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Abstract

T'unable diode laser spectroscopy (TDLS) has become the preferred option for
industrial gas monitoring. TDLS with direct detection provides absolute
measurement of a rotational / vibrational gas absorption line transmission function,
facilitating the extraction of gas concentration (from line strength measurement).
I'DLS with wavelength modulation spectroscopy (WMS) enables AC detection of
absorption line derivatives at frequencies where laser and 1/f noise is reduced.
Coupled with lock-in detection, this provides a sensitivity improvement of up to 2
orders of magnitude. At fixed temperature and pressure, calibration to signals
measured on a known gas composition has been used successfully to determine
system scaling factors. However, demand has grown for gas monitoring in
environments where the gas pressure is constantly varying and unknown. This
introduces significant errors in the analysis as the primary system scaling factor is a
function of linewidth, which is varying with the unknown pressure. Errors also arise
from the inaccuracies in determining a number of instrument scaling factors,
including the AM and FM characterisation of the laser. Pressure measurements may
be made and the errors in concentration corrected, if the gas absorption linewidth can
be accurately measured from the recovered signals and the instrument scaling factors
can be accurately determined. However, the lack of accurate in-situ wavelength
referencing schemes for use in the field, make linewidth measurement extremely
difficult. Add to this the fact that conventional TDLS / WMS measurements are
prone to systematic interference and the errors accumulated from inaccurate
instrument scaling (noted above) and linewidth measurement, could determine a

large final error on the derived concentration and / or pressure.

This work reports the proposal, development and validation of both an in-fibre
wavelength referencing scheme and a new technique for measuring the absolute
absorption line transmission function using TDLS with WMS. Measuring the
absolute absorption line transmission profile, as a function of the laser’s wavelength

scan across the absorption line, facilitates the extraction of the gas concentration and



pressure via comparisons to theory (based on HITRAN data). Through novel signal
processing techniques, the approach is free from systematic distortion and 1s absolute
without the need for calibration. This new approach provides many of the benefits of
TDLS / WMS, whilst offering the simplicity and accuracy of TDLS with direct
detection. The promising results show that we have significantly advanced TDLS
technology towards realising a stand-alone instrument for determining accurate gas

composition measurements in harsh industrial environments.
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Chapter 1: Introduction

C hapter 1

Introduction

1.1 Gas Sensing in Industrial Environments

Initially gas detection in industrial environments consisted of relatively simple
devices that were developed to satisfy elementary safety and environmental
concerns. A typical implementation of this is known as a pellistor [1.1 and 1.2],
which uses a process of catalytic combustion to detect methane / hydrocarbons in arr.
Pellistors are commonly used in such environments as oil and gas exploration sites,
water treatment plants and landfill sites. Pellistor detector elements consist of a
heated platinum wire coil encased in a bead of catalytic material. At temperatures
above 300 °C oxidation of the hydrocarbon (burning) readily occurs at the detector
element. This reaction increases the temperature of the platinum wire and hence its
resistance, unbalancing the Wheatstone bridge arrangement in which it is placed.

The temperature / resistance change is then proportional to the gas concentration.
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This technique is very accurate when detecting hydrocarbon gas concentrations in the
region between their upper and lower explosive limits, UEL and LEL' respectively.
Pellistors can provide detection down to ppm levels; however, detecting above the
UEL becomes difficult as there is insufficient oxygen for the burning to take place.
With this device, discriminating between hydrocarbon gases and / or detecting gases
other than hydrocarbons is impossible. In order to have sufficient heat for the
reaction to take place, a constant DC current is required; this is not only expensive
but not intrinsically safe. Pellistors are also susceptible to catalytic poisoning,
leading to deterioration and calibration drift. Thus, they require regular calibration
checks and eventually, replacement; again this is expensive. Finally, due to their
poisoning issues and slow response time, pellistors are not suited to operating in the

continuous presence of gas.

Non dispersive infra-red (NDIR) detection, using mid infra-red light emitting diodes
(LEDs), [1.3] is an attractive alternative. These use wavelengths coinciding with the
strong fundamental absorption bands of most atmospheric gases (2.5 to 3.5 um). An
Ilustration of two popular NDIR system configurations is shown in figure 1.1 [1.4].
As can be seen from the figure, the general approach of a mid infra-red gas analyser

relies on two signal channels; a gas measurement channel and a reference channel.

T'he channels are scaled and balanced to provide a fixed DC output when no target
gas 1s present in the cell. When gas is present, absorption on the gas measurement
signal leads to an 1mbalance, yielding an output proportional to the gas
concentration. The two signals are generated in one of two ways. The first uses two
broad band LEDs, shown in figure 1.1 (a). The “Gas LED” operates with emission
wavelengths coinciding with the fundamental absorption band of the target gas. The
“Reference LED” operates with emission wavelengths outside the gas absorption
band. A second approach, shown 1n figure 1.1 (b), uses one broad band source LED
emitting at a range of wavelengths covering the absorption band and a region away
from any absorption. Two detectors employ filters at their input. The *“Gas

Detector” filter is chosen to have a spectral distribution over the absorption band of

' Lower explosive limit (LEL) of a gas is the lowest concentration of that gas by volume in air which,
when ignited, will cause an explosion
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the target gas, and the filter attached to the ‘“Reference Detector” has a spectral

distribution away from any target gas absorption.

NDIR gas sensors have many advantages over pellistor-based systems; for example,
they do not rely on a catalytic combustion process, permitting the detection of gases
other than hydrocarbons and gas concentrations from ppm level up to 100 %. The

sensors also work effectively in the continuous presence of gas as they do not suffer

from poisoning.

Gas In

I Gas Out

llllllll

lllllll

Stainless Steel Tube

(a)

Gas In Gas Out

h Detector

-ence Detector

Stainless Steel Tube

(b)

Figure 1.1: NDIR sensor configurations (a) Dual source, single detector (b) Single source, dual

detector

There are still, however, a number of considerable limitations with NDIR
approaches, which have been noted by fellow researchers within the group at

Strathclyde in the past [1.4 and 1.5] and a summary is given here. The first, most
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obvious limitation, is the calibration issues concermned with using two independent
sources or receivers. For example, in [1.4] it was noted that two different LEDs
responded to temperature change in different ways, yielding false signals through
calibration drift. Secondly, the sensitivities of mid infra-red systems can be in the
several ppm.m range; however, for reasonable signal-to-noise ratio the detectors
must be cooled, adding further expense and complexity. Another major i1ssue 1s that
the broad band sources / detectors used in NDIR systems are susceptible to
interference from other atmospheric gases that have absorption lines close to that of

the target gas. It is not possible to use these systems with conventional silica optical
fibres. The problem being that at wavelengths beyond 2 pm, silica is practically
opaque. In order to achieve remote detection, further investigation into chalcogenide

or fluoride glasses is required. At present, electrical connections are used to and

from the measurement zone, meaning NDIR systems are not intrinsically safe.

Over the years environmental and safety concems have grown, becoming more
specific and demanding. In addition, there is a growing interest in accurate gas
measurements for industrial process control applications, providing even greater

challenges in terms of measurement reliability, calibration and robustness.
Therefore, although the pellistor and NDIR approaches provide satisfactory levels of
detection, the sensor-detector range, the power consumption, the high maintenance /
calibration concerns and the intrinsic safety issues have encouraged the development
of alternative optical measurement technologies. In particular, interest in tunable

diode laser spectroscopy (TDLS) has grown enormously.

TDLS techniques involve sweeping the frequency of relatively high power, narrow
band sources across individual vibration-rotation gas absorption lines. This
technique of repeatedly frequency scanning the line, combined with “off-line zero-
point referencing”, has many advantages over NDIR spectroscopy by providing
calibration-stable, gas-specific, concentration measurements of most environmental

gases. Initially mid infra-red (IR) lasers were used to address the strong fundamental



Chapter 1: Introduction

absorption bands of the gases [1.6 - 1.11], but the potential of this technique in
industrial applications was hindered by the poor quality detectors that required
expensive cooling mechanisms. TDLS at near infra-red wavelengths [1.12 - 1.19]
(addressing the weaker overtone absorption bands) offered greater potential due to
the widespread availability of inexpensive, high quality laser sources and detectors.
Near infra-red TDLS systems employing distributed feedback (DFB) lasers and
InGaAs photodetectors provided similar detection sensitivities to mid infra-red
schemes, even though the overtone bands addressed are up to two orders of
magnitude weaker. Further development saw the exploitation of single mode optical
fibre networks (compatible with near infra-red wavelengths and optical
communications components), facilitating remote, multi-point detection in the most

demanding of environments [1.5 & 1.20 - 1.22].

