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Abstract 

Tunable 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). 
TDLS 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 is 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 

Chapter 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 air. 

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 µm). An 

illustration 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. 
The channels are scaled and balanced to provide a fixed DC output when no target 

gas is present in the cell. When gas is present, absorption on the gas measurement 

signal leads to an imbalance, 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 in 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 

1 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 

2 
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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 I. H: 1) 

Reference 

'LdII1ll'SS , lLCEI I LID (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 

I. 

(a) 

I. 

letcctor 
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obvious limitation, is the calibration issues concerned 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 issue is 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 µm, 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 concerns 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 

4 
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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 ls` or 2"d harmonic signal relates to either the 1s` or 2°a 

derivative of the gas absorption line transmission function respectively. When 

recovering i derivative signals, the concentration is proportional to the signal 

amplitude and the slope through the mid-point zero. When recovering 2"d derivative 

signals, the concentration is determined purely from the amplitude (this represents 

the slope through the mid-point zero on the 1 s` derivative). Tunable diode laser 

spectroscopy with WMS, using calibration to a known gas composition, has proven 

5 
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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) in chapter 3. 

These equations show that the amplitude of the Is' derivative signal has a dependency 

of 1/y (where y is the half-width-half-maximum linewidth) and the amplitude of the 

2nd derivative has a dependency of 1/73. This dependency is illustrated in figure 1.2 

below, where the measured Is` and 2nd 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 1st derivative signal 

(figure 1.2 (b)) or from the signal amplitude at line centre on the 2"d 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. 

6 
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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 Sv 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 Sv (1St 

harmonic signal is scaled by Sv and 2 "d harmonic signal is scaled by 8v 2). 

In conclusion, accurate measurement of concentration and pressure depends on 

accurate knowledge of two fundamental parameters: y and Sv. However, in 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. 

8 
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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 Sv 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. 

9 
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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 1s` 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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Chapter 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 illustrating the basic approach to tunable diode laser spectroscopy 

with direct detection is shown below in figure 2.1. 

Ramp ýI Drive DFB I'I Gas 
Generator Electronics Laser Cell 

Receiver 

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 is 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, 

i. As the laser output is swept across the line the laser intensity is monitored at a 

photoreceiver situated beyond the interrogation region. 

Trans. 

cl 

1 

t (a) 

go 

A 

(b) 

Figure 2.2: (a) Illustration 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 is tapped 

off using a beam splitter or coupler and monitored at a reference photoreceiver. To 

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 CH4 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 in 

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 in 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 is 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 = 6v/y, 8v 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 is shown in figure 2.4. 

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-in 

amplifier is set to measure the 1 S` 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 1st 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 1s` 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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Figure 2.4: (a) Illustration of TDLS with WMS and (b) Recovered 1 derivative (1s' harmonic) 

output from a lock-in amplifier 

In I S` 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 is 

the case that when the lock-in amplifier is set to record the variation in the AM signal 

at the nth harmonic of the modulation frequency, the amplitude of the recovered 

a. u 
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signal is proportional to the nth derivative of the absorption line transmission function 

[2.16]. In many applications detection at the 2°d harmonic is preferred as the 

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

noise associated with the 1`t 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 (Sv) and the 

absorption HWHM linewidth (y). Therefore, in order to extract accurate information 

relating to the gas composition, all of the system parameters, including Sv, 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 materials) 

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 materials, 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 

24 



Chapter 2: Review of Gas Monitoring Methods using Near IR Tunable Diode Laser Spectroscopy 

unrivalled in terms of potential to meet modem industrial gas monitoring challenges; 

providing solutions to the main calibration, reliability, sensitivity and cost issues. 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 

temperature. 

Ramp 
---- Oplical Hhrc 

Generator 

Drive DFB 
_ + Electronics Laser -4 

Gas 
- Cell 

Sinusoidal , 
Generator Lock-in Receiver -' Amplifier H 

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, bv. 
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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 nth 
derivative of the absorption line transmission function, in the limit of small 

modulation index, ml [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 Arndt 

[2.24] and again added the effects of amplitude modulation to develop a combined, 

generalised AM - FM model. From this, analytical expressions for the 1s`, 2nd and 
3'd 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 

1 Reminder that the modulation index is the sinusoidal frequency deviation normalised relative to the 
HWHM linewidth. i. e. m= Sv/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 

is to say, that for the theoretical predictions to remain consistently accurate over a 

range of gas pressures, the deviation of the laser frequency, 8v, in relation to the gas 

absorption linewidth, y, 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 la` derivative traces to reconstruct the absolute absorption 
line transmission function. For this, accurate knowledge of the system scaling 

factors, in particular Sv, 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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Chapter 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 in 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: 

dE=by=he 
2 

(3.1) 

where h is Planck's constant (6.63 x 10"34 Js) and v and ý, are the frequency and 

wavelength of the electromagnetic radiation respectively. 

Figure 3.1: Absorption of electromagnetic radiation 
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The 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 in figure 3.2. 

Trans. 

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 in 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 10-3 to 1 m) 

energy is 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 10-6 to 

10-3 m. Transitions at far ultra-violet (U. V) to visible wavelengths (approximately 

10-8 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 10-11 to 10-8 m) 

involve inner electrons of molecules. The y-ray region (approximately 10 15 to 10 ll 

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

Nuclear Electronic Vibrational Rotational Nuclear 
Rearrangement Transitions Transitions Transitions Orientation 

Fa Mid Far Radio 
y rýrv X-ra 

U. V 1. R 1. R 
Microwave 

Frequency 

/IIIz1 I Near ?H Near 
U. V I. R 

E (. Imole) 1fl I11' 

\ ill 

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 HCl 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 its shortest. 

-ve -ve +ve +ve 

equilibrium stretched 
(a) 

-ve +ve -ve +ve -ve +ve 0- ( 0- 

equilibrium compressed equilibrium 
-º 4 

M 

Oscillating 
_ dipole moment - ---------- ý--- - Equilibrium 

(b) Max 

Time 

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

dipole moment 
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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= I k(1-1,4) 
2 

(3.2) 

where k is the force constant (derived from Hooke's law), 1 is the bond length and leq 

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 

Schrödinger equation'. 

E� (Joules) =v+12 hw 
(3.3) 

where v is the vibrational quantum number, h is Planck's constant as before and w is 

the oscillation frequency of the vibration in Hz. An in-depth description of the 

Schrödinger 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 (ho/ 

1 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. 
11 Schrödinger equation: Hy = Eye, describes the conservation of energy in quantum mechanics. H is 

the Hamiltonian operator, yr 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. 

Energ; 

13, 
2 

9 
2 

5 
2 

1 
2 
0 

Figure 3.5: Ideal distribution of energies for a diatomic molecule 

In reality the atoms in a molecule can experience vibrations that result in 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 in the Schrödinger equation. 
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E= De [i - exp{- a(l -1,, y 
)}]2 

w 

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

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

energy levels are then given by: 

E, (Joules) = I- Xe V+ v+ hwe 
22 

where we is the new oscillation frequency (Hz) given by co, = 

xe is the anharmonicity constant. 

