and the error
approximated assuming a 0.3 Torr uncertainty in each baratron pressure measurement.
The Voigt profiles were fit just over the main feature of interest, not the neighbouring side
peaks, and the Voigt FWHM linewidth, Avy, found using Equation 1.18.

However, the most significant trait of these absorption Voigt fits is the change in area. A
plot of the area of the Voigt fits against CH;SH concentration is shown in Figure 6.13(d),
and a straight line fitted with the intercept fixed at the origin. As a(v) = o(v)C, the
gradient of this line is equal to the integrated absorption coefficient for this transition,
and thus it was determined that oj, = 4.27 + 0.14 x 1072} em?ecm 'molec™ for this RQ4
CH,SH absorption feature. This compares favourably with the approximate value of oyt
of 4.66 + 0.15 x 10~2! cm?cm ' molec’! estimated from the direct absorption measurement
of 3.2 Torr of pure CH;SH performed in Section 6.2.2. Calculations using data from PNNL
(Figure 6.5) [403] predicted a oy of 7.49 x 1072 ecm?cm ™ molec! for this #Q, CH;SH
transition, but this involved fitting a line profile to a low resolution spectrum (the region
of interest was covered by only 13 data points) in which the main absorption feature and
the less intense neighbouring transitions identified in this work were broadened into one,
amalgamated feature by virtue of this low resolution as well as by instrumental and pressure

broadening.

An estimate of the sensitivity of the system was made utilising the data recorded for the
experiment listed as Take 5 in Table 6.3, corresponding to the « plot in Figure 6.13(b).
Using Equation 1.60 and the RMSE in the [y baseline fit of this data as Alyin, an Qumin
of 2.6 x 1077 cm™! over an 8 s integration time was found, indicating an aui,(BW) of
7.4 x 1077 cm™Hz /2. These values are worse than those obtained in the CH, studies
because a smaller lock-in amplifier time constant was used here; this was done in order to
fully examine the structure of the CH;SH feature, but came at the cost of a noisier baseline.

Given that in this 233 ppm CH4SH in 19 Torr N, spectrum the height of the absorption
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feature was 2.5 x 107° cm™, this ami, value of 2.6 x 1077 cm™ implies that a CH,SH

detection limit of 2.4 ppm in 8 s at 19 Torr at this wavelength was achieved, corresponding
to 460 ppb in 8 s at 100 Torr.

6.4 Conclusions

In this chapter, the potential of using widely tunable telecom lasers for QPM-DFG in the
generation of mid-IR light has been demonstrated. Light from an L-band DS-DBR laser
was combined with that from a 1064 nm diode laser in a bulk PPLN crystal, generating
mid-IR radiation over the range 3130 — 3330 nm with powers of up to 20 uW, depending on
the EDFA used to amplify the signal radiation. Tunability across this range was enabled
by changing the PPLN temperature and track accordingly. Due to the reliability and
reproducibility of the DS-DBR, previous wavelength calibrations, carried out in the near-
IR in either the internal or external ramping mode of operation, were used to provide an

absolute frequency calibration in the mid-IR.

The use of this mid-IR radiation for applications in spectroscopy was illustrated by per-
forming single-pass direct absorption experiments on CH, (a narrowband absorber) and
CH,4SH (a broadband absorber) at low pressures. High resolution direct absorption spectra
of 0.18 Torr of CH, in 6 Torr of air over 3016 — 3096 cmt, covering the Q and R branches of
the fundamental v3(Fy) transition, were acquired, and were found to be in good agreement
with simulated spectra in terms of both the positions and intensities of the absorption
features. In the CH;SH spectrum, the (@, absorption at 3040 cm™' was identified as a
potentially useful feature for monitoring this biomarker in exhaled breath at reduced pres-
sures (100 Torr). In addition, the possibility of using this DS-DBR DFG system for WMS
was demonstrated by performing 2f-WMS on CH, to study four R(5) absorption lines in
the 5 vibrational band at 3076.7 cm™; similar behaviour to that observed when conducting
WMS with the DS-DBR in the near-IR was seen, which again highlighted the importance

of the A,,-a,, calibration in both qualitative and quantitative studies.