In TDLS with direct detection, the absolute rotational-vibrational gas absorption line
transmission function is recovered. Direct measurements of the linewidth and line
strength of the recovered transmission function can be used to measure the
concentration and the pressure or to compensate for pressure variations in the
analysis. Alternatively, a common approach is to employ curve fitting procedures,
matching theoretical predictions of the transmission profile (based on spectroscopic
data) to the recovered traces. The best fit to the linewidth and line strength then

yields the pressure and concentration.

In the more sensitive adaptation, TDLS with wavelength modulation spectroscopy
(WMS), the recovered 1% or 2™ harmonic signal relates to either the 1% or 2™
derivative of the gas absorption line transmission function respectively. When
recovering 1% derivative signals, the concentration is proportional to the signal
amplitude and the slope through the mid-point zero. When recovering 2" derivative
signals, the concentration is determined purely from the amplitude (this represents
the slope through the mid-point zero on the 1* derivative). Tunable diode laser

spectroscopy with WMS, using calibration to a known gas composition, has proven
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to be very successful in terms of gas concentration measurements at fixed

temperature and pressure, and reflects the current state-of-the-art for commercial

environmental TDLS gas monitoring systems [1.5 & 1.20].

In industrial applications gas pressures and consequently absorption linewidths are
often varying and unknown, and it is in these situations that the extra sensitivity
offered by TDLS / WMS techniques is balanced against the increased complexity in
signal analysis and scope for error therein. In TDLS with WMS, the recovered
derivative signal amplitudes have a strong dependency on the gas absorption
linewidth, as described more accurately by equations (3.17) and (3.18) 1n chapter 3.

These equations show that the amplitude of the 1* derivative signal has a dependency

of 1/y* (where ¥y is the half-width-half-maximum linewidth) and the amplitude of the
2" derivative has a dependency of 1/y°. This dependency is illustrated in figure 1.2

below, where the measured 1 and 2™ derivatives of the overtone absorption line of
methane (around 1650 nm) at 10 % concentration are shown for two different
pressures (linewidths). As can be seen from the figure, extracting concentration from
the signal amplitude and slope through the mid-point zero on the 1* derivative signal

(figure 1.2 (b)) or from the signal amplitude at line centre on the 2" derivative signal
(figure 1.2 (c)), would lead to significant errors. Note also that the depth (signal

amplitude) of the direct transmission function (figure 1.2 (a)) only shows a very

weak dependence on the linewidth.

From the above analysis, pressure measurements may be made and the errors
corrected (in both direct and derivative signals), if the gas absorption linewidth can
be accurately determined from the recovered signals. However, the lack of reliable,
in-situ wavelength referencing schemes (discussed later in chapters 2, 4 and 5) for
use in the field, make accurate linewidth measurement extremely difficult. In
addition, systematic interference [1.23 - 1.25] on derivative traces, recovered using
current TDLS / WMS techniques, add further complexity and scope for error to

linewidth recovery.
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With accurate wavelength scales applied to the absolute transmission signals,
recovered using TDLS with direct detection, simultaneous measurement of pressure
and concentration can be achieved through curve fitting procedures, matching
theoretical absorption profiles to the measured linewidth and line strength. In
principle, numerically integrating the derivative signals, recovered from TDLS /
WMS detection methods, provides a signal proportional to the absolute transmission
function (facilitating concentration and pressure extraction as with the directly
measured signals). However, this recovery of the absolute transmission function
from the harmonic / derivative signal requires accurate knowledge of all the
experimental parameters and system scaling factors. One of the most important
system scaling factors determines the harmonic / derivative relationship and is

quoted in the literature as the modulation index, m [1.24 and 1.25]. m is dependent
on the applied frequency deviation dv and the gas absorption linewidth, y. It has

already been shown above that the linewidth has a critical influence on the amplitude

of recovered derivative signals and further examination of equations (3.17) and

(3.18) reveals the increasing dependency of harmonic signal amplitudes on v (1%

harmonic signal is scaled by &v and 2" harmonic signal is scaled by 5v2).

In conclusion, accurate measurement of concentration and pressure depends on
accurate knowledge of two fundamental parameters: y and 6v. However, 1n current
stand-alone industrial gas monitoring systems both have a degree of uncertainty
associated with them. Indeed, in industrial processes where the pressure and
temperature may be varying and unknown, y must be determined from the recovered
signals, which do not have a reliable in-situ wavelength reference and, in the case of
TDLS / WMS, may be distorted by systematic interference. The errors In
determining each of the critical parameters will accumulate and determine the final

error on the extracted concentration and pressure.
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1.2  Thesis Aims and Objectives

The overall aim of this work was to develop robust TDLS techniques (for both direct
and WMS adaptations), to permit accurate and simultaneous measurement of gas

concentration and pressure, for use in a stand-alone, field-deployable instrument. In

order to achieve this aim, two objectives were devised.

1. The first objective was to develop a reliable wavelength referencing scheme
to enable mapping of an absolute wavelength scale to time-based absorption
measurements (direct or derivative).  This facilitates the accurate
measurement of the vibration-rotation gas absorption linewidth, y. Previous
attempts at this were researched and are described in chapter 2; however, in

order to eliminate the interference and alignment issues associated with bulk

optic approaches, an in-fibre approach was the target here.

2. Once accurate, in-situ wavelength referencing was achieved, the second
objective was to determine robust calibration algorithms and signal
processing procedures to facilitate the accurate and simultaneous extraction
of gas concentration and pressure from recovered signals, paying attention to
the system scaling factors 6v and y. There were two possible curve fitting
procedures: (a) fitting theoretical predictions of (either fundamental or
derivatives of) the absolute absorption line transmission function to the
respective measured signals or (b) fitting theoretical predictions of the
absolute absorption line transmission function to directly recovered signals or

numerically integrated derivative / harmonic signals.
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1.3 Thesis Overview

Chapter 2 reviews two of the most common TDLS techniques used in current state-
of-the-art industrial gas monitoring systems, namely: TDLS with direct detection and
TDLS with wavelength modulation spectroscopy. The review includes a description
of the principles of operation of the two techniques, highlighting the signal
processing and calibration issues associated with them. The chapter also provides a

more detailed account of the aims and objectives of this work.

Chapter 3 provides a theoretical appreciation of molecular gas absorption
spectroscopy, describing in detail all the factors affecting the shape, depth and width
of gas absorption spectra. Chapter 3 also describes the process of achieving highly
accurate theoretical predictions of gas absorption spectra for the purposes of curve

fitting to experimental data.

Chapter 4 explains in detail the realisation of robust direct TDLS and TDLS / WMS
systems (reflecting the current state-of-the-art) in the laboratory, including vital
calibrations against changes in signal power and system losses. This chapter also
discusses the conventional method for removing systematic interference and the

design, build and test of an in-fibre wavelength referencing scheme.

Chapter 5 gives an in-depth analysis of the results from the two TDLS approaches
described in chapter 4. The issues that limited these conventional approaches are
investigated and solved to provide the basis of two robust techniques for measuring
gas concentration and pressure in stand-alone, field-deployable instruments. In so
doing, chapter 5 validates the accuracy and reliability of our wavelength referencing
approach and curve fitting procedure for extracting concentration and pressure, and
proposes a novel technique for measuring the absolute absorption line transmission

function using 1** harmonic WMS detection.

10
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Chapter 6 describes the development and improvement of the novel TDLS / WMS

approach discussed in chapter 5, providing greater signal-to-noise ratio and increased

accuracy in the measurement of pressure and concentration.

Finally, chapter 7 concludes the thesis and provides a discussion on some future

work.

11
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C hapter 2

Review of Gas Monitoring Methods using

Near IR Tunable Diode Laser Spectroscopy

2.1 Introduction

Tunable diode laser spectroscopy (TDLS) offers major advantages over many other
optical gas sensing approaches, particularly when considering application to
industrial gas monitoring. The use of diode laser sources with high spectral power
density allows for increased signal-to-noise ratio over broad band optical schemes.
The high signal power, coupled with the use of optical fibres means that the laser
source and control electronics can be housed remotely (even kilometres away) from
the measurement zone, making TDLS gas analysers intrinsically safe. Narrow
linewidths and precise tuning also permit the interrogation of individual rotation-
vibration gas absorption lines, providing immunity to interference from other
atmospheric gases. Thermal and current feedback control of the laser frequency and

the use of a technique known as “off-line zero-point referencing” mean TDLS gas
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analysers are extremely calibration stable. These are the main reasons why tunable
diode laser spectroscopy offers the greatest potential in terms of delivering

quantitative gas measurements in modern industrial applications.