Energy 

L7 hWe(1 -17 
22 

Sh(4(1 -S 
22 

Lh we(1 -1 
22 

(3.4) 

(3.5) 

and 
1-Xe v+ - 

)I 

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 Ov =±1. Shown in figure 3.6 are three transitions marked by 

the blue arrows. The transition from v=0 to v=1 (Ov = +1) is known as the 

fundamental transition. The jump from v=0 to v=2 (tv = +2) is 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 (Ov = +3) is the second overtone and gives an absorption, weaker 

than both the fundamental and the 1s` 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=I and 

above. 

The next stage is to discuss the modes of vibration in polyatomic molecules in 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-I 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 (H20) molecule are 

shown in figure 3.7 [3.4, p 82]. 

I 

Ov1 

I 

vl 

I 

v; 

SI'Innn('tric SI"i,, nietn'ic ; I. clrntnietric 
Stretching Mode Bending Mode Stretching Mode 

Figure 3.7: The fundamental modes of vibration for the H2O molecule 
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H2O 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 

HCI 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 CH4 molecule are shown in figure 3.8 [3.2, p 198]. CH4 is 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. 

Av. wumetric Bending Mode 
Tripp, degenerate 

Figure 3.8: Fundamental vibrations of CH4 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 v2 mode in figure 3.8 is doubly degenerate and modes v3 and v4 are 
triply degenerate, giving the nine vibrations in total. CH4 does not possess a 

permanent dipole moment, thus only the asymmetric vibrations (v3 and V4) 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: 

E, 
01a, 

(Joules) = Eroga: iona, + Evibrationa! (3.6) 

This then gives: 

2 (3.7) 
E0, (Joules)= 

hz 
J(J+1)+ 1-Xe v+ 

1 
v+ 

1 hwe 
22 8n If( 

)I( 

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: MJ = 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; OJ = -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 is also the possibility of combination (v,, + v�+, ) and 

difference (v� - vn+, ) 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 µm (- 3030 cm-) and its 

accompanying near infra-red, ls` 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% CH4 at 22 `C, 1 aim 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 

47 



Chapter 3: Analytical Methodologies: Fundamentals of Molecular Spectroscopy 

3.4 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 is 

given by [3.8, p 179]: 

Ratesp = 
dd 2= -A21N2 

(3.8) 

where N2 is the density of atoms in the upper energy state and A21 is the Einstein 

decay coefficient. 
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3.4 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 is 

given by [3.8, p 179]: 

Ratesp = 
dd 2= -A2, N2 

(3.8) 

where N2 is the density of atoms in the upper energy state and A11 is the Einstein 

decay coefficient. 
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The exponential decay in population of state 2 has a time constant, r= (A21)-I also 

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

below. 

I pp, i I nii -ý I r\iI I 
N2 

\. ý 

T 

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

t 

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

and can be given by: 

DE=hMvzz 
h 

2nEt 

(3.9) 

where AE is the uncertainty of the energy level, h 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 r= At, the frequency spread as a result of this uncertainty is 

given by equation (3.10) and is also illustrated in figure 3.12. The spread of 

frequencies, Ov, 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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Ov> 
I 
T 

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

(3.10) 

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

profile. 

3.4.2 Doppler Broadening 

Doppler broadening is 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 is 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, it is 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 is now: 

Qv >1 
(3.11) 

TC 

where rc = (A21 + 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 MJ = 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=I 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: 

es NUpper 

=e 
it 

NLO»rr 

(3.12) 

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

constant (1.38 x 10-23 JK'') and Tis 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, I;,,, to an absorbing medium and the intensity at the output, Io�r, 

and is given by: 

I. t _ Ise-aa Iß(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 1 is the length of the absorbing path (in this 

case the micro - optic cell). The approximation: (1 - 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]. 

cc(v) 
NOS ao (3.14) 

I (A? 1) 
7rf 

v-vo 
++ 

Y 

where No is the number of molecules at STPI'1, S is the linestrength (cm. molecule''), y 

is the half-width-half-maximum (HWHM) linewidth (cm'') and vo and cto are the 

frequency and absorption coefficient at line centre respectively. Therefore, the 

recovered absolute gas transmission function is given by: 

111 1 mole (6.02 x 1023 molecules) occupies 22.4 litres at STP, giving No m 2.5 x 1019 molecules cm 3 at 
25 °C and 1 atm pressure. 
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1 
°u` = 

N° s 
Cl =a° Cl 

(3 . 15) 

'in pry 0+I0+1 

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

by: 

11 _1 
our 

C=l in 

a0! 

(3.16) 

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

transmission function, as illustrated in figure 3.13 below. 

Vo V 

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 2nd derivative is 

proportional to the slope of the I" 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 2nd 

derivative signal at line centre. Measured harmonic signals are proportional to the 
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derivative signals in the limit of small modulation index (m = Sv/y « 1), and the 

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

da(v) 
Sv 

2N SA8v 2a E 8v (3.17) 
Iouý f= -Iý, CI 

dv = I; ýCI 2 02 + 1)2 = Iý, CI ?+ 
1)2 NY ( 

It can be seen then that the amplitude of the first harmonic has a dependency on 8v / 

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

second harmonic is then: 

2N0S 302 -1 v' 2aa 3A2 -1 Sv2 (3.18) 
Iou12f -I; ýCI m3(A2 +1)3 =-1jýCI 

72(A2 +1): 

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

2a0Sv2 (3.19) 
Iowt2 f=I; ýCI 72 

Rearranging equation (3.19) to give the concentration as: 

C_72Iout2j 
(3.20) 

21,. Ia, Sv2 

Therefore, as expected, the concentration is proportional to the amplitude of the 2nd 

harmonic signal (lout 2f) 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 1s` and 2nd harmonic signals are shown, 

along with their relationship to concentration, in figure 3.14. 
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0 
0 

(a) (b) 

Figure 3.14: Concentration from (a) 1' harmonic / derivative and (b) 2d 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]. 

P To 2 
Y=Yo RO0 

(3.21) 

where yo is the HWHM linewidth at pressure Po =1 atm and temperature To = 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 (No): 

N (3.22) 

No 
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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: 

join NSI 
1rM nY 

Substituting equation (3.21) into (3.23) gives: 

1_ 
Im NS1 
I ri p 7'o i 

Th PO 7, 

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

(3.23) 

(3.24) 

1_ 
Iou, 

_ 
NSl P0NSI 

_ 
NKl (3.25) 

Jug P moP P 
ýyo Po 

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

P= nRT 
_ NRT 

V 

(3.26) 

where P is the pressure (atm), n is the number of moles, R is the universal gas 

constant (82.0575 atm. cm3/mol. ° K), T is the temperature (° K), V is the volume 

(cm3) 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: 

1_ 
I�u� PK1 KI (3.27) 

I, PRT RT 
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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 is 

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

1inewidth. 

In 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 S` 

and 2"d harmonics / derivatives, it is obvious that the peaks of the 1" harmonic / 

derivative are located at the points when the second harmonic / derivative is equal to 

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

setting to zero gives: 

z30=_1ýv= 
_0 7 

2(A2 
+1\J 

(3.28) 

The solution to this equation is z2= (1/3), which, when solved for v, gives two 

absolute frequency locations of v= vo ± (yN3) as illustrated in figure 3.15 below. 