The DS-DBR sourced, DFG-generated mid-IR radiation was then coupled into the mid-IR
cavity to perform CEAS. Phase sensitive detection using a mechanical chopper and lock-in
amplifier was also employed to enhance the observed signal. Spectroscopic studies of CH,
transitions at 3017.47 cm™ and 3038.50 cm™! utilising a 7.5 ppm calibrated mixture allowed
the system to be characterised and calibrated, yielding R values at the two wavelengths of
0.9988 and 0.9989, respectively. Experiments on ambient air were then conducted, in which
the concentration of CH, was calculated as 2.8 ppm and oy estimated as 6.2 x 1078 em!
over an 8 s acquisition time. Mixtures of CH;SH in N, at different concentrations (5 —

380 ppm) were prepared in the cavity in order to investigate the #Qy CH4SH absorption
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feature at 3039.9 cm™! and yielded a oy of 4.27 £ 0.14 x 10721 cm?cm ™ molec™! for the
main absorption feature. The lowest concentration of CH;SH experimentally observed was
5 ppm in a 20 Torr sample, though the spectrometer was deemed sensitive enough to
detect levels at half this value. The limiting factor in the sensitivity of the system was the
low mid-IR powers. The average transmitted intensity by a CEA spectrometer is between
Pyn(1—R)? and Py, (1—R)/(1+ R), according to Equations 1.55 and 1.56 when no absorber
is present in the cavity; in this case, using the mid-IR power measured for the CEAS set-up
in Section 6.3.1 of 21 pW and an R of 0.9989 as found in Section 6.3.2.2 at 3038.50 cm™,
this corresponds to powers of 0.03 — 11.5 nW. The noise equivalent power, accounting for
the detector bandwidth, for the PVI-2TE-4/VPDC-0.11 Vigo Systems detection module
utilised in this work was 0.09 nW (Table 1.1); as NEP is the optical power which will yield
a SNR of unity, this represents the limit of what can be detected. As the power of the
cavity throughput of the CEAS system is comparable to the NEP of the detector, these
low mid-IR signal intensities mean that CEAS cannot approach the same sensitivities as
the CRDS system detailed in Chapter 5.

In summary, in this chapter the three major concepts identified for performing sensitive
spectroscopy across a broad spectral range - namely the employment of a widely tunable
laser source; the use of sensitive, cavity-based spectroscopic techniques; and the exploitation
of the strong, fundamental transitions of the mid-IR - have been successfully combined to
create a widely tunable, sensitive spectrometer in the mid-IR. Such a spectrometer has
many possible future uses in the detection of multiple species or broadband absorbers for
both medical and environmental applications, and has the potential to be further enhanced
in terms of ease of use and sensitivity; some of these ideas for improvement are explored

and discussed in Chapter 7.






Chapter 7

Conclusions and Outlook

7.1 Overall Conclusions

This thesis has described the development and application of laser absorption spectroscopic
techniques in both the near- and mid-IR, focusing on the potential uses of such methods
in breath analysis for medical diagnostics. In an ideal spectrometer, a wide tunability
(which would permit monitoring of broadband absorbers or many, spectrally separated,
absorption features from one or more species) would be combined with high sensitivities
(to allow for the detection of weakly absorbing or dilute species) and selectivities (in order
to measure compounds of interest in a complex background matrix) for the ultimate in trace
gas sensing. These objectives can be achieved by implementing one or more of these three
ideas: using a high fidelity laser source with a large spectral range, applying sensitivity
enhancing techniques and utilising transitions in the mid-IR. In this thesis, each of these
approaches has been investigated in turn, and the results of employing combinations of

them explored.

In Chapter 2, a summary of near-IR laser sources was given and the novel, broadband DS-
DBR laser introduced. This widely tunable (1563—1613 nm), single-mode laser source, with
a Gaussian beam profile (wp = 0.5 mm), moderate output power (~ 20 mW) and narrow
linewidth (~ 1 MHz), was characterised and its modes of operation, either by an internal
or external voltage ramp, described. These operational methodologies meant that the laser
wavelength could either be scanned or stepped across a region of interest, with the former
approach resulting in mode-hops in the laser output of ~ 1.7 cm™, which were related to
how the laser was tuned, and the latter allowing full coverage of the entire spectral range
accessible with this laser. The first use of the DS-DBR as a useful spectroscopic laser source
was illustrated by performing measurements on CO,, highlighting its ability to both cover

a large wavelength range and perform spectroscopy at a high spectral resolution. WMS

189
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experiments were also carried out on CO, samples by applying fast current modulations to
different sections of the device, and a variation in modulation amplitude across the spectral
region observed due to the non-linear wavelength-current relationship of the laser unit. An
Allan variance analysis carried out for the 2f detection scheme reported an optimal cuin
of 6.3 x 1078 cm™! measured over a 23 s acquisition time. Further investigations revealed
that as well as presenting only small frequency drifts in the short term (~ 20 MHz), the
DS-DBR also offered long term wavelength stability (£400 MHz between different days),
exemplifying its reliability and reproducibility.