In this chapter a review is presented of the two TDLS techniques most commonly
used in current industrial gas monitoring applications: TDLS with direct detection
and TDLS with wavelength modulation spectroscopy. This review provides a
description of the principles of operation of the two techniques (based on references
2.1 — 2.16]) and discusses their limitations with regard to achieving accurate and
simultaneous gas concentration and pressure measurements in a stand-alone, field-

deployable instrument.

2.2  Principles of Tunable Diode Laser Spectroscopy with Direct Detection

A system diagram 1llustrating the basic approach to tunable diode laser spectroscopy

with direct detection is shown below in figure 2.1.

Ramp
Generator

Figure 2.1: System diagram of direct TDLS
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The principle of operation is illustrated in figure 2.2 and a description is provided
here. The DFB laser 1s temperature tuned such that its centre frequency, f, is in close
proximity to a known single vibrational-rotational absorption line of the target gas.
The centre frequency is then swept across the full width of the line by the application
of a time (t) varying, low frequency (several Hz) ramp to the laser’s injection current,
1. As the laser output is swept across the line the laser intensity is monitored at a

photoreceiver situated beyond the interrogation region.

Trans.

l.aser |

/

' (a) (b)

Figure 2.2: (a) Hlustration of direct TDLS and (b) recovery of absolute transmission function

In addition (not shown here), to ensure intensity variations not due to gas absorption
do not adversely affect the measurement, a fraction of the main laser beam 1s tapped
off using a beam splitter or coupler and monitored at a reference photoreceiver. 1o
compensate for the differences between the main beam and the reference beam, a
ratio is taken of the two signals at a point away from any gas absorption, known as
an “off-line” measurement; the ratio is known as a ‘“zero-point reference”.
Normalisation to the intensity variation as the laser is scanned across the absorption
feature and to the zero-point reference provides accurate recovery of the absolute

absorption line transmission function, from which it is possible to determine
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quantitative measurements of the gas composition. This particular method of

normalisation provides immunity to calibration drift and system loss variations.

Chapter 3 describes in detail the influence of pressure and concentration on gas
absorption lines; suffice to mention here that the gas concentration can be extracted
from the depth of the transmission function, and the gas pressure can be extracted
from the half-width-half-maximum (HWHM) linewidth, y. Alternatively, models of
the absorption line transmission function (based on spectroscopic data) can be used
in curve fitting algorithms to match these profiles to the experimentally measured
signals. The parameters resulting in the line of best fit then yield the desired
concentration and pressure. Linewidth and consequently pressure measurements
have been difficult to determine due to issues regarding accurate wavelength
referencing. Absorption measurements are recovered by plotting the transmitted
laser intensity (as the laser centre frequency is swept across the line) versus time.
However, the intensity and frequency sweep are functions of the current sweep and
the current / intensity / frequency relationships cannot be assumed to be linear.
These relationships are especially critical when scanning over relatively large
absorption linewidths common to high pressure gases; for example, the full-width-
half-maximum (FWHM) linewidth of a CH; absorption line at 1650.956 nm and 2
atmospheres pressure is ~ 7.2 GHz. With inherent laser drift through a period of
time, the sweep cannot be assumed to be repeatable either. Hence, for accurate

linewidth measurement an in-situ wavelength referencing scheme is required.

In applications where signal powers are high and the target gases have high
absorption linestrengths, direct TDLS is an inexpensive, simple and reliable solution
to gas concentration measurement in industrial environments. However, when
received signal powers are low and / or when the target gases have only weak
absorption linestrengths or low concentrations, the sensitivity offered by direct TDLS
is insufficient. A common solution to increase system sensitivity is to employ

measurement cells with path lengths metres long, or with short multiple passes.
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However, for stand-alone, field-deployable instruments, long measurement cells are
impractical and when considering multi-point sensing, multiple pass cells, requiring
highly reflective mirrors, would simply be too expensive. Besides, limitations in
sensitivity essentially stem from the principle of detecting at DC. Firstly, there are
resolution issues in attempting to resolve a small absorption on a large DC
background [2.16]. The problem is exacerbated with increasing temperature, where
significant and increasing levels of infra-red radiation (emitting from any object 1n
the measurement zone) exist at the measurement wavelengths. This results in an
increased DC background level (with noise fluctuations) that remains even after
normalisation procedures, making even the strongest absorption difficult to resolve.
In addition, DC detection is also susceptible to laser noise (1/f in nature and thus
decreasing with increasing modulation frequency) and background drift. By shifting
the detection to higher frequencies, where laser noise and drift is reduced [2.16},
TDLS with wavelength modulation spectroscopy provides improved signal-to-noise
ratio (SNR) and sensitivity and eliminates the problems with background DC signals

in high temperature applications.

2.3  Principles of Tunable Diode Laser Spectroscopy with Wavelength
Modulation Spectroscopy

Tunable diode laser spectroscopy with wavelength modulation spectroscopy (WMS)
requires only minor adjustments to the direct TDLS system architecture; these are

shown in the system diagram 1in figure 2.3.

In this technique there is a double modulation on the laser injection current: firstly, as
with the direct version, there is a low frequency ramp (tens of Hz) to sweep the laser
centre frequency over the entire width of the absorption feature; secondly, there 1S a
smaller amplitude, higher frequency (tens of kHz) sinusoidal dither to interrogate the

lineshape. The amplitude of the frequency deviation is usually defined in terms of
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the modulation index, m (m = dv/y, dv is the frequency deviation about the laser

centre frequency and y is the HWHM linewidth as before). An illustration of the

general principle of operation 1s shown 1n figure 2.4.

Ramp
Generator
DFB Gas
1 Laser Cell

Sinusoidal
Generator

Figure 2.3: System diagram of TDLS/ WMS

An amplitude modulation (AM) signal is produced when the frequency modulated
(FM) light interacts with the gas absorption line (see figure 2.4). When the lock-1n
amplifier 1s sét to measure the 1* harmonic, the output records the variation in the
AM signal at the fundamental modulation frequency. The amplitude of the
recovered signal is then proportional to the 1* derivative of the gas absorption line
transmission function. Relationships between derivative signals and concentration
and pressure are described in detail in chapter 3; both the amplitude and the gradient
through the mid-point zero of the recovered 1* derivative are proportional to the gas
concentration, and the positions of the maximum and minimum are related to the
linewidth and consequently the pressure. Modulation of a DFB laser’s injection
current also (unavoidably) results in a modulation of the laser output power at the
same frequency. Therefore the desired AM signal (induced by the interaction of the
FM light with the gas absorption line) is accompanied at the detector by a relatively
large, fixed, stable amplitude-modulated signal at the same frequency, commonly
referred to in the literature as residual amplitude modulation (RAM) [2.6, 2.13, 2.15
& 2.16].
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a.u

DC
background

(b)

Figure 2.4: (a) Hllustration of TDLS with WMS and (b) Recovered 1* derivative (1" harmonic)

output from a lock-in amplifier

In 1* harmonic detection, a common limitation to achievable sensitivity is the large
DC background produced by the lock-in amplifier’s measurement of the RAM
signal. Although removed from the FM derivative signal (usually by a DC offset or
DC filter) to achieve a zero baseline, the DC RAM signal provides a useful reference
for changes in system losses and detector sensitivities (common in industrial
environments) and thus is monitored. As with the direct technique, the change in
laser intensity as the centre frequency is scanned across the absorption feature is
monitored at a reference photoreceiver. The off-line DC signal, in this case, provides
a zero-point reference. Normalisation to these features then provides a useful
derivative signal (immune to system loss variations and calibration drift) from which

to determine gas measurements.

The interaction of the FM with the gas absorption line function also produces AM
signals at higher harmonics of the fundamental modulation frequency. Indeed, it 1s
the case that when the lock-in amplifier is set to record the variation in the AM signal

at the n™ harmonic of the modulation frequency, the amplitude of the recovered
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signal is proportional to the n" derivative of the absorption line transmission function
[2.16). In many applications detection at the 2" harmonic is preferred as the

derivative-like waveform has much of the baseline slope (DC RAM interference) and

noise associated with the 1* harmonic removed.

As mentioned in chapter 1, the current TDLS / WMS technique is very successful in
terms of concentration measurement at constant temperature and pressure. The
traditional procedure involves a one-off calibration to a known gas composition in
order to determine the system scaling factors. However, from the analysis of
harmonic signals shown in chapter 3 (equations (3.17) and (3.18)) and from figure

1.2 in chapter 1, it can be seen that the recovered signal amplitudes rely on a

systematic scaling factor, dependent on the applied frequency deviation (6v) and the
absorption HWHM linewidth (y). Therefore, in order to extract accurate information

relating to the gas composition, all of the system parameters, including év, must be
known precisely. In addition, in environments where the pressure is changing and
unknown, the linewidths must be determined accurately from the recovered signals.