Vv ýýý, 

Figure 3.15: Linewidth relationship between (a) 15f and (b) 2nd derivatives of transmission function 
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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 Sv / 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] is 

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 (cm' / 

(molecule. cm 2)), 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 
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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: 

+CO (3.29) 
(G * LXv) = JG(v')L(v 

- v')dv' 
-10 

In [3.12] the Gaussian profile, G(v), is given by: 

2 

_1- G(v) 
ß 2n 

pv 2a2 

(3.30) 

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

by: 

L(v) 
1+4(v/YL)2 

(3.31) 

where aL is the absorption coefficient as before and yL is the HWHM linewidth. The 

resulting Voigt profile is then given by: 

rv OptoSci Ltd: 141 St James Road, Glasgow, G4 OLT, Scotland. 
Tel: +44(0)141 552 7020, Email: info@optosci. com 
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aL nln 2 V(X, Y) 
(3.32) 

Yc 

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

' C, (Y-A, )+D, (X -B1) (3.33) 
V (X 

, Y) _ 
i-I (Y - A1)2 + (X - Bi)' 

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: 

=2 
In 2v (3.34) 

Yc 

and 

(3.35) Yc In 2 
Yc 

I Al Bi C, Di 

1 -1.2150 1.2359 -0.3085 0.0210 

2 -1.3509 0.3786 0.5906 -1.1858 
3 -1.2150 -1.2359 -0.3085 -0.0210 
4 -1.3509 -0.3786 0.5906 1.1858 

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 permits the modelling of target gas 

absorption in host / balance gases other than air. 

These theoretical predictions are compared to the measured absolute transmission 

functions, recovered either directly or through derivative methods. The curve fitting 

procedure requires only some fine adjustments over the pressure and concentration 

variables to provide the best match. 

3.8 Conclusions 

A theoretical treatment of gas molecules and molecular absorption spectra has been 

presented. The relationships between pressure, linewidth and concentration in direct 

absolute absorption line transmission profiles and their derivatives have been 

described in detail. Finally a general description of the novel software designed by 

industrial collaborators OptoSci Ltd. to model the absorption of light through various 

atmospheric gas compositions was given. With this background it is now possible to 

recognise the important parameters which define unique gas absorption line spectra 

and how to extract quantitative gas concentration and pressure measurements from 

these spectra. 
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Chapter 4 

Experimental Methodologies: Systems and 

Procedures 

4.1 Introduction 

This chapter describes the experimental systems and methodologies used to 

implement both direct TDLS and TDLS / WMS detection schemes, reflecting the 

state-of-the-art for industrial gas monitoring. It is important to note here that the 

systems described in this chapter were assembled and tested by the author. As well 

as discussing parameter choice and the normalisation methods key to providing 
immunity to calibration drift and system loss variations, the chapter also describes 

the construction of a fibre ring-resonator and the development of novel signal 

processing techniques for wavelength referencing. 
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Methane (CH4) gas was chosen for these investigations for two reasons. The first is 

the high demand for methane measurement in industrial applications, ranging from 

safety monitoring in oil and gas exploration plants, to environmental concerns in 

landfill sites. The second reason is that it has relatively strong absorption at near 

infra-red wavelengths, allowing for accurate analysis of lineshapes. In the 1600 - 
1700 nm range, methane absorption lines fall within P-, Q- and R- branches, which 

categorise rotational / vibrational states. One of the most commonly addressed lines 

is the Q6 line around 1665 nm, shown below in figure 4. l . However, as can be seen 

from the figure, the lines in the Q- branch are closely packed together and with 

increasing pressure these lines begin to merge, making accurate lineshape analysis 

extremely difficult. 

0.995 

'y 0.99 
E 

i°. 0.985 

0.98 Z 
a 

0.975 

0.97+- 
1665 1667 

Figure 4.1: 1% CH4 in air at 22 °C -Q branch region over the pressure range 0.2 to 2.0 aim - 

path length = 5.9 cm 

In the interests of achieving accurate lineshapes and pressure measurements, the R- 

branch combination line at 1650.956 nm was a better choice. As can be seen from 

figure 4.2, although this line is a combination of two transitions resolvable at low 
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pressure, the combination line remains symmetrical at high pressure and permits an 

off-line measurement to be made. The linestrength is also comparable to the Q6 line. 

Through personal communication with Dr Moodie of OptoSci Ltd. the line was 

confirmed to be free of interference from overlapping lines arising from other known 

atmospheric gases. For these reasons, the TDLS detection techniques described in 

this chapter were used to interrogate the CH4 line at 1650.956 nm. 
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0.9 4---- -I r -- 
1650.75 1650.8 1650.85 1650.9 1650.95 1651 
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1651.05 1651.1 1651.15 

Figure 4.2: 1% CH4 in air at 22 °C - 1650 nm region over the pressure range 0.2 to 2.0 atm - path 

length = 5.9 cm 

4.2 Tunable Diode Laser Spectroscopy with Direct Detection 

The general principles of operation for TDLS with direct detection were described in 

detail in chapter 2 and figure 4.3 illustrates the experimental set up used to 

implement these principles. In the figure, the system is broken down into four major 

areas: signal source and drive electronics; gas measurement; power referencing and 

wavelength referencing. 
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Figure 4.3: Diagram of set up used for direct TDLS experiments 

4.2.1 Signal Source and Drive Electronics 

The signal source and drive electronics essentially includes all the components and 

their associated parameters that were necessary to provide a high power density, 

single wavelength source, tunable over the entire wavelength range of the chosen 

methane gas absorption line. Pictured below in figure 4.4(a) is the actual laboratory 

equipment used and figure 4.4(b) shows a detailed photograph of the laser source. 

The source comprised a distributed feedback (DFB) laser diode (model number: 
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OL6109L-1OB, supplied by Oki) housed in a 14 pin butterfly package with built-in 

isolator; the package also incorporated a thermistor and Peltier for thermal 

management. The butterfly was mounted on a 14 pin PCB to provide an interface 

between the laser and the TED 200 temperature controller and the LDC 210 current 

controller (Thorlabs). This particular DFB had an optimised emission wavelength 

around 1650 nm at room temperature. The emission wavelength was tuned to the 

proximity of the methane absorption line by using the temperature controller to 

control the Peltier element. 

(a) 

III 
( (H 

(b) 

Figure 4.4: (a) Laboratory set up for laser source and drive electronics: 1. Laser Source, 2. 

Temperature Control, 3. Current Control, 4. Ramp Generator and 5. Fibre Splitter 

(b) Detailed photograph of laser diode and peripherals 

Thermal tuning provides a wider tuning rate compared to current tuning but at the 

expense of reduced precision. Once a desired wavelength is reached, the temperature 

controller employs a feedback control loop to keep the temperature and laser output 

stabilised. From some earlier characterisation experiments, an interferometer was 
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used to determine the DC tuning rate at 10.51 GHz /" C. The thermistor measures 

the temperature of the laser and the thermistor resistance measurement is displayed 

on the temperature controller; this allows feedback to the user. Thermistor 

resistance, R, is related to the temperature, T, by equation (4.1) [4.1]. To tune to the 

centre of the gas absorption line at 1650.956 nm the temperature of the laser was 

increased to 35.346 °C (6.455 kg2). 