Work on the development of a near-IR, CRD spectrometer, as well as examples of its spec-
troscopic use, were presented in Chapter 3. The software and hardware for the spectrometer
were thoroughly detailed, including a description of the two key programs written in Lab-
VIEW to record ring-downs either at a single, fixed wavelength or over many wavelengths.
The CRDS set-up and programs were first tested by performing measurements with a tradi-
tional DFB diode laser source at 1577 nm, including studies of the v(31112 «- 01101) P(19)
transition of CO, at 6340.13 cm™ in a 20.3% mixture of CO, in air at various pressures. The
system was then combined with the DS-DBR, and RDTs, varying between 19 — 26 ps, were
measured for an evacuated cavity across the whole 1563 — 1613 nm DS-DBR wavelength
range without the need for modifications to the cavity alignment. An Allan variance study
of data acquired at 1605.476 nm indicated an optimal aupin of 2.8 x 10719 cm™ over 20 s for
this system when filtering and averaging 100 ring-downs per point. The use of the DS-DBR.
CRDS system for high resolution spectroscopy was demonstrated by several experiments
conducted on variously sourced, low pressure samples of CO, at a selection of wavelengths:
studies of the (30013 < 00001) R(14) transition at 6238.7 cm™ were used to determine
the concentration of CO,, present in lab air (622+13 ppm), and the (30013 «+ 00001) R(0)
12C0, and v(30012 + 00001) R(4) '*CO, transitions were investigated in both calibrated
CO, mixtures and breath samples with accuracies in the 3,15 ratio of ~ 10%o, which is
a promising value but not as low as the 1%o gold standard required for medical diagnostic
purposes. CEAS using the DS-DBR as the laser source was also performed to study these
last two, medically relevant CO, transitions, though the determined accuracy was a factor
of 2 — 3 times poorer than that found in the CRDS measurements owing to CEAS being

an intrinsically less sensitive technique.

Mid-IR radiation was generated using QPM-DFG, as described in Chapter 4. An experi-
mental free-space QPM-DFG system was constructed, in which light from a 1560 nm DL,
amplified by an EDFA, was mixed with 1064 nm radiation from another DL in a bulk
PPLN crystal to create mid-IR light at 3.3 um. In order to maximise the DFG conver-
sion efficiency, and hence the amount of mid-IR radiation produced, temperature tuning
experiments were conducted. For such an analysis performed using pump and signal wave-

lengths of 1064.295 nm and 1560.244 nm, respectively, an optimum crystal temperature
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of Tope = 83.1°C was found, with a temperature acceptance bandwidth of 7°C (FWHM).
These conditions generated 20 uW of mid-IR light at 3348.247 nm, with an overall DFG
conversion efficiency of 0.035% W-lcm™, which is a typical performance for this type of

configuration.

The radiation from this set-up was used to perform the mid-IR spectroscopy documented in
Chapter 5. This chapter began with a review of the examples of coupling mid-IR radiation
with cavity-based spectroscopic techniques currently reported in the literature, before the
DFG-based CRD 3 um spectrometer developed in this work was presented. The system,
comprising a 77 cm long cavity with mirror reflectivities of 0.9996, gave 79 values of 6.07 =
0.03 us, which implied an api, of 2.8 x 1078 cm™ over 6 s when filtering and averaging 100
ring-downs per point; Allan variance studies signified an optimal api, of 2.9 x 1079 cm™!
could be obtained by averaging 730 RDTs over 42 s. The use of the DFG CRDS system for
spectroscopic purposes was illustrated by performing experiments on a variety of molecules.
Studies of the (2 F} 9 < 3 F» 1) P(3) transition at 2988.933 cm™ in the fundamental v3(Fy)
band of CH, at low pressures (< 25 Torr) were conducted to ascertain the amount of CH,
present in a 7.5 ppm calibrated mixture of CH, in air and breath samples from both methane
and non-methane producers: the calculated concentrations of 7.59 + 0.16 ppm, 29.4 +
1.0 ppm and 2.26 4+ 0.10 ppm, respectively, correlated well with those expected. Spectra of
the v(1 < 0) Q(2) transition of D, at 2987.29 cm™ over a range of pressures (70— 460 Torr)
displayed the phenomenon of Dicke narrowing, with the experimental data best fitted by
Galatry profiles which accounted for collisional narrowing: the fact that the spectrometer
could detect these differences in lineshape indicated its capacity for high resolution studies.
Values for the line centre and oy, for this D, transition were calculated as 2987.279 +
0.006 cm™! and 2.29+0.03 x 10727 cm?cm 'molec™, respectively, which compare favourably
with the estimates of these parameters found from theoretical calculations reported in the
literature of 2987.2934 cm™ and 2.378 x 10727 cm?cm 'molec!, respectively. Measurements
of acetone were also carried out in order to appraise the ability of the DFG CRDS set-up
to detect broadband absorbers: the results of single wavelength studies at 2985.70 cm™' of
a 5 ppm calibrated mixture of acetone in Ny, performed by recording 7y and 7 values of the
cavity filled with ~ 90 Torr of N, and the sample, respectively, estimated the concentration
as 5.26 + 0.08 ppm, in good agreement with the manufacturer’s quoted value of 5.37 £+
0.27 ppm. Alterations were then implemented to improve the spectrometer: the pump
radiation source was replaced with a more powerful Nd:YAG laser in order to increase
the amount of mid-IR light generated, and a new detection system, comprising of a faster
detector and a variable amplifier, was emplaced. This led to an enhanced i, of 6.4 x