As reported when discussing TDLS with direct detection, accurate linewidth
measurement from signals recovered in stand alone, field-deployable instruments has
been difficult to achieve, due to the lack of reliable, in-situ wavelength referencing
schemes. Further complication arises in systems using TDLS / WMS techniques
from the distortion of recovered derivatives by RAM interference (discussed further

In section 2.4).

2.4 Literature Review

Tunable diode laser spectroscopy was originally reported in the 1970s [2.1 - 2.3]. Up
until that time conventional spectrometers and gas lasers had been used to obtain gas
absorption data, and the technique of using the unique capabilities of diode lasers,

such as continuous tuning and narrow linewidths, was a novel approach to providing
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high resolution measurements of absorption spectra. Through the next few years the
use of the lead-salt diode lasers (IV — VI group of semiconductor matenals)
expanded, providing detection of most atmospheric gases via their strong mid infra-
red absorption bands [2.4 — 2.6]. Unfortunately, the mid infra-red detectors (and
sometimes the laser sources themselves) required cumbersome cryogenic cooling
mechanisms. They were used in bulk optic measurement schemes, which were
susceptible to vibrations and alignment issues. For these reasons, the use of mid

infra-red TDLS detection never really took off in industrial applications.

After the optical fibre telecommunications boom in the 1990s, the technology for
diode lasers constructed from the III — V group of semiconductor matenals, extended
to provide emission wavelengths in the near infra-red. There are much weaker (in
some cases by a factor of 200) vibration-rotation absorption bands in the near infra-
red; these are known as the overtones of the fundamental absorption bands, in the
mid infra-red. The healthy comms market meant optical sources, such as distributed
feed back (DFB) lasers and high quality receivers, such as InGaAs photodetectors,
were widely available at low cost. DFBs, as tunable diode laser sources for near
infra-red gas detection, offer many advantages; for example, although only weaker
overtone absorption lines exist in the near infra-red, the high spectral density
afforded by DFBs more than compensates. DFBs are also, inherently, single
wavelength, allowing for species selectivity. With optical sources offering greater
lifetime, gas specificity and lower operation cost, coupled with the high quality
receivers offering similar detection to mid infra-red techniques, near infra-red TDLS

gas measurements attracted great interest [2.7 — 2.14]. For a more in-depth review of

the recent advances in laser based gas monitors see [2.15 & 2.16].

Another benefit of operating in the near infra-red was the ability to exploit optical
fibre networks to provide remote, multi-point detection, [2.17 - 2.20] whilst
overcoming the vibration and alignment issues that limited bulk-optic mid infra-red

TDLS detection schemes. This finally meant tunable diode laser spectroscopy was
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unrivalled in terms of potential to meet modern industrial gas monitoring challenges;
providing solutions to the main calibration, reliability, sensitivity and cost 1ssues. A
general fibre system diagram is shown in figure 2.5. Fellow researchers within the
group at Strathclyde University have had great success with this technique;
developing a system that is, arguably, the current state-of-the-art, in terms of
commercial environmental remote gas monitoring products [2.17 and 2.18].

Measurements, however, are only valid in the limit of constant pressure and

lemperature.

Ramp
Generator

- = = = (ptical Fibre

Generator Lock-in .
=

Figure 2.5: System diagram of TDLS / WMS over optical fibre

As has been highlighted from the beginning of this report, the greatest challenge for
Industrial gas monitoring is simultaneous gas concentration and pressure
measurement / correction. The main limitations to achieving this are: (a) the
dependence (increasing with increasing order of derivative / harmonic) of recovered
signal amplitude on gas absorption linewidth and the need for its accurate
determination from recovered signals; (b) the lack of reliable, in-situ wavelength
referencing schemes to measure the absorption linewidth of the recovered signals
accurately; both of which are applicable to signals recovered by both TDLS
adaptations; (c) the RAM induced systematic distortion on the TDLS / WMS

derivative signals and (d) the need for accurate knowledge of the system scaling

factors, in particular, the amplitude of the sinusoidal frequency modulation, ov.
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Although RAM has always been regarded as an unwanted side effect to frequency
modulation that limits the achievable sensitivity [2.21 - 2.23], it had originally been
treated as an independent and entirely separable noise source. Indeed, early attempts
to extract lineshape / linewidth information, by comparing experimental
measurements to theoretical predictions of TDLS / WMS signals that only
considered the “ideal” pure FM case, [2.24 — 2.26] were flawed. This is because the
pure FM scenario is not achievable in industrial process applications, as highlighted
by Philippe et al [2.27]. The reason being, that RAM, as well as inducing a large DC
background, also produces a marked distortion on the TDLS / WMS derivative
signals. In addition, the n™ harmonic is only directly proportional to the n™
derivative of the absorption line transmission function, in the limit of small
modulation index, m' [2.23, 2.25 and 2.28] but low m is rarely used in industrial gas
monitoring due to its low sensitivity [2.16]. The first attempt at modelling TDLS /
WMS gas measurements in industrial processes (catering for large m and RAM
distorted FM) was made by Philippe and Hanson [2.27] and used theoretical
predictions expanded from Reid and Labrie [2.25] to include the effects of amplitude
modulation. This provided accurate calculation of 2nd harmonic lineshapes by
Fourier analysis. Kluczynski et al [2.29 — 2.32] went a step further, also using
Fourier analysis, but providing a more general formalism capable of dealing with any
harmonic and background interference, such as interferometric noise. In light of
these numerous approaches, a more recent attempt was made by Schilt et al [2.33].
The theoretical predictions developed in [2.33] used the original models by Amdt
[2.24] and again added the effects of amplitude modulation to develop a combined,

generalised AM — FM model. From this, analytical expressions for the 1%, 2" and

3" harmonics were developed based on a Lorentzian absorption profile.

The theoretical calculations in each case take into account various modulation
parameters and highlight the importance of parameter choice in achieving close

comparisons to theory. The important point to note here is that, although each of the

' Reminder that the modulation index is the sinusoidal frequency deviation normalised relative to the
HWHM linewidth. i.e. m = ov/y.
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latter, complex formalisms [2.27 and 2.29 - 2.33] boast the ability to cope with
arbitrary modulation index values; often quoting the optimum of m = 2.00, 2.20 and
3.59 to maximise the harmonics 1, 2 and 3 respectively, it is essential that the
experimental value of m be known precisely in order for the signals to match. That
1s to say, that for the theoretical predictions to remain consistently accurate over a

range of gas pressures, the deviation of the laser frequency, dv, in relation to the gas

absorption linewidth, v, must be known precisely at each experimental measurement.
As stated previously, as will be shown in equations (3.17) and (3.18) in chapter 3,
and as described in [2.28], this relationship of the derivative signal amplitude (and
consequently accurate concentration measurement) with the deviation of the laser
frequency and the gas absorption linewidth becomes more critical with increasing
order of derivative. Determining linewidth measurements and maintaining the
modulation index ratio would be extremely difficult to achieve in a stand-alone

instrument, deployed in environments where the pressures are varying and unknown.

As far as reliable, in-situ, wavelength referencing is concerned, again Philippe and
Hanson [2.27] recognised the importance of accurate calibration of the laser
frequency as it scans through the gas absorption feature and described a method of
passing the modulated light through a low finesse, bulk-optic etalon. Known spectral
characteristics of the etalon allow for accurate mapping of a relative frequency scale
onto the time-based measurements. Philippe and Hanson then achieved an absolute

scale through comparison to theory.

2.5 Conclusions

In today’s industrialised world there is an ever-increasing need for gas monitoring

systems in a number of varying applications and environments and there is at least as
much emphasis on determining as much accurate and quantitative information on a

particular gas composition as possible, as there is on determining minimum
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detectable sensitivities [2.16]. In addition, modern industrial gas monitoring systems
should require little maintenance with simple and infrequent calibration [2.34]. They
should also have high reliability and be relatively inexpensive. From this review of
current technologies, it is evident that (a) TDLS with wavelength modulation
spectroscopy, operating at near infra-red wavelengths, over optical fibres provides
the greatest potential for industrial gas monitoring and (b) that the main target to be
reached remains the simultaneous and accurate measurement of gas concentration
and pressure in stand-alone, field-deployable instruments. With this in mind, the

objectives laid out in chapter 1 become much clearer.