(4.1) 

T( 0C) =R 
3892 

_ 273.1 5 
In( 

142 x 10's 
) 

The laser frequency is also determined by the laser injection current. Indeed, it is 

only with control over both current and temperature, that the laser's centre frequency 

can be truly defined. In addition then to the temperature setting of 35.346 °C, the 

injection current was set to 70 mA by the current controller. This provided ample 
laser power above a measured threshold of 10 mA and allowed for further tuning up 

to a limit of 150 mA. The DC tuning rate was measured to be 756.23 MHz / mA. 

In order to repeatedly scan the laser frequency over the entire methane absorption 

line, a periodic ramp was applied to the injection current by a Digimess FGIOO 

function generator, connected to the modulation input on the current controller. To 

be consistent with TDLS / WMS adaptations described later (where the sweep 

frequency has to be kept relatively low) the ramp modulation frequency was set to 5 

Hz. The ramp modulation amplitude depends on the width of the line and as these 

experiments were intended for a large pressure range (0.2 to 2.0 atm); the modulation 

amplitude was made large enough to cover the widest absorption line. This was 

measured to be 80 mA peak-to-peak (800 mV on the ramp generator as the 

modulation coefficient on the current controller is 100 mA / V). In addition to 

frequency modulation, modulation of the injection current also leads to a change in 

power. The current vs. power characteristic of this particular DFB laser is shown in 

figure 4.5. 
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Tunable diode laser spectroscopy requires a narrow source in order to accurately 
interrogate lineshapes. It is typical for any given gas line to have a linewidth of 

approximately 3 GHz at atmospheric pressure. Therefore, to achieve a sensitive and 

discriminate gas measurement over the range of 0.2 atm to 2.0 atm, it was necessary 

that the source linewidth be much narrower than this. Typical DFB sources are 

around 10 MHz. Again, using an interferometer, the linewidth of this particular laser 

source was measured to be 3.4 MHz; three orders of magnitude less than the gas line. 
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Figure 4.5: Plot of current vs. power for the 1650 nm Oki DFB laser module 

To enable the signal processing and normalisation procedures, described later in 

section 4.2.6, the laser signal was split into three channels: a gas measurement 

channel; a power referencing channel and a wavelength referencing channel. The 

laser butterfly was PC connectorised permitting light transmission, over optical fibre, 

to a standard comms 4-way, 1550 nm fibre splitter. Although the split ratio between 
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each output was not exactly even, any discrepancies were normalised out, again as 
described in section 4.2.6. 

4.2.2 Gas Measurement 

A schematic of the gas cell housing is provided in figure 4.6. The housing consisted 

of a 37.5 cm long tube and two end caps, each with a diameter of 9 cm. There was a 

rubber gasket between each end cap and the tube to provide an air-tight seal. The 

volume of the cell housing was approximately 2384 cm3 (2.384 Litres). At one end 

cap there were three Swagelok valves to control the gas in and out of the cell 

housing. The valves were self tapping and were inserted into the housing by drilling 

holes in the end cap, slightly smaller than the diameter of the valves, and then 

screwing the valves in. There were two inlet valves; one for the desired gas mixture, 

in this case CH4: N2, and the second for an inert purge gas, in this case N2. The outlet 

valve was connected to a vacuum pump, which had its outlet pipe passed to a fume 

cupboard for safe removal of the gas. A more detailed description of the gas 

handling procedure is given in section 4.2.6. At the opposite end cap there were two 

fibre insertion points and a digital pressure gauge. Fibre insertion was achieved by 

drilling a hole into the end cap, passing the fibre through, splicing a pigtail to the end 

of the fibre and then gluing and sealing up the splice protector half-way through the 

hole. As for the pressure gauge, it was inserted into the cell in the same way as the 

Swagelok valves. The LEO-2 digital pressure gauge (from Omni Instruments) 

measures an absolute pressure range from 0 to 3 bar, with a resolution of 3 decimal 

places (1 millibar). The relationship between atmospheres and bars is: 1 bar = 

0.986923266 atm. Inserted into the side of the housing was a thermocouple, which 

in turn was connected to a TES thermistor unit, for accurate (to 1 °C) measurement 

of the temperature. All holes and joins were sealed and tested to ensure the 

measurement cell sustained a gas mixture above 2.0 bar for a sufficient period. 
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Figure 4.6: Schematic of gas cell housing 

Within the cell housing was a micro-optic cell, which consisted of two gradient- 

index (GRIN) lenses, aligned in a ceramic v-groove, with an open path of 5.9 cm, as 

shown in figure 4.7. The lenses were secured in the v-groove by ultra-violet curing 

glue. Both the glue and v- groove are insensitive to changes in temperature, making 

them ideal for maintaining lens alignment in extreme environments. At the fibre 

input to the cell the first GRIN lens collimates the light across the open path, where 

the target gas would normally be present. The light is then collected by the second 

GRIN lens and travels through the fibre back out of the cell. The lenses had standard 

anti-reflection coatings to suppress interferometric noise' by approximately 30 dB. 

This level of suppression was acceptable for the gas concentration levels that were 

under primary investigation; however, for low ppm level detection, the more 

expensive 60 dB suppression coatings or a focusing GRIN lens design would have to 

Interferometric noise is the result of back reflections from the surfaces of the lenses [4.2 - 4.5] 
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have been considered. Once the light had passed out through the cell housing it was 

collected by a low noise, LNP-2, photoreceiver, supplied by OptoSci Ltd. 

Collecting 
GRIN lens 

5.9 cm Collimating 
GRIN lens 

Fibre Out Fibre In 

,w IV 

V- Groove cut in ceramic 

Figure 4.7: Illustration of micro-optic cell 

4.2.3 Power Referencing 

In order to monitor and normalise to the change in power as the laser injection 

current was ramped, the second channel served as a power reference. This fraction 

of the main laser beam was attenuated via a variable attenuator to match the off-line 

power of the signal coming from the gas cell. The losses through the gas cell and 

housing essentially came from the splices, bulkhead connectors and the open path. 

The attenuation of the second channel also accounted for any disparity in the splitting 

ratio between both channels. The power referencing signal was also monitored on a 

LNP-2 photoreceiver. It is worth noting at this point that the gain settings on all the 

LNPs were the same; they were set at the lowest gain of 1k for two reasons. The 

first being that the DFB laser supplied ample signal and amplification was not 

required. The second reason was to maximise the available bandwidth (1 MHz). 

The bandwidth issue was not crucial to the direct implementation of TDLS but it 

maintained consistency with the TDLS / WMS schemes described later. 
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4.2.4 Wavelength Referencing 

This section reports on the development of a fibre ring-resonator for the purpose of 

applying a wavelength scale to our time-based gas absorption measurements through 

standard interferometric techniques. The need for accurate linewidth knowledge and 

wavelength referencing was stressed in chapters 1 and 2 when reviewing 

investigations into gas pressure and concentration measurements by Philippe and 

Hanson [4.6]. The output wavelength of the 1650 nm laser was measured on an 

optical spectrum analyser (OSA) at several increments over the current tuning range 

and is shown in figure 4.8. It is evident from this current vs. wavelength plot that a 

linear mapping of wavelength on to time-based gas measurements would have been 

inaccurate, particularly when tuning over extended wavelength ranges for high 

pressure gas lines. Repeatability of scans is also an issue as it is widely accepted that 

over the course of time the operation wavelength of a laser source drifts. 
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Figure 4.8: Current vs. wavelength relationship for 1650 nm laser module 
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A bulk optics approach described in [4.6] monitors the laser's relative wavelength / 

frequency change as it is tuned across the gas line. An absolute scale is then 

determined by comparing the gas measurements to theoretical predictions. A similar 

approach is described here using a fibre ring-resonator. This fibre-based approach 

provides a solution to the interference, alignment and maintenance issues incurred 

when using a bulk-optics system in industrial environments. 