1071% ecm™! over 151 s for an empty cavity.

In Chapter 6, the DL signal source in the QPM-DFG set-up was replaced with the DS-DBR,
allowing mid-IR radiation between 3130 — 3330 nm to be produced. The poling period and
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temperature of the PPLN crystal had to be altered in order to access the whole of this range,
and powers between 3 — 21 uW were generated depending on the EDFA utilised, which was
dictated by the target wavelength range. This mid-IR light was used to study CH,: direct
absorption spectra of 0.18 Torr of CH, in 6 Torr of air over 3016 — 3096 cm™!, covering
the @ and R branches of the fundamental v3(F) transition, were acquired and found to
be in good agreement with simulated spectra in terms of both the positions and intensities
of the absorption features; and 2f-WMS was used to study four R(5) absorption lines in
the v3(Fy) vibrational band at 3076.7 cm™, with a similar non-linear wavelength-current
relationship as observed in WMS studies in the near-IR. Direct absorption measurements
of 3.2 Torr of CH3SH between 3016 — 3096 cm! revealed the £Q, transition at 3040 cm™
as a potentially useful feature for monitoring this biomarker in exhaled breath at reduced
pressures. The DS-DBR sourced, DFG-generated mid-IR radiation was then coupled into a
mid-IR cavity to perform CEAS combined with phase sensitive detection via a mechanical
chopper and lock-in amplifier. Spectroscopic studies of the (6 A2 8 < 6 A; 1) Q(6) and
(2 F2 10 <+~ 1 Fy 1) R(1) transitions of the fundamental v3(Fy) band of CH, at 3017.47 cm™
and 3038.50 cm™!, respectively, were conducted using a 7.5 ppm calibrated CH, mixture
at various pressures in order to calibrate the system: effective path lengths at the two
wavelengths of 620 + 10 m and 715 4+ 7 m, respectively, were determined. Experiments
on ambient air were then performed, in which the concentration of CH, was calculated as
2.81+0.10 ppm and @iy determined to be 6.2 x 1078 cm™ over an 8 s acquisition time. In
addition, this set-up was also used to further examine the £Q, CH4SH absorption feature
at 3039.9 cm™! using mixtures of CH4SH in N, at different concentrations (5 — 380 ppm)
prepared in the cavity. A oy of 4.274+0.14 x 10~2! em?cm ™' molec! for the main absorption
feature at 3039.9 cm™, and a CH,;SH detection limit of 2.4 ppm at 19 Torr for this system

at this wavelength, were established.

In summary, it has been shown that using a DS-DBR laser source to perform high resolution
cavity-based spectroscopy, in both the near- and mid-IR, is a viable and useful technique
for sensitive trace gas sensing. The three major concepts proposed for performing sensitive
spectroscopy across a broad spectral range - namely the employment of a widely tunable
laser source; the use of sensitive, cavity-based spectroscopic techniques; and the exploita-
tion of the strong, fundamental transitions of the mid-IR - have each been investigated
individually and in pairwise combinations with favourable results. Indeed, all three aspects
have been successfully combined to create a widely tunable, sensitive spectrometer in the
mid-IR. Such a spectrometer has many possible uses in the detection of multiple species or
broadband absorbers, and there are many potential improvements that could be made to

enhance the system; some of these ideas are explored in the following section.
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7.2 Future Developments