Philippe and Hanson [2.27] provide the basis of a useful approach to measuring the
laser emission frequency as it sweeps the gas absorption line by using a low finesse
etalon. However, the use of bulk optics in the target applications would be expensive
and alignment issues would require constant monitoring and calibration. The first
objective of this research was then to develop a fibre-based solution, following a
similar methodology as [2.27], capable of delivering a constant, reliable and accurate
wavelength reference to the time-based TDLS measurements. For the direct TDLS

system this provides a gas transmission function from which simultaneous

concentration and linewidth / pressure measurements can be made.

Interference from residual amplitude modulation is still the major limiting factor in
all WMS approaches, as discussed above. RAM limits both the sensitivity, due to
problems associated with detecting a small signal on a large background, and the
accuracy, due to the distortion of derivative traces. It is then imperative, in order to
achieve accurate comparisons to theory, that the RAM is completely removed. The
objective here was to develop novel signal processing techniques to completely

remove the effects of amplitude modulation from measured frequency modulated

signals.
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Once both of these issues had been addressed, it remained an option to numerically
integrate the un-distorted 1% derivative traces to reconstruct the absolute absorption
line transmission function. For this, accurate knowledge of the system scaling
factors, 1n particular v, is required. Achieving accurate FM signal recovery, whilst

maintaining reasonable signal-to-noise ratios, remains a significant challenge.

As touched on in chapter 1, the concentration can be measured from the amplitude
and the pressure from the linewidth of recovered TDLS signals; however, a more
sophisticated approach was to use a curve fitting procedure, matching theoretical
predictions (based on the HITRAN database) to the measured traces. Two options
were available here: either direct curve fits of the modelled profiles to the measured
absolute transmission functions (measured either directly or through reconstruction
of the derivatives) or, in regard to the TDLS / WMS signals, differentiate the
theoretical predictions and fit to the measured derivatives. Novel software had been
developed with industrial collaborators OptoSci Ltd., which permitted the modelling
of the HITRAN data, whilst allowing control over gas pressure, temperature,

concentration and line broadening parameters; thus allowing simulation of all

possible gas conditions.

Current British Standards stipulate that the error associated with industrial methane
detection is +/- 10 % of indication at atmospheric pressure. The success and merit of

our investigations will be judged on this benchmark.
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C hapter 3

Analytical Methodologies: Fundamentals of

Molecular Spectroscopy

3.1 Introduction

This chapter gives a theoretical appreciation of molecular spectroscopy, describing in
detail the formation of gas absorption line spectra and how concentration and
pressure can influence and indeed be derived from these lineshapes. This discussion
serves only to give the reader a fundamental background of molecular spectroscopy
and is in no way comprehensive; for a more detailed review of the topics highlighted
in this chapter the reader is directed towards the following excellent texts: [3.1 - 3.7].
The chapter also describes how these gas absorption lines were modelled in order to

provide a comparison to experimentally measured signals.
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3.2 Formation of Gas Absorption Line Spectra

When a gas molecule absorbs electromagnetic radiation there is a change in its
internal energy. The energy transition familiar to most scientists is the transfer of
electrons between allowed energy levels in an atom; however, molecules can also
store energy 1n vibrations and rotations. Like the electronic transitions, vibrational
and rotational transitions occur between discrete, allowed levels. Figure 3.1 shows
an energy transition triggered by the absorption of electromagnetic energy. Note
here that the figure could represent any of the above mentioned types of transition
and that the numbers distinguishing the levels are actually quantum numbers. The
quantum of electromagnetic energy required to make the jump from one energy level

to another was defined by Planck and is given by:

B
AE=hv=E S

A

where 4 is Planck’s constant (6.63 x 10™* Js) and v and A are the frequency and

wavelength of the electromagnetic radiation respectively.

Figure 3.1: Absorption of electromagnetic radiation
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T'he main point to take from this is of course that this absorption of electromagnetic
energy, required to make the transition, is a function of the frequency / wavelength of
the electromagnetic radiation. Therefore, if a single frequency source, such as a DFB
laser operating at frequency v, as defined by equation (3.1), is directed through a gas
consisting of this molecule, the molecule will jump from state 1 to state 2 and the
laser intensity will have decreased. If this laser source is scanned over a frequency

range and the output intensity is plotted there will be a dip in intensity at frequency

v, as shown 1n figure 3.2.

Trans.

Vstart Vstop

Figure 3.2: Absorption of laser intensity at v

As molecules have their own specific molecular structure, the combination of
electronic, vibrational and rotational energy transitions are unique to that molecule.

This of course means that different gases can be distinguished by their unique

absorption / transmission spectrum.

There are general regions in the electromagnetic spectrum into which molecular
energy transition processes, including those mentioned above, can be categorised, as

shown in figure 3.3. At radio wavelengths (from approximately 1 m upwards) the
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energy change arises from the reversal of spin of a nucleus or of the electrons
surrounding the nucleus. At microwave wavelengths (approximately 10~ to 1 m)
energy 1s stored in the form of molecular rotations. Rotation of a molecule gives rise
to a periodic change in the dipole moment. The interaction of an electromagnetic
field with this changing dipole moment gives rise to the absorption or emission of
energy. The region of greatest interest is the infra-red (I.R) region where energy is
stored in the form of vibrations. Again, it is the interaction of a changing dipole
moment, brought about by molecular vibration, with electromagnetic radiation which
leads to energy transitions and line spectra. Infra-red spectroscopy is discussed in
greater detail in the following section. The infra-red wavelengths extend from 10 to
10~ m. Transitions at far ultra-violet (U.V) to visible wavelengths (approximately
10® to 10° m) require smaller electronic energy, compared to those at X-ray
wavelengths, and these transitions are made by excited valence electrons between

molecular orbitals. Transitions at X-ray wavelengths (approximately 10™" to 10™ m)
involve inner electrons of molecules. The y-ray region (approximately 10" to 10"

m) covers energy transitions arising from the rearrangement of nuclear particles.

Nuclear Electronic Vibrational Rotational Nuclear
Rearrangement Transitions Transitions Transitions Orientation
Far f Mid Far : Radio
- | Microwave
/
A (m) 107" 10" 10" 10 10 | 10
f(Hz) 3x 10 Near 3x 10" Near 3x 10’ 3x 10°

UV l.R
E (Jmole™) 10" 10 1 10

Figure 3.3: Electromagnetic Spectrum and energy categories
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3.3  Vibrational Spectroscopy and Infra-red Spectra

As mentioned above, infra-red spectroscopy is the study of molecular vibrations. For
ease of explanation it is best to start with the vibration in a diatomic molecule and to
first consider the bond between the two atoms as being like a spring. This bond will
remain in equilibrium until an input of energy changes the bond length. During a
vibration, the bond (like a spring) between the two molecules is compressed and
stretched at a certain frequency and this periodic change in the bond length can lead
to a periodic fluctuation in the dipole moment. Figure 3.4 shows the stretching and
contraction of the HCI molecule and the oscillating dipole moment as a consequence.
A dipole moment is present here because there is a charge separation between the
two atoms; the larger chlorine atom has a slightly negative charge and the smaller
hydrogen atom has a slightly positive charge. The dipole moment is at a maximum

when the bond length is at its longest and at a minimum when at 1ts shortest.

0—6 O—0 0—6 6 OO

equilibrium stretched equilibrium compressed equilibrium
(a)
Max‘stretch
Oscillating A
dipole moment g [glbey et e e s o

(b) Max cgntraction
S—
Time

Figure 3.4: (a) Stretching and compression of the diatomic molecule HCI (b) Resulting change in

dipole moment

39



Chapter 3: Analytical Methodologies: Fundamentals of Molecular Spectroscopy

Interaction of this changing dipole moment with electromagnetic radiation then leads
to the absorption or emission of energy. Furthering the analogy of the bond behaving

like a spring, it can be assumed the bond obeys Hooke’s law'. Therefore, the greater
the change in bond length (stretch or compression), the greater the input of energy
required (restoring force). The equation describing the energy / bond length

relationship is thus given by:

E=Zki-1,) 32

where k is the force constant (derived from Hooke’s law), [ is the bond length and /,

is the bond length at which the bond is in equilibrium.

As previously mentioned, vibrational energies are quantised into allowed states and
these are given by equation (3.3), which comes from the use of equation (3.2) in the

Schrédinger equation".

E, ( Joules )=(v+-§-]hm (3.3)

where vis the vibrational quantum number, 4 is Planck’s constant as before and w1s
the oscillation frequency of the vibration in Hz. An in-depth description of the

Schrédinger equation is beyond the scope of this thesis; interested readers should
see: [3.2, pp 55-56 & 3.3, pp 11-17].