The fibre ring-resonator was constructed from two 1550 nm couplers fused in the 

configuration shown in figure 4.9 below. It is known from Urquhart [4.7 and 4.8] 

that the channel passing output provides the classic Fabry-Perot response. This 

response can be modelled using Urquhart's equations (4.2) to (4.5) below: 

('ouplcr I 
Input 

1 K! 

Output h 

Figure 4.9: Two coupler fibre ring-resonator 

(4.2) 
Output 

_ 
exp[- 2a(1, + 21: )1 

Input (i-1, )'+ 4E, 6, sin' (1, + 1: A 

where: 

E= 
(1- Kjý' (1- 

yj 
)' 

exp(- 2a1 ý, j=1,2. 
(4.3) 

and 
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E'i = Kj1 (1- 
y1 

)i 
exp( 2a11), j=1,2. 

(4.4) 

a is the field loss in the fibre (typically 0.22 dB / km for standard single mode fibre), 

11 + 12 is the length of the ring, and K1 and K2 and yj and y2 are the coupling ratios and 

excess losses of couplers 1 and 2 respectively. ß is the propagation constant and is 

given by: 

n 
(4.5) 

where n is the refractive index of the fibre (typically 1.45) and A is the wavelength. 

From equations (4.2) to (4.5) it can be seen that there are two main factors that 

dictate the frequency response from this resonator and those are: coupling ratio and 

ring length. 

The coupling ratio dictates the finesse and consequently the contrast ratio of the 

resonator. The finesse is simply the ratio of the frequency separation between the 

peaks to the full-width-half-maximum (FWHM) of the peaks; the higher the finesse, 

the sharper the transmission peak. Since the accuracy of this wavelength referencing 

technique hinged on the accurate location of the transmission peaks, there had to be a 

trade-off between the finesse (sharpness) of the transmission peak and the precision 

of the data logging software. The contrast ratio is defined as the amplitude of a 

transmission peak relative to the minimum intensity. 

The ring length of the fibre resonator dictates the frequency separation between 

transmission peaks, also known as the free spectral range (FSR). The relationship 

between finesse and FSR is given below in equation (4.6): 
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FSR (4.6) 
Finesse = FWHM 

For a fixed frequency scan, the longer the fibre ring is, the greater the number of 

transmission peaks supported. Again, there had to be a trade-off here between the 

number of transmission peaks and the precision of the data logger. There was also a 

practical limitation imposed on the fibre ring length. Due to the physical constraints 

of splicing two small bodied couplers together, the shortest ring size achievable was 

approximately 47 cm. 

With the above limitations in mind a MATLAB program was devised by the author 

to model Urquhart's equations and is detailed in Appendix B. Figure 4.10 shows the 

fibre ring-resonator response for three readily available pairs of couplers; 20: 80; 

40: 60 and 50: 50. Since either arm can be coupled into the ring this provided five 

possible coupling ratios. 
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Figure 4.10: Plot of fibre ring-resonator response for five different coupling ratios 
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It can be seen from figure 4.10 that with increasing coupling ratio comes decreasing 

finesse and contrast ratio. From this analysis it was decided to use two 40: 60 

couplers and to tap 40 % into the ring. This offered acceptable finesse and contrast 

ratio, allowing for accurate location of the peaks, whilst requiring only modest 

precision in data logging. The output of the resonator was measured on a LNP-2 

photoreceiver. 

To characterise the resonator's frequency response, measured gas lines were used as 

absolute frequency references. As mentioned previously, the Q- branch of methane 

has many lines tightly packed together; this permitted three lines to be addressed in 

one scan of the laser injection current. Although the lines merge, the peak absorption 

wavelengths are well documented in the HITRAN database. The scan of the three 

methane gas absorption lines in the Q- branch and the corresponding resonator 

output for the scan are shown below in figure 4.11. 
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Figure 4.11: Injection current scan of the 1665 nm laser source over 3 methane absorption lines 

and the corresponding resonator output 
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Three lines provided two sets of absolute wavelength references, allowing two 

calculations of the resonator frequency spacing (or FSR) to be made. Closer 

inspection between points A and B showed 24 transmission peaks over a frequency 

increment of 10.1675 GHz, giving a FSR of 0.4236 GHz. The frequency increment 

between points B and C was 12.9392 GHz and supported 30 transmission peaks, 

giving a FSR of 0.4313 GHz. The average of these two gave the most accurate 

measurement, that being a fibre ring-resonator FSR of 0.4275 GHz. The FSR of any 

resonator is given by equation (4.7): 

FSR =c 
nefLo 

(4.7) 

where c is the speed of light in a vacuum, neg is the effective refractive index of the 

medium (in this case standard single mode fibre - 1.45) and Lo is the length of the 

optical path (in this case the fibre ring - 0.47 m). 

In the laboratory the fibre resonator was placed in a metal enclosure packed with 

foam in order to provide immunity to vibrations and changes in room temperature. 

In [4.9] the effect of changes in strain and temperature on the delay through optical 

fibre is given by: 

(4.8) 
Lonef 

27c 
A 

one 
+a +s 1+ 

1 äne8 

x n!, OT n. 8 ac 

where dq$ is the phase delay, Lo is the length of fibre, nef is the effective index of the 

fibre, A is the optical wavelength, AT is the change in temperature, 
n n6T is the rate 

of change of effective refractive index with temperature (- 10"5 °C '' for silica), a is 

the linear temperature coefficient of expansion (0.5 x 10-6 °C " for silica) and c is the 
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strain. Converting the phase delay to a change in fibre path length by multiplying dý 

by %/2, rand ignoring the effects of strain gives: 

AL=Lone. 0 
n, 8fCT+a 

(4.9) 

Therefore, the combined effects of refractive index change and path length change 
(as a result of a change in temperature) on the frequency response of the fibre ring- 

resonator can be determined from equations (4.9) and (4.7). The error in FSR as a 

result of these effects is thus given by: 

FSRC =cc 
(4.10) 

ne8 (Lo -- OL) n8 (Lo +- AL) 

For a room temperature variation of approximately 5 °C the error in ring length can 

be AL = 3.577875 x 10'5 m for nep=1.45 and Lo = 0.47 m. From equation (4.10) this 

results in an error of - 3.4 x 10'5 GHz. Therefore, for room temperature variations 
the inaccuracy of the wavelength referencing technique is negligible. However, in 

industrial environments large scale temperature variations are commonplace so to 

ensure the wavelength referencing scheme would remain valid, some means of 

thermo-regulation of the fibre resonator enclosure would be required. Alternatively, 

from the above analysis it is, in principle, possible to employ scaling factors to 

compensate for the change in resonator path length and consequent frequency 

response with temperature change. 