There are various features of the spectrometers developed in this thesis that could be altered
in order to improve their performance. One easy to implement change which would enable
concentration determination over a reduced acquisition time would be to take measurements
at just one, fixed wavelength corresponding to the top of an absorption feature, or at a few
points which would cover the peak. The viability of such a procedure was ascertained
in Section 3.3.3. The optimal number of scans or ring-downs to average, as found using
Allan variance analyses, could then be used to yield the best possible minimum detectable
absorption coefficient. The total acquisition time would thus be shorter than that associated
with repeating measurements at several wavelengths to create a spectrum, which includes
the dead time between spectral points as the laser is tuned. To achieve this, however, high
wavelength and mechanical stability would be required. Furthermore, care would be needed
to ensure that the correct spectral baseline was used, by taking regular measurements off-
resonance or of an evacuated cavity. The former method could readily be implemented
using the DS-DBR, and would involve recording I and Iy, or 7 and 79, values at just two
frequencies corresponding to the top and bottom of the absorption feature, respectively, by
rapid switching of the DS-DBR, between these well-defined frequency points, a feat made
possible by the high reliability and wavelength reproducibility of this laser source; the
latter methodology would be necessary if studying broadband absorbers. This approach of
quickly and simply determining only the peak a values of the absorption features of interest
in order to reduce data acquisition time could be adopted in both the near- and mid-IR.
If specificity was a concern though, then taking data across the entire line profile, as done

for most of the work in this thesis, would be preferable.

Another change which would enhance systems in both and the near- and mid-IR would be
to link the LabVIEW programs developed with the reference calibration tables of the DS-
DBR settings and output wavelength. Currently, the settings for the desired wavelength
or wavelengths have to be imported manually into the LabVIEW program, having first
been identified in the reference data by the user. It would be ideal if the user could
simply input the single fixed wavelength, multiple fixed wavelengths or wavelength range of
interest into the LabVIEW software, which then determined the appropriate settings. This
automation would greatly help in the collection of data, especially when jumping between

widely separated wavelengths.

With regards to work in the mid-IR, the frequency calibration could be improved by con-
stantly monitoring the pump laser wavelength using a wavemeter or an etalon during the
acquisition of spectra in order to account for any laser drift, or by locking the pump wave-

length to a molecular transition.
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Further enhancements could be made by increasing the amount of mid-IR power, which
could be accomplished by boosting either the input pump power, the input signal power,
the DFG conversion efficiency or a combination of these. One way the first approach could
be achieved is by replacing the 1064 nm DL with a more powerful Nd:YAG laser, giving
hundreds of mW of pump radiation. This strategy was investigated in Section 5.4, and
led to a five-fold increase in mid-IR power and a clear improvement in the spectrometer
sensitivity. The signal input power could be raised by using a higher power fibre amplifier:
Nuphoton Technologies now offer high power C- and L-band EDFAs that output up to 10 W
of amplified radiation [453]. In the case of the CRDS systems, an increase in signal power
could also be realised by positioning the AOM before the EDFA so that the amount of
signal radiation available for mid-IR generation is not reduced; this configuration could be
possible by gain clamping the EDFA, either with an optical feedback loop or by adjusting
the pump power [400]. Alternatively, the use of a waveguide PPLN module would result
in an increased conversion efficiency and hence higher mid-IR powers, though this would
come at the cost of a reduced spectral bandwidth. The poorer output beam profile often
observed on using such a device would not prevent the application of techniques such as
CEAS, though CRDS may be more problematic.

If it were desired to improve the mid-IR CRD spectrometer, the use of new and improved
commercially available mid-IR technology, such as detectors and cavity mirrors, would be
beneficial. CRD Optics [454] offer mirrors with R values of 0.9999 over the 3000 — 3400 nm
wavelength range; using the 77 cm long cavity employed in this thesis, such an increase in
R would result in Leg and 7y values of 7.7 km and 26 us, respectively, but would also come
with the penalty of lower powers incident on the detector. The use of improved detectors
has already been explored in Section 5.4, in which a detection module combining a more
sensitive photovoltaic detector chip with a higher bandwidth pre-amplifier was utilised; the
higher bandwidth meant that the detection module had a faster response time allowing
fast signals to be observed with smaller contributions from the electronics to the measured
RDTs (Section 5.4.1), thereby reducing the error in the true RDT. Again, however, there
is a trade off, as the increased temporal resolution unfortunately leads to a decrease in the

overall sensitivity of the detector (Table 1.1).