This distribution of energies is illustrated in figure 3.5 below. Two things to notice

from this diagram are that: firstly, the zero point energy is not actually zero but (haw/

' Hooke’s law: F =-kX, an approximation declaring the linear relationship between a body’s
displacement, X, and the force, F, causing the displacement. k is the force constant.

" Schridinger equation: Hy = Ey, describes the conservation of energy in quantum mechanics. H is
the Hamiltonian operator, y is the wavefunction and E represents the energy levels.
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2) and this agrees with equation (3.3); secondly, the energy levels are equally spaced

by hw. This figure models an ideal harmonic oscillator which applies in the limit of

small excursions in bond length.

V=20
= 9
V=4d
V=3
V: :
V= |

V=1

WA T
s
T
. fegusncy () gves |
i
e
NI

leg 1 Bond Length

Figure 3.5: Ideal distribution of energies for a diatomic molecule

In reality the atoms in a molecule can experience vibrations that result mn a
contraction or stretch of a bond greater than the limit of simple harmonic motion and
therefore a more complicated model must be devised. Figure 3.6 shows the typical
energy distribution of a diatomic molecule experiencing anharmonic oscillation.
Again, there are two points to take from figure 3.6. Firstly, on the left-hand-side of
the diagram, representing short bond lengths, the curve is steep indicating the limit of
further compression. On the right-hand-side, representing long bond lengths, a
plateau develops indicating that further stretching leads to a weakening of the bond
and eventually, dissociation. The second point is that the energy spacing is no longer
equal; in fact the energy levels are determined by using the energy function equation

(3.4) [3.1] below 1n the Schrédinger equation.
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£=D,i-epl-al-1, )} 64

This is simply an expression that fits the anharmonic oscillation curve to a good

degree of accuracy; D, is the dissociation energy and a is a constant. The quantised

energy levels are then given by:

1 1 (3.5)
E, (Joules)=<1=y,|v+—= | V+— |ho,
2 2
where @, 1s the new oscillation frequency (Hz) given by o, = ———0)———1—— and
{1 — XE(V + 2]}

Ze 1s the anharmonicity constant.

Energy
.1_7"@:{1_121:} = X
2 2

S hafl -3 |
o ol N R
v= |
1 hafl -1 2/ ‘II )
2 2 N
; e Bond Length

Figure 3.6: Realistic distribution of energies for a diatomic molecule
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The anharmonicity in the oscillations gives rise to the possibility for energy
transitions greater than Av =+ 1. Shown in figure 3.6 are three transitions marked by
the blue arrows. The transition from v = 0to v =1 (Av = +1) 1s known as the

fundamental transition. The jump from v =0to v =2 (Av = +2) 1s known as the first
overtone and when observing a spectrum, shows a weaker absorption than the
fundamental at twice the fundamental absorption frequency. Finally, the transition
from v =0 to v =3 (Av = +3) 1s the second overtone and gives an absorption, weaker
than both the fundamental and the 1* overtone, at three times the fundamental
absorption frequency. The population density of higher states, relative to the ground
state, decreases rapidly and therefore it is highly unlikely that there will be

observable absorption spectra resulting from transitions originating at v = 1 and

above.

The next stage is to discuss the modes of vibration in polyatomic molecules n order
to finally realise the vibrations experienced by a methane molecule. An N-atomic
molecule has 3N — 5 fundamental vibrations if it is linear, and 3N — 6 fundamental
vibrations if it is non-linear. This N-atomic molecule, obviously, has N - 1 bonds,
meaning there can only be N - 1 stretching vibrations, leaving 2N — 4 bending
vibrations in linear molecules and 2N - 5 bending vibrations in non-linear molecules.
To illustrate, the fundamental modes of vibration for the water (H,O) molecule are

shown in figure 3.7 [3.4, p 82].

Vo V3
Symmetric Symmetric Asymmetric
Stretching Mode Bending Mode Stretching Mode

Figure 3.7: The fundamental modes of vibration for the H;0 molecule
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H,0O is a non-linear, tri-atomic molecule so has 3(3) — 6 = 3 fundamental vibrations,
two of which are stretching vibrations and the third is a bending vibration. Like the
HCl molecule discussed earlier there is a charge separation (permanent dipole
moment) and thus all three vibrations give rise to an oscillating dipole and produce

infra-red spectra. All three modes are then said to be infra-red active.

Methane (CH4) was chosen as the experimental gas for this research work and the
reasons for such a choice are made clear in chapter 4. The fundamental vibrations of
the CH; molecule are shown in figure 3.8 [3.2, p 198]. CHj4 1s known as a non-
linear, tetrahedral spherical-top molecule and thus has 3(5) — 6 = 9 vibrational

modes, four of which are stretching vibrations and five are bending vibrations.

Symmetric Bending Mode

Symmetric
Stretching Mode Doubly degenerate

Asymmetric Stretching Mode Asymmetric Bending Mode
T'riply degenerate T'riply degenerate

Figure 3.8: Fundamental vibrations of CH, molecule
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Atoms in a vibration can experience more than one motion, in fact all the atoms in a
molecule can move simultaneously at the same frequency but in several different
planes. The motions are identical in all aspects except direction and are called
degenerate. The v; mode in figure 3.8 is doubly degenerate and modes v; and v are
triply degenerate, giving the nine vibrations in total. CH4 does not possess a

permanent dipole moment, thus only the asymmetric vibrations (v3 and vy) are infra-

red active.

Molecular motions can be further complicated by the presence of rotations in
addition to the discussed vibrations; however, the treatment of rotational-vibrational
energies is simplified using the Born-Oppenheimer approximation, which assumes
that the combined energy is simply the sum of the individual rotational and

vibrational energies:

Etolal (Joules) = E rotational + E vibrational (3'6)
This then gives:
h’ 1 1 (3.7)
E g (Joules) = ——— J(J +1)+ {1 - x,(v + -2-)}(\/ + E)hm,

where I is the moment of inertia and J is the rotational quantum number.

For a spherical-top molecule the following rotational transitions are allowed: AJ =0,
+ 1 and these give the energy level distribution shown in figure 3.9 below. Note here
the labelling convention for the rotational energy transition bands; AJ = -1, 0, +1

denoted P, Q and R respectively.
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Figure 3.9: Rotational energy transitions between two vibrational states

The overall vibrations of molecules are extremely complex and their motion would
be a superposition of all the individual stretching and bending vibrations pointed out
thus far. As mentioned previously, the fact that the vibrations are not simple
harmonic oscillations mean there is the possibility of overtone transitions at multiples
of the fundamental absorption frequency. These are normally relatively weak in
Intensity but can, however, be enhanced by a phenomenon known as “accidental
degeneracy”, where two different vibrations in the same molecule can have

frequencies very close to each other and one vibration can gain intensity at the
expense of the other. There 1s also the possibility of combination (v, + v4+) and
difference (v, - vy+1) bands. All of these features lead to complex and unique
absorption spectra for gas molecules. The P, Q and R branches for the fundamental,
mid infra-red absorption band of methane, around 3.3 pm (~ 3030 cm™) and its

accompanying near infra-red, 1*' overtone absorption band, around 1650 nm (~ 6060
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cm’') are shown below in figure 3.10. Note here that the lines are in reverse order as

they are referenced to an increasing wavelength scale.
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Figure 3.10: 1 % CH,at 22 °C, 1 atm pressure; path length = 5.9 cm (a) Fundamental absorption

spectrum (b) 1™ overtone absorption spectrum — spectra modelled using Agilent VEE program

(section 3.7) and HITRAN ’04 data
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34  Width of Line Spectra

It can be seen from figure 3.10 that the lines that make up spectra are not infinitely
sharp but possess a width and shape brought about by three main contributions to the
interaction between electromagnetic radiation and gas molecules: natural broadening,

Doppler broadening and collision / pressure broadening. Each of these is discussed

in the next three subsections.

3.4.1 Natural Broadening

Natural broadening is a consequence of the finite lifetime of the excited state due to
spontaneous emission. This affects all atoms in the same way and is therefore known
as a homogeneous process. There are generally two views on the source of this finite
lifetime; classical physics relates this time to the decay of the released photon’s
wavetrain and quantum-mechanical theory equates the time with the precision of the

energy (the longer a molecule remains in a particular energy level, the more precisely

the energy will be defined).

Adopting the classical physics view first and the rate of spontaneous emission 1s
given by [3.8, p 179]:

3.8
Rateg, = -‘%!tl =-A4, N, 5

where N, is the density of atoms in the upper energy state and 4, is the Einstein

decay coefficient.
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Doppler broadening and collision / pressure broadening. Each of these 1s discussed

in the next three subsections.