Another important point to note is that the refractive index of standard single mode 

silica optical fibre is a function of the wavelength of the transmitted light. The 

variation in refractive index of silica as a function of wavelength is well known and 
in [4.10, p 108] the plot of this variation is used to quantify material dispersion 

(where different wavelengths travel through the material at different velocities 
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causing a pulse spread). From this well-known relationship it is apparent that, in the 

wavelength range of 1000 nm to 2000 nm, the refractive index of silica can vary by 

approximately 0.01. Also, in [4.10, p. 58] the normalised propagation constant for 

linearly polarised modes in optical fibre as a function of frequency is given. It is 

used to describe waveguide dispersion in optical fibre, which arises due to the 20 % 

of light propagating through the cladding travelling faster than the 80 % of light 

propagating through the core. The normalised propagation constant is given by: 

[(R) 
- n= 

b= (n, 
- n2 ) 

(4.11) 

where ß/k is the effective refractive index (nef) of the waveguide, ß is the 

propagation constant as given in equation (4.5), k is the constant: 2; c / .1 and ni 
(typically 1.452) and n2 (typically 1.477) are the refractive indexes of the fibre core 

and cladding respectively. The normalised frequency is given by: 

V=2ý (n2-n2 Y2 
is 

(4.12) 

where a is the fibre core radius (typically 4.1 µm). Rearranging equation (4.11) for /3 

/k and equation (4.12) for A, the axes of the figure in [4.10, p. 58] can be changed to 

give effective index vs. wavelength. Considering only the LP 01 mode, the change 
in effective index in single mode silica fibre for the wavelength range of interest is 

approximately 0.004. Therefore, the total change in effective refractive index in the 

1000 to 2000 nm range is 0.014. This gives rise to an error in FSR of - 4.1 x 10"3 

GHz, which falls within experimental error for determining the fringe spacing in the 

first place. Therefore, it can be concluded that errors induced by variations in 

refractive index, as seen by different source wavelengths, have a negligible affect on 

the accuracy of the wavelength referencing procedure. 
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For each measurement the relative frequency increment was used to change time- 

based gas absorption signals into wavelength- / frequency- based signals. This 

process was achieved through a MATLAB program devised by both Andrew 

McGettrick and the author. The program is located in Appendix C: I and an 

accompanying description of the frequency / wavelength mapping procedure is 

provided here. 

Firstly, the program assumes all the signals are captured at the same time, so both the 

normalised gas signal and the resonator signal have the same time-indexed axis. 

This essentially means that the gas signal is incremented by the resonator 

transmission peaks with a fixed df, as shown below in figure 4.12. 
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t 

Figure 4.12: Illustration of wavelength mapping process showing example time and array indexing 

Note that in practice there were many more transmission peaks than the number 

shown in figure 4.12, meaning smaller intervals, over which it was reasonably 

accurate to assume a linear relationship between time index and frequency / 
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wavelength. The number of peaks has been decreased in figure 4.12 in order to 

illustrate the mapping process more clearly. As can be seen from figure 4.12, 

although the time difference between the peaks differs, the frequency separation 

remains the same. The MATLAB program uses a "FINDPEAK" algorithm devised 

by Julian Andrew de Marchi [4.11 ] (located in Appendix C: 2), to scan through the 

measured resonator values, comparing each successive value to the previous for 

points of inflection (maxima or minima). The time-indexed locations of the maxima 

are stored in one array and the minima locations are stored in another. In this case 

only the maxima (peaks) are of interest. The array entries are then indexed; to 

illustrate, example indexing of the peaks is shown in figure 4.12. The program 

identifies the time index value of the gas absorption line centre and then finds the 

resonator transmission peak closest to that line centre. This peak is then labelled 

with an arbitrary constant to begin the relative frequency scale. The peaks on the 

left-hand-side of the line centre peak (labelled PCe�r in figure 4.12) are assigned a 

frequency value by using the following algorithm: 

Res Peak (i) =C+ [(PCeJt- i) * df] (4.13) 

where i is the array index of the transmission peak, C is the arbitrary constant, PCe�r is 

the array index of the peak closest to the line centre and df is the free spectral range 

of the resonator. 

Analogously, for the peaks on the right-hand-side of the line centre peak: 

Res Peak (i) =C- [(i - PCeng) * dj7 (4.14) 

This then corresponds with the laser characteristic by having the gas absorption 

signal mapped onto decreasing frequency increments, with a scan of increasing 

injection current. To increase accuracy, a polynomial curve fit is made to the series 

of discrete frequency values. The scale is also converted to wavelength using the 

following well-known equation: 
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a_c (4.15) 

I 

where A is wavelength, c is the speed of light in a vacuum and f is frequency. 

An absolute scale is made by shifting the relative frequency / wavelength curve to a 
known reference point; in this case, the peak absorption frequency / wavelength of 
the target gas line. Therefore, the MATLAB program also reads in a theoretical 

model of the gas absorption transmission function for the measured gas composition 

and shifts the frequency curve to the measured peak absorption frequency of 1.81713 

x 1014 Hz and the wavelength curve to the measured peak absorption wavelength of 
1650.956 run. 

4.2.5 Data Collection 

All three channels were measured on a Tektronix TDS 3014B oscilloscope, 

automated via a LabVIEW program. The LabVIEW program set up the triggering 

from the power reference channel; the time-base setting of 200 ms (1 /5 Hz); the 

vertical resolution (maximum 512 samples) and the number of averages collected 

(set to 64). The scope offers a horizontal resolution of 10,000 samples and the 

LabVIEW program stored these time-indexed voltages in comma-separated-values 

(CSV) format with a precision of 10 decimal points. This meant the gas 

measurement and wavelength referencing procedure could be carried out with 

complete confidence. Figure 4.13 shows an example of an experimentally measured 

gas signal and accompanying power and wavelength referencing signals. As can be 

seen the resonator transmission peaks are completely resolved and follow the trend 

of increasing power. Note, in the figure the gas absorption line is normalised to the 

increasing power (as detailed in the next section) as the location of the peak 

absorption may be distorted by changing power, leading to wavelength referencing 

errors. The horizontal location of each of the resonator transmission peaks is not a 

function of the laser power and so remains un-normalised. 
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Figure 4.13: Example measurement of 10 % methane and corresponding signals 

4.2.6 Measurement Procedure and Signal Processing 

This section describes the procedure used for taking one direct measurement using 

the experimental apparatus documented above. 

The first step was to prime the gas measurement cell and housing. Before 

evacuating, the cell was purged with nitrogen. This was because the vacuum pump 

used here was an oil-based rotary pump and to use it with flammable gases such as 

methane would have been extremely dangerous. Once the cell, cell housing and 

connecting pipes were completely purged of methane, only the exhaust valve was left 

open and the housing was vacuumed down to 0.000 bar (as read on the digital 

pressure gauge). At this point the exhaust valve was closed off and then the vacuum 

pump was switched off. The next step was to fully open the valve of the B. O. C 
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pressurised gas cylinder containing the certified" methane gas mixture, and open the 

attached regulator, until the desired pressure was reached. For finer control of the 

gas flow, a secondary regulator was placed between the B. O. C cylinder regulator and 

the inlet valve. At this point the inlet valve on the cell housing was opened to bleed 

in the gas. The inlet valve on the cell housing was then closed when the digital 

pressure gauge read the desired pressure. Once left to stabilise, the gas cell housing 

would contain a known gas concentration (from certification) at a known pressure 

(from digital pressure gauge) and a known temperature (from thermocouple). For 

each new gas measurement the entire process would be repeated. 