If the mid-IR power could be increased sufficiently, the DS-DBR DFG system could be used
for CRDS, rather than the CEAS performed in Section 6.3. Indeed, CRDS measurements
with the current set-up were attempted, but the signal output from the cavity was too weak
for triggering and detection owing to the noisy cavity modes of the DS-DBR, as seen in
the near-IR in Section 3.3.2.1. The shorter coherence time for the DS-DBR compared to a
DFB DL meant that the DS-DBR sourced, mid-IR cavity modes were broader and smaller
in amplitude than expected, and of insufficient height to trigger the CRDS system to begin
recording ring-downs. Previous studies with the DS-DBR in the near-IR had indicated that
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noisy cavity modes could still be used to report accurate RDTs, so while the noise of the
cavity modes was not in itself intractable, the combination of this effect with low mid-IR
powers was. An increase in mid-IR power would overcome this difficulty, thus allowing
CRDS to be implemented.

Concerning the ability to detect CH;SH in breath, the R, CH;SH absorption feature at
3039.9 cm™! was identified as a potential indicator for monitoring this biomarker because of
its relative freedom from H,O and CH, interference at low pressures. In order to observe
this feature at 10 ppb in a 100 Torr total pressure sample without pre-concentration, it was

established that a sensitivity of ~ 5 x 107 cm™!

was needed, a level which was achieved
using the mid-IR CRD spectrometer in Chapter 5. As indicated above, such sensitivities
were not attained when using the DS-DBR as the DFG signal source due to the current
infeasibility of performing CRDS in the mid-IR with this laser; however, it is clear that if
a DFB diode laser operating at the correct wavelength with a sufficiently long coherence
time could be sourced, it could be combined with the DFG-based CRD spectrometer to

produce a selective and sensitive CH;SH detector at 3039.9 cm™t

. The improvements to
the mid-IR power levels outlined above may enable the DS-DBR sourced, DFG-generated
mid-IR radiation to be used with CRDS too, allowing detection at 3039.9 cm™ at the
required sensitivities using this widely tunable signal source. Having identified this small
spectral region for use in the detection of CH;SH in breath, an alternative, higher power
laser source, such as a QCL or ICL, that can access this wavelength could be used as the
radiation source for CRDS instead, which would overcome the difficulties of the low mid-IR
powers encountered in this work. However, despite their recent technological advances,
such devices may not yet be commercially available with the required continuous tunability
across the necessary wavelength range. Furthermore, it is noteworthy that it was only
through the wide tunability offered by the DS-DBR DFG system that the appropriate
feature for monitoring this biomarker was determined; such extensive tunability combined
with high spectral resolution at 3 um is not possible with other mid-IR radiation sources.
This rationale could be applied more generally to offer one potential future application
of the widely tunable spectrometer developed in this work: the system could be used to
record high resolution survey spectra of biomarkers of interest over the 3 — 3.3 um range in
order to identify the optimal spectral regions for their detection, and, using this knowledge,
tailor-made devices could then be created utilising different laser sources with the specific
application of measuring a particular target molecule at a required sensitivity. However,
the widely tunable mid-IR spectrometer of this thesis could also still offer the option of

measuring multiple target species with a single instrument, if so wished.

An alternative approach to reaching the desired ~ 5 x 107 e¢m™! sensitivity for monitoring
the £Q, CH;SH absorption feature at 3039.9 cm™ could be to conduct 2 f-WMS in combi-
nation with an astigmatic Herriott cell. The FWHM of the main %Q, CH,SH absorption
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feature recorded at 3.2 Torr in Figure 6.6 was measured as 0.011 cm™. As the maximum
sensitivity achievable with 2 f-WMS occurs when the modulation index, b, is approximately
equal to two [28], this means that the optimal optical frequency modulation amplitude, a,,
to use would be 0.011 cm™ (Equation 1.35). Such modulation amplitudes are readily re-
alised; indeed, they have already been used, as demonstrated in Section 6.2.1.2 and Figure
6.4. Additional work in Section 6.2.1.2 also indicated an i (BW) of 3.1x 1076 cm™ Hz"1/2,
so in order to reach the required ~ 5 x 1072 cm™! sensitivity, a multi-pass cell with length
of at least 6.2 m would be needed. Thus the typical path lengths attainable with Herriott
cells of 50 — 250 m [31] should easily reach the desired sensitivities. With such an approach,
it is important to note that the cell volume may be large (several 100 cm?®), which could
prove troublesome for conducting studies of single breath samples. Also, WMS is not an
absolute quantification technique, hence reference, calibrated samples would be required. If
necessary, pre-concentration of the breath samples could also be employed, either by solid
phase extraction [455], Tenax trapping [456] or cryogenic trapping [457]; such a solution
would not be ideal though as it would increase the complexity of the breath sampling pro-
cedure and may introduce problems of reproducibility. However, the work presented in this
thesis, together with the ideas presented in the preceding discussion of possible improve-
ments, should pave the way for the development of a CH;SH sensor in order to measure

this crucial biomarker in breath for medical diagnostics.
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Beam Propagation and Ray
Transfer Matrix Analysis