3.4.1 Natural Broadening

Natural broadening is a consequence of the finite lifetime of the excited state due to
spontaneous emission. This affects all atoms in the same way and is therefore known
as a homogeneous process. There are generally two views on the source of this finite
lifetime; classical physics relates this time to the decay of the released photon’s
wavetrain and quantum-mechanical theory equates the time with the precision of the

energy (the longer a molecule remains in a particular energy level, the more precisely

the energy will be defined).

Adopting the classical physics view first and the rate of spontaneous emission 1s
given by [3.8, p 179]:

3.8
Rateg, =-£f-3-ii =-A4, N, -5)

where N, is the density of atoms in the upper energy state and A;; is the Einstein

decay coefficient.
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It can be seen from figure 3.10 that the lines that make up spectra are not infinitely

sharp but possess a width and shape brought about by three main contributions to the
interaction between electromagnetic radiation and gas molecules: natural broadening,

Doppler broadening and collision / pressure broadening. Each of these is discussed

in the next three subsections.

3.4.1 Natural Broadening

Natural broadening 1s a consequence of the finite lifetime of the excited state due to
spontaneous emission. This affects all atoms in the same way and is therefore known
as a homogeneous process. There are generally two views on the source of this finite
lifetime; classical physics relates this time to the decay of the released photon’s
wavetrain and quantum-mechanical theory equates the time with the precision of the

energy (the longer a molecule remains in a particular energy level, the more precisely

the energy will be defined).

Adopting the classical physics view first and the rate of spontaneous emission 1s
given by [3.8, p 179]:

3.8
Rateg, = % =-A4, N, G-5)

where Nj; is the density of atoms in the upper energy state and A;; is the Einstein

decay coefficient.
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The exponential decay in population of state 2 has a time constant, 7 = (4 21)" also

known as the finite lifetime of the emitted wavetrain and is illustrated in figure 3.11

below.

N, | pper Energy Level E,

L.ower Energy Level E, T

Figure 3.11: The exponential decay of a wavetrain induced by spontaneous emission

The quantum-mechanics relationship is known as Heisenberg’s uncertainty principle,

and can be given by:

h (3.9)
2TAL

AE = hAv ~

where AE is the uncertainty of the energy level, 4 is Planck’s constant as before and

At is the natural lifetime the molecule stays in the particular energy level.

If it is assumed that 7 = A¢, the frequency spread as a result of this uncertainty 1s
given by equation (3.10) and is also illustrated in figure 3.12. The spread of
frequencies, Av, is also known as the full-width-half-maximum (FWHM) linewidth

and is one of the most important parameters in gas line shape analysis.
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] (3.10)

\\/

l_..zl;,:.-*

Figure 3.12: Natural linewidth of spectral line. v, is the line centre

For natural broadening the spread in frequencies is usually modelled by a Lorentzian

profile.

3.4.2 Doppler Broadening

Doppler broadening 1s the result of the Doppler Effect, which is the apparent shift in
the frequency of a signal emitted or absorbed by a body in motion. The common
analogy 1s a train’s whistle getting higher in frequency as the train travels with
constant velocity towards an observer, and lower in frequency as it travels away. In
terms of spectroscopy, the frequency of the radiation absorbed during a transition
differs according to the direction and velocity of motion of the gas molecule, relative
to the source of radiation. As the molecule moves with constant velocity towards the

electromagnetic radiation, the frequency appears higher (blue shifted); consequently
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the frequency at which the absorption occurs is lower. As the molecule moves away
from the electromagnetic radiation, the frequency appears lower (red shifted), giving
rise to absorption at a higher frequency. When the molecules are travelling with
greater velocity the red and blue shifts are greater. Since the molecular motions are
random both positive and negative frequency shifts are possible and a broad
lineshape can result. Doppler broadening in spectral lines is best modelled by a
Gaussian profile. Since this mechanism does not affect all molecules in the same

way, 1t 1s known as an inhomogeneous broadening process.

3.4.3 Collision Broadening

Collision broadening, also known as pressure broadening, dominates at atmospheric
pressure (~ 1 atm). Due to the increased pressure there is an increase in the

likelihood of molecules colliding with each other. These collisions between
molecules give rise to a shorter lifetime of the wavetrain, or from a quantum-
mechanics view point, an increased blurring of the energy levels, and result in a

larger spread of frequencies. In reference to equation (3.10) then, the formula for the

frequency spread 1s now:

(3.11)

where 70 = (A + K)"’ and K is the probability of a collision.
Since it is an extension of the natural broadening phenomena, the lineshape used to

model the gas absorption is, again, Lorentzian and the process is also termed a

homogeneous broadening mechanism.
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3.4.4 The Voigt Profile

It is generally accepted that at pressures greater than 200 mbar, collision broadening
begins to dominate; therefore, a Lorentzian profile becomes increasingly more
accurate with increasing pressure. However, this work investigated gas pressures
over the range of 200 mbar up to 2000 mbar and therefore, with the exception of the

high-end pressure measurements, it was not certain that a pure Lorentzian profile was
a suitable model for all measured line spectra. For this reason it was decided to use a
Voigt profile in the modelling algorithms (discussed in greater detail in section 3.7).
A Voigt profile is essentially a convolution of the Gaussian and Lorentzian profiles

and has dampening coefficients in order to determine the influence each has on the

overall profile.

3.5 Intensity of Line Spectra

There are two main contributors to the intensity of a spectral line and these are:
transition probability and population of states. Each is discussed in the following

sub-sections.

3.5.1 Transition Probability

This was touched on previously when discussing the selection rules for the rotational

(AJ) and vibrational (Av) energy transitions in sections 3.2 and 3.3 and is simply the

likelihood of a molecule making a transition from one energy level to another. For

example, when discussing the methane molecule it was mentioned that the selection
rule for the rotational energy transitions was AJ = 0, £+ 1; meaning transitions outside

of this have zero intensity and consequently have no observable spectra.
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3.5.2 Population of States

Again, this was touched upon in section 3.3 when discussing transitions originating

from v = 1 and above. These transitions and spectra are considerably weaker than

transitions from v = 0 due to the fact that with increasing energy levels, the
population density rapidly decreases. This is modelled effectively by the Boltzmann

distribution given in equation (3.12) below, describing the ratio of the population of

the upper energy state to the lower energy state as:

Npper _ e(_g.) (3.12)
NLowr

where AE is the difference between energy states as before, k is the Boltzmann

constant (1.38 x 10" JK™') and T'is the temperature in Kelvin.

3.5.3 The Beer — Lambert Law

The Beer — Lambert law simply describes the logarithmic relationship between
intensity at the input, /;,, to an absorbing medium and the intensity at the output, Iou,

and is given by:

I, = Ihe'“a ~ I (1 —aCl) (3.13)

where a is the molar absorption coefficient of the absorbing medium (in this case the
gas), C is the concentration of the gas and / is the length of the absorbing path (in this
case the micro - optic cell). The approximation: (I — aCl) is only accurate in the

limit of aCl! << 1. The concentration is normally expressed as a mole fraction or
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percentage, leaving the units of length and absorption coefficient to be the reciprocal
of each other i.e. cm and cm" respectively. Equation (3.13) states that the strongest

absorption signals are achieved with gases at high concentrations, measured over

long path lengths (as highlighted in chapter 2).

3.6 Extracting Concentration and Pressure from Line Spectra

In order to determine the concentration and pressure of a gas from the recovered
absorption line transmission function or its corresponding derivatives, further

analysis is required of the Beer — Lambert law in equation (3.13).

3.6.1 Concentration and Absolute and Derivative Signals

For gas monitoring at atmospheric pressure the gas absorption line, as a function of

frequency, can be described by a Lorentzian profile, given by equation (3.14) below
[3.9].

N,S Q, (3.14)

{v—v ’ ]=(Az+1)
5]

[l

where N, is the number of molecules at STP ™, S is the linestrength (cm.molecule™),y
is the half-width-half-maximum (HWHM) linewidth (cm™) and vo and oo are the
frequency and absorption coefficient at line centre respectively. Therefore, the

recovered absolute gas transmission function is given by:

" 1 mole (6.02 x 10** molecules) occupies 22.4 litres at STP, giving Np = 2.5 x 10" molecules cm” at
25 °C and latm pressure.
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I N, 1 (3.15)

our  __ 5 ——" -
/- ]‘.n - Try{A'? :]—}C[ - {-(A‘? -(:-—]_)Clj

Rearranging (3.15) for C and setting A = 0, the concentration at line centre is given

by:
( IM] (3.16)
Fei
Cado 8

which simply states that the concentration is proportional to the depth of the relative

transmission function, as illustrated in figure 3.13 below.