Figure 4.14 illustrates the calibration and signal processing procedures used in the 

direct TDLS experiments. The power reference was attenuated to match the off-line 

power of the gas signal. A ratio was also taken between the gas signal and power 

reference at corresponding values off-line to provide a zero-point reference (denoted 

C in figure 4.14). The gas signal was normalised firstly to the increasing power 

signal and then to the zero-point reference. The resonator response provided the 

wavelength reference to map a reliable absolute wavelength scale on to the time- 

based measurements, as described in section 4.2.4. The resulting gas absorption line 

transmission functions allowed for measurement of the gas concentrations and 

pressures, via direct measurement of the depths and linewidths respectively, or by 

curve fitting theoretical predictions (based on the known pressure, concentration and 

temperature parameters) to these experimental signals. Results taken using this 

approach are discussed in chapter 5. 

° Gas mixtures are supplied by B. O. C with a certification accurate to within +/- 5% 
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Figure 4.14: Example of calibration and signal processing procedures for direct TDLS 

4.3 Tunable Diode Laser Spectroscopy with Wavelength Modulation 

Spectroscopy 

The laboratory system architecture was modified slightly compared to the direct 

implementation and is illustrated below in figure 4.15. 
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Figure 4.15: System architecture for TDLS / WMS detection 

4.3.1 Signal Source and Drive Electronics 

The DFB laser was tuned to the proximity of the gas absorption line at 1650.956 nm 

using the same current and temperature values as before: 70 mA and 6.455 kQ 

(35.346 °C). As was mentioned in chapter 2, there was a double modulation on the 
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laser injection current: a low frequency ramp signal and small high frequency 

sinusoidal signal. The ramp generator was connected to the modulation input on the 

LDC 210 current controller as before; however, the laser anode and cathode 

connections from the current controller were sent through a bias-T unit as these are 

the connections for modulating the laser injection current. The remaining 

connections (built in photodiode, ground and interlock) were sent directly to their 

respective pins on the butterfly package as before to provide the necessary control 

and protection of the laser diode. A bias-T makes it possible to superimpose an AC 

modulation onto the laser diode DC supply current with no detriment to either signal. 

The schematic for the standard bias-T configuration used is shown in figure 4.16. 

Ramp 
47 µH +ýJ Laser 

51 D- ýF- Diode 

1 µF Gnd 

0.7 v 

Sinusoid 

Figure 4.16: Schematic of bias -T 

The series connection of 4x 47 µH inductors presents the ramp voltage with zero 

resistance at low frequencies (cut off -1 kHz); therefore, the DC bias (+ 70 mA) and 

5 Hz ramp signal (± 40 mA) supplied by a Digimess FG 100 function generator 

remained unchanged from the direct set up. If the amplitude of the sinusoidal 

modulation input goes higher than ± 0.7 V the diodes conduct sending the excess 

signal to ground, providing adequate protection of the laser diode from excessive 

voltages and negative biasing. The I µF capacitor blocks DC signals up to a cut-off 
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frequency of -' 3 kHz. The - 50 i2 resistor provides impedance matching of the coax 

output from the Hewlett Packard 33120A function generator providing the sine 

wave. Therefore, the output signal directly modulating the laser injection current 

was a large, low frequency ramp signal with a smaller high frequency sinusoid 

superimposed. The typical modulation frequency of the sinusoid can lie anywhere 

between 10 kHz and 100 KHz [4.12] but to remain consistent with the successful 

work of fellow researchers within the group at Strathclyde [4.13 and 4.14], 10 kHz 

was chosen initially. The 3dB bandwidth of the LDC 210 current controller is stated 

at 100 kHz. Although this is suitable for primary investigations at 10 kHz, higher 

modulation frequencies were investigated later and the bias-T used here permitted 

AC modulation up to 250MHz (switching limit of diode is 4 ns). 

The sinusoidal modulation amplitude has always been one of the most important 

parameters in WMS detection. It has already been noted that setting the amplitude 

too small decreases the SNR but that setting it too high leads to a deviation from the 

harmonic / derivative relationship. In addition, these experiments covered a range of 

pressures from 0.2 atm up to 2.0 atm and, in the interests of replicating a stand-alone 

instrument in the field it was impractical to define the optimum modulation 

amplitude, relative to the linewidth for each pressure measurement, as was discussed 

in chapter 2. Therefore, two modulation amplitudes were decided upon. The first 

was dictated by the FSR of the resonator peaks (details in section 4.3.4) and was set 

to 35 mV peak-to-peak (8V = 17.5 mV). The second was determined by the 

optimum Sv - 2*y (m = 2.0, mentioned previously in chapter 2) relationship for 

atmospheric methane. In [4.6,4.15 & 4.16] it was stated that the optimum 

modulation index, that is the modulation index that gives rise to a maximum FM 1st 

harmonic signal, is 8v - 2*y; therefore, the TDLS / WMS system was set up to 

measure 1.0 atmosphere of methane and the modulation amplitude was increased 

until a maximum FM 1s` harmonic signal was reached. This optimum amplitude was 

600 mV peak-to-peak (SV = 300 mV). Having two modulation amplitudes permitted 

analysis of TDLS / WMS lineshapes at two extremes of the harmonic / derivative 

relationship. 
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The modulated laser light was then split into three channels, as with the direct TDLS 

set up, for gas measurement and calibrations to frequency and power change. 

4.3.2 Gas Measurement 

From figure 4.15 it can be seen that the initial gas measurement procedure remained 

unchanged from the direct adaptation, with the light travelling through optical fibre, 

in and out of the gas measurement cell and into the LNP-2 photoreceiver. The 

electronic signal was then passed over a BNC lead to a Perkin Elmer 7280 DSP lock- 

in amplifier. The basic principles of operation for lock-in amplification are shown in 

the block diagram in figure 4.17 below. 

A lock-in amplifier's general operation is designed for detecting small signals on a 

zero background so the first stage of the process is to amplify the input signal such 

that any small deviation will become large relative to the zero background. To 

remove any spurious signals as a result of mains interference, a 50 Hz rejection filter 

follows the amplifier stage. The AC components are then amplified using an AC 

gain stage; this further enhances the desired signal relative to the background, as it is 

usually considered good practice, for optimum demodulator performance, that as 

large a signal as possible is presented to the analogue-to-digital converter (ADC). 