A plane wave can be characterised by an individual propagation direction given by a
wavevector [10]. If the optical system has a symmetry axis, z, then the ray at a given
cross-section (fixed value of z) can be described by the angle, 6, that the beam makes with
this optical axis and its distance, y, from it. In the paraxial ray approximation, only those
rays that are near and almost parallel to the z axis are considered, so that their angles to
the optical axis are sufficiently small to permit the estimates sinf =~ 6 and tanf ~ 6 to be
employed. This allows for the development of the concept of ray tracing, which reveals how
light beams propagate through an optical system and interact with the various components
within it. Before embarking upon this idea of ray tracing in earnest, it is important to

clarify certain terms and sign conventions, as summarised in Equation A.1 and Figure A.1.

In ray tracing [2], we use linear algebra to calculate how the propagation direction of the
beam changes on its interaction with an optical element. If the ray is initially moving in a
direction specified by the coordinates (y1, 1) and it subsequently interacts with an optical

component that alters its trajectory, then the new beam propagation is now represented

<y2> B ( B) <y1> A
05 c D) \o
AB

where (C D) is called an ABCD matrix and describes how the optical element interacts

by the coordinates (y2,62):

with and transforms the light ray. Different optical components have different effects on the
light beam, so have different ABCD matrices. The main optical elements to consider are
interfaces, lenses and mirrors, characterised by their refractive indices, n, focal lengths, f,

and radii of curvature, r, respectively. Table A.1 gives several important ABCD matrices.
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(a) Convex and concave (b) Refraction (c) Reflection

Figure A.1: Explanation of the sign conventions adopted in optical systems. z describes
the general propagation direction of the light ray. (a) defines the terms convex and concave:
as a ray of light travels towards it, a surface is said to be convex if the centre of curvature
occurs after the interface (curve bulges outwards), whereas it is concave if the centre of
curvature is before (curves inwards). When the direction of travel of the light beam is
unaltered, as for refraction, propagation and transmission, the z axis remains in the same
orientation; this is illustrated in (b) and sign convention 1 for the radii of curvature, r,
is employed. When the direction of the light propagation is reversed, as for reflection,
the positive z axis flips so the rays still travel positively; this is shown in (¢) and sign
convention 2 is used.

Optical systems are often made up of several different optical units put together, with the
beam passing through each part in turn. If the ray passes through or interacts with m

optical elements in the order 1,2, 3, ..., m, the overall transformation of the beam from its

initial propagation trajectory, given by (y1, 61), to its final one, (y2,62), can be summarised

) My, My My M- (O (A.2)
92 91

L [
e (1) as

So the ABCD matrix for the whole system, M, is simply the result of the matrix multi-

as:

plication of the ABCD matrices of the individual components in the order in which they

interact with the light ray, M, - ... - Mz - Moy - Mj;.

Laser light often has a Gaussian shaped beam profile, as illustrated in Figure A.2. A
Gaussian laser beam of any order can be described by the complex beam parameter, ¢(z),
which varies as the beam travels along the z axis according to ¢(z) = go + z [10], with g
given by: ,

a0 =52 (A.4)
where wq is the beam waist and A is the wavelength of the light. ¢(z) can also be expressed
as [10]:

1 1 iA

SREORET (45)

where 7(2) is the radius of curvature of the spherical phase front of the beam at the point
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Transformation Sign

.. . Figure Matrix Notes
description convention
Propagation in .z
: ; 1 d .
homogeneous 1 - (0 1) d = distance
medium
. - sz n = refractive index
Refraction at 1 i 1 0 e — initial 1
planar interface n ion, 0 X L=
n2 ny = final n
. . r = radius of curvature
Refraction at 1 1 0 0
curved surface non, menz o aL "> U convex
2 n2 r < 0 concave
Refraction of ——z 1 0 f = focal length of lens
. 1 u 1 f > 0 converging/convex
thin lens -z 1 ] )
f f < 0 diverging/concave
Refraction of =z 1 0 Ny = n of mirror
plano-curved 1 u (nm—l 1> r > 0 convex
mirror T r < 0 concave
Reflection at 9 zi——=* 72 1 0 r > 0 concave
curved mirror ﬂ —% 1 r < 0 convex