Relative

Transmission \
m ( !.l |(. ]

()

Figure 3.13: Concentration from transmission function, scaled to path length and absorption

coefficient

In WMS / derivative measurements, the extraction of concentration is a little more
complex. As mentioned in chapters 1 and 2, the amplitude of the 2" derivative is
proportional to the slope of the 1* derivative, in turn proportional to the depth of the
absolute transmission function at line centre. The simplest way to determine
concentration in derivative spectroscopy is then to measure the amplitude of the 2"

derivative signal at line centre. Measured harmonic signals are proportional to the

33



Chapter 3: Analytical Methodologies: Fundamentals of Molecular Spectroscopy

derivative signals in the limit of small modulation index (m = dv/y << 1), and the

signals for the first two harmonics are given by equations (3.17) and (3.18) below.

3.17
Ioulf I Cl da(v} ov =1, Cl—-—zz—Ng-g-AEY—;- - Iin Cl zaZOASVZ ( )
dv my’ (&7 +1) V(A +1)

It can be seen then that the amplitude of the first harmonic has a dependency on 6v /

v. This dependency becomes stronger with increasing order of harmonic and the

second harmonic is then:

2 _ 2 3.18
1. 12N A ]Ev 0y 2%0\38" — 1PV (3.18)

fouss ny’ (A +1)° v (A +1)°

At line centre A = 0 and the second harmonic signal then becomes:

2a08v (3.19)

Luury =1 C1=

Rearranging equation (3.19) to give the concentration as:

‘Yzlouﬂf (3'20)

C = —L
21, la Sv

Therefore, as expected, the concentration is proportional to the amplitude of the 2
harmonic signal (I,. z) at line centre, scaled by the input power, the absorption
coefficient, the absorption path length, the gas absorption linewidth and the
amplitude of the sinusoidal modulation. The 1% and 2™ harmonic signals are shown,

along with their relationship to concentration, in figure 3.14.
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(b)

Figure 3.14: Concentration from (a) 1" harmonic / derivative and (b) 2" harmonic / derivative of

transmission function, scaled to path length, absorption coefficient and input power

3.6.2 Pressure and Absolute and Derivative Signals

If we consider pressures at which collision broadening dominates and concentrations
at which the Beer — Lambert approximation holds, the relationship between pressure
and linewidth for a pressure-broadened Lorentzian profile (and consequently for

directly measured line-shapes) is well known and is given by equation (3.21) below

[3.10, p 245].

(3.21)

where v, is the HWHM linewidth at pressure Py = 1 atm and temperature 7p = 300°K.

The gas concentration, C, can be expressed as the number of gas molecules per unit

volume (N), relative to the number of gas molecules at STP per unit volume (Nop):

N (3.22)
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Substituting equation (3.22) into (3.15) for direct measurements and considering only

the amplitude of the transmission function at line centre gives:

Iour __&SZ (3'23)
Iin Ty

=

Substituting equation (3.21) into (3.23) gives:

I, NSI (3.24)

At constant temperature equation (3.24) can be simplified to:

y_ta __NSI__ENSI_ NKI (3.25)
I, P wy,P P
”"[Pa)

where K is a constant given by (PoS/ nyp). The Ideal Gas Law is given by:

3.26
P=-——"§T = NRT (3.26)

where P is the pressure (atm), n is the number of moles, R is the universal gas
constant (82.0575 atm.cm’mol.° K), T is the temperature (° K), ¥ is the volume

(cm’) and N is the number of gas molecules per unit volume, as before. Rearranging

equation (3.26) for N and substituting into equation (3.25) gives:

I, PKl Ki (3.27)

58



Chapter 3: Analytical Methodologies: Fundamentals of Molecular Spectroscopy

From the above analysis, the amplitude of the absolute absorption line transmission
function appears to be independent of pressure / linewidth change for atmospheric

pressure measurements. However, at lower pressures, where Doppler broadening 1s

influential, the transmission function amplitude will show a small dependence on the

linewidth.

[n TDLS / WMS measurements determining the linewidth is, again, a little more
complex. Returning to equations (3.17) and (3.18) and the relationships between 1*
and 2" harmonics / derivatives, it is obvious that the peaks of the 1* harmonic /
derivative are located at the points when the second harmonic / derivative 1s equal to

zero. Therefore, removing the vertical scaling constants from equation (3.18) and

setting to zero gives:

2!3A2 —IEvz - (3.28)

3

y"(A" +1)

The solution to this equation is A* = (1/3), which, when solved for v, gives two

absolute frequency locations of v = vg + (y/V3) as illustrated in figure 3.15 below.

(a)

Figure 3.15: Linewidth relationship between (a) 1" and (b) 2" derivatives of transmission function

59



Chapter 3: Analytical Methodologies: Fundamentals of Molecular Spectroscopy

Therefore, it is possible, in principle, to extract linewidth information from harmonic

/ derivative traces.

From the above analysis then, several conclusions can be drawn:

1. For TDLS with direct detection gas concentration can be determined directly
from the amplitude of the gas absorption line transmission function and, to a

reasonable approximation, signal amplitude is independent of pressure /

linewidth change at atmospheric pressures.

2. For TDLS / WMS detection the gas concentration can no longer be regarded

as independent of pressure / linewidth and derivative signal amplitudes
depend upon the system scaling factor &v / y. However, it is in principle,

possible to extract the linewidth from the recovered harmonic / derivative

signals.

3. As well as measuring the concentration and pressure directly from the

recovered signal amplitude and linewidth respectively, the parameters can be
determined from curve fitting procedures, matching theoretical predictions to

the recovered signals. Section 3.7 describes the modelling of atmospheric gas

absorption line transmission functions.

3.7 Modelling Line Spectra

The high-resolution transmission (HITRAN) molecular absorption database [3.11] 1s
a compilation of spectroscopic parameters to enable the modelling of light
transmission through atmospheric gases. The database stores, among others, the
molecular energy transition frequency, v (cm™), the line intensity (crn"1 /
(molecule.cm'z)), the air-broadening and self-broadening coefficients and the
pressure shift. The information is for transitions at 296 °K. Obviously, in industrial

applications the gas pressure and temperature varies from STP and the gas

60




Chapter 3: Analytical Methodologies: Fundamentals of Molecular Spectroscopy

composition can vary from target gas / air mix; therefore, a program using the
Agilent VEE runtime environment was developed by industrial collaborators
OptoSci Ltd.". As mentioned previously, the program uses a Voigt profile, which is
a convolution of the Gaussian (Doppler broadening) and Lorentzian (collision
broadening) profiles. Traditionally the generation of a Voigt profile, by a process of
numerical integration, was time consuming;, however, recent progress in the
development of very accurate approximation methods [3.12] has allowed the VEE
program to model atmospheric absorption profiles over a range of pressures. The

process of convolution is mathematically represented by the following classic

equation:

vo (3.29)
(G*L)v)= [Glv)Llv-v')av
In [3.12] the Gaussian profile, G(v), is given by:
] gy 2 (3 -3 0)
Glv)=
(v) G 2T e.xp( 20° )

where o is the standard deviation. Likewise, the Lorentzian profile, L(v), is given

by:

(3.31)
L(v)= —t
v) I1+4(v/y,)

where g, is the absorption coefficient as before and y, is the HWHM linewidth. The
resulting Voigt profile is then given by:

V' OptoSci Ltd: 141 St James Road, Glasgow, G4 OLT, Scotland.
Tel: +44(0)141 552 7020, Email: info@optosci.com
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I(v)= %ﬁ-an/nlnlzij, Y) (3.32)
G

where yg is the HWHM linewidth of the Gaussian profile. V(X.Y) is given by:

— ‘ CI(Y_AI)+Di(X-Bl) (3-33)
V(X'Y)_:}; (Y-4,) +(x-B)

where Ai through to Di are a set of pre-defined constants shown in table 3.1. X'and Y

in both equations (3.32) and (3.33) are given by:

P P) (3.34)

Vv
Yo

and

3.35
=Je In\2 (3-35)

Yo

-1.2150 1.2359 -0.3085 0.0210
-1.3509 0.3786 0.5906 -1.1858
-1.2150 -1.2359 -0.3085 -0.0210
-1.3509 -0.3786 0.5906 1.1858

1
2
3
4

Table 3.1: Parameters used in generation of Voigt profile

By using the Voigt profile and adhering to the Beer-Lambert law, the program
developed by OptoSci Ltd. is capable of modelling gas absorption spectra for a wide
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range of concentrations, pressures, temperatures and absorption path lengths. Fine

adjustment of the broadening coefficients also permit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>