Table A.1: Summary of the ray transfer ABCD matrices for selected interfaces and
components. The ray matrix for refraction of a plano-curved mirror, with the order of the
interactions of the incoming light beam with the plane and curved surfaces of the mirror
as indicated in the diagram, was found by considering the mirror as a thin lens and the
lens makers’ equation for a thin lens of 1/f = (n2—n1)/n; (1/r; — 1/ry), where n; and ny are
the refractive indices of the initial medium and mirror material, respectively, and r; and
ro refer to the first and second radius of curvature of the optical element, respectively. In
this case, 1y = oo as the first surface is planar and 75 is equal to the radius of curvature
of the mirror, r, with its sign dependent on whether the surface is convex or concave to
the incoming light ray, as defined in Figure A.1(a), and using sign convention 1. Assuming
the initial medium is air, so n; = 1, and labelling the refractive index of the mirror as n,,,
this formula reduces to 1/ = —(nm—1)/r. This can then be substituted into the ray matrix
for refraction of a thin lens to generate the appropriate ABCD matrix. It is noteworthy
that this means a plano-concave mirror, with the light propagating through it as drawn,
acts as a diverging lens.
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Figure A.2: A focused Gaussian beam. The confocal parameter, b, is twice the distance
over which the beam waist, wp, is increased by a factor of v/2.
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It can be shown that ray transfer matrix analysis and the ABCD matrices outlined above can

z along the axis:

r(z) =z (A.6)

also be used to describe Gaussian beam propagation [2, 458, 459], allowing the parameters
of a Gaussian beam exiting an optical system to be predicted, given the parameters of the
input Gaussian beam. If ¢1(z) and ¢2(z) are the complex beam parameters of the Gaussian

beam before and after the optical system, respectively, then [10, 458, 459]:

_ Aq(2)+B

- D (A7)

2(2)
where (é ]]%) is the transfer matrix found for paraxial rays for the overall optical system.
This approach can be exploited in order to accomplish mode-matching of a laser beam into

a cavity.

Mode-matching is required to convert the properties of the incident laser beam into those
best supported by the cavity in order to maximise the coupling of the light into the resonator
[57]. Tt is achieved by the use of mode-matching optics placed before the cavity. The
simplest arrangement is shown in Figure A.3 where one lens of focal length f is placed a

distance d in front of the cavity to focus a collimated laser beam into the cavity.

For a collimated or focused beam, r = co. As the beam is collimated before the mode-
matching lens, with a spot size of we,,, and focused at the cavity centre, with a spot size
equal to the beam waist of wg, then the complex beam parameters at these two positions,

grar and qo, are equal to:

ar — A8
as ) (A.8)

qo = | \ (A.9)
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Figure A.3: A simple mode-matching arrangement with a single lens of focal length f
placed a distance d before the cavity formed of mirrors with radii of curvature r; » separated
by a distance L. The beam waist inside the cavity occurs a distance s after the first mirror
and has a complex beam parameter gy with radius wo; if r; = ro, this occurs in the middle
of the cavity so that s = L/2. The incoming Gaussian beam is assumed to be collimated
and described by gf., with spot size wea;.

From the input position, the path of the beam can be followed and the optical elements it

encounters noted. These are, in order:

1 0
1. Focusing by the mode-matching lens: ( ) 1)
7

1 d
2. Free space propagation from the lens to the cavity mirror M;: ( >
0 1

1 0
3. Refraction at My: (n 1 1)
el

1 s
4. Free space propagation from M; to the cavity waist: (0 1)

It is worthy of note that the curved surface of the cavity mirror M is convex relative to the
incoming light ray (as defined in Figure A.1(a)) and sign convention 1 must be employed as
the beam is being refracted by the mirror, hence r > 0. In this thesis, the work conducted in
the near-IR used cavity mirrors composed of fused silica, with n,, = 1.44384 and 1.44324
at 1565 nm and 1615 nm, respectively; in the mid-IR, ZnSe mirrors were utilised with
Ny = 2.43586 at 3345.676 nm [460].

These matrices can then be multiplied together as according to the relationship M =
M,, - ... -Mgz-Ms-M; outlined in Equations A.2 and A.3, and the overall ABCD matrix

then used in Equation A.7:
o AQfar +B

of (A.10)

q0
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By setting wg as the beam waist of the optical cavity as given by Equation 1.45 and wg,,
as the experimentally measured spot size of the input collimated beam, this equation can
be solved to give a single solution for f and d for perfect mode-matching if wg, > wy.
However, restrictions imposed by the defined focal lengths of commercially available lenses
and practical considerations of the spatial configuration of the experimental set-up often
means that this ideal solution cannot be implemented, so instead compromise values for
f and d are used. Alternatively, two mode matching lenses can be used to give more
flexibility; this requires further ABCD matrices to be included in the ray transfer matrix
analysis and introduces two new parameters (another focal length and distance) which can

be varied to optimise the mode-matching.
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