Linked to the AC gain is the full scale sensitivity and this describes the lock-in 

amplifier's limit in resolving small changes from the background. The optimum 

scenario is to have as small a sensitivity value as possible, whilst achieving as large a 

gain as possible. Without the correct balance the lock-in amplifier overloads. The 

ADC has a sampling rate of 7.5 MHz for high rate conversion and to prevent 

aliasing. 
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Figure 4.17: Block diagram for the Perkin Elmer 7280 DSP lock-in amplifier 

The reference signal to the lock-in can be generated internally or measured 

externally. External reference mode is better suited to industrial application as any 

changes in the injection current modulation are reflected in the reference. The 

reference signal in our case was a TTL-logic level interpretation of the sinusoid 

modulation from the HP33120A function generator. With the harmonic selector set 

to the first harmonic (n =1), the lock-in amplifier measures the input signal at 10 

kHz. This external reference is passed to a digital phase-locked loop (PLL), allowing 

the lock-in amplifier to continuously track the period / frequency of the signal. The 

lock-in amplifier's processor then generates a series of phase values, and 

consequently a sinusoid at 10 kHz, to multiply with the digitised input signal. This 

dual-phase lock-in amplifier produces two demodulation functions: in-phase and 

quadrature or X and Y vectors respectively; intuitively, Y lags X by 90 °. In 

addition, the lock-in amplifier employs a phase shifter at the input to the reference 

channel. The reference phase is regarded as the phase of the X vector, relative to the 

input signal. A common technique employed in industrial based spectroscopy is to 

adjust the phase to maximise the signal on the X channel, consequently, minimising 

the signal on the Y channel. 

The final stages of the lock-in detection process are low-pass filtering of the digital X 

and Y signals and digital-to-analogue conversion. The aim of these two procedures 
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is to provide a clean DC voltage signal proportional to the 10 kHz component of the 

input signal. The filters have an associated time constant which has to be set in 

accordance with the sweep rate (5 Hz) to balance the trade-off between SNR and 

accurate signal recovery. A short time constant leads to a fast response but at the 

expense of increased bandwidth and noise. Setting the time constant too long and the 

signals become over-averaged, losing important frequency information. 

In-keeping with the industrial viewpoint of maximising signal-to-noise ratio (SNR), 

the lock-in amplifier detection phase is set to optimise the output amplitude. The 

most consistent approximation[ to this is to align the phase with the RAM 

component when the gas cell is free from the target gas. The desired AM component 

(resulting from the interaction between the gas absorption line and the frequency 

modulated light) is at the same frequency and thus is recovered along with the RAM. 

The 15t harmonic output signal shows the signal generated by the FM superimposed 

on the large background signal generated by the RAM. The RAM component is then 

traditionally removed by a DC RAM filter or a DC offset. Figure 4.18 illustrates the 

recovery of a 1s` harmonic signal by lock-in detection. As the laser centre frequency 

is scanned across the gas absorption line, the dither signal interrogates the slope / 

gradient. At the start of the sweep (a), before any absorption, there is zero intensity 

modulation induced by the FM. Gradually the slope of the absorption profile 
increases negatively (b); thus, intensity modulation induced by the FM increases in 

magnitude but is 180 ° out of phase, relative to the FM induced signal on the right- 

hand-side of the gas absorption line. This is reflected in the negatively increasing 

portion of the 1` harmonic. The gradient of the absorption line is at its peak at point 

(c), giving rise to the maximum negative point (c) on the ls` harmonic. From this 

point the gradient decreases again and momentarily returns to being flat (e), where 

the harmonic signal shows a crossing through zero. After peak absorption the 

gradient of the absorption line increases positively to a maximum at point (1). As the 

gradient is positive the intensity modulation shifts 180 °. At the end of the scan the 

"' Measuring the resultant of the RAM and FM induced AM signal would increase the output signal 
amplitude but the optimisation parameters would require readjustment for each new gas composition 
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gradient of the absorption line and consequently the FM induced intensity 

modulation returns to zero (g). The I" harmonic signal mapped out by the lock-in 

amplifier is then mathematically related to the I" derivative of the gas absorption line 

transmission function. 
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Figure 4.18: Illustration of lock-in detection process: labelled points on gas absorption line 

correspond to labelled points on P harmonic signal 

96 



Chapter 4: Experimental Methodologies: Systems and Procedures 

In figure 4.18 the dither signal and induced modulation signals are shown relatively 
large for clarity. The problems associated with a large dither signal are discussed in 

chapter 5. 

The parameters in determining optimum lock-in detection are thus: AC gain, 

sensitivity and time constant. In each of the following chapters, all of the 

experimental parameters used, including lock-in amplifier settings, are detailed in 

tables. 

As mentioned previously, the RAM gives rise to a high sloping background signal. 

In [4.13 and 4.14] the RAM induced DC offset was removed from the gas signal and 

used as a reference to compensate for changes in signal power and system losses. 

Using the same principle here, a DC filter was used (see figure 4.15) to separate the 

large offset from the gas signal. The design of the filter is shown below in figure 

4.19. As can be seen from figure 4.19 the input signal is split between two channels. 

The first channel passes through a low pass filter with a designed cut-off frequency 

of approximately 0.03 Hz to separate the DC portion of the signal. The second 

channel passes through a high pass filter, employing the same cut-off frequency, to 

remove the DC portion of the signal and place the 1st harmonic gas signal on a zero 

background. The 1st harmonic signal can also be amplified using an optional gain 

section with stages of 1,2,5 and 10. 

To remove the sloping background from experimentally measured signals a second 

scan was taken with the gas cell completely purged of any target gas. 
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Figure 4.19: Schematic for DC RAM filter: (a) RAM measurement channel, (b) Filtered I" 

harmonic channel 

4.3.3 Power Referencing 

As can be seen from figure 4.15, the power referencing procedure remained 

unchanged from the direct TDLS measurement technique. The level of attenuation 

remained unchanged also. 

4.3.4 Wavelength Referencing 

Wavelength referencing for TDLS / WMS signals was a little more complex than in 

the direct version. The addition to the process was the presence of a SR 850 DSP 

lock-in amplifier to lock into the 10 kHz dither signal superimposed on the direct 
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resonator response. The wavelength referencing technique employed a similar 

detection process to that described in the gas measurement section, detecting the 1" 

harmonic / derivative of the resonator transmission function. If a single resonator 

transmission peak is treated in the same way as a gas absorption line transmission 

function (see figure 4.18), then the 1" harmonic resonator response looks similar to 

that shown in figure 4.20. The important points to note here are: 

1. The linewidth of the resonator transmission peaks was deliberately narrow, 

relative to a gas absorption profile; therefore, the modulation amplitude had 

to be very small. The amplitude was set to a 35 mV peak-to-peak (8V = 17.5 

mV) setting to recover a maximum 15` harmonic resonator signal. 

2. Another consequence of the narrow linewidth was that the time constant had 

to be set much smaller than that for the gas measurement, so as not to average 

over the high frequency content of the signal. 
3. There was a much smaller loss over the fibre path through the resonator to the 

photodiode (compared to the gas measurement path); therefore, the 

magnitude of the signal at the front end of the lock-in amplifier was much 

larger. For that reason, the sensitivity / AC gain balance had to be re- 

optimised, with both levels dropping to prevent overload. 

It can be seen from figure 4.20 that the frequency increment of 0.42 GHz, defined by 

the peak positions on the direct resonator response, is defined by the zero-crossings 

in the 1s` harmonic response. Therefore, a MATLAB program, again devised by 

Andrew McGettrick and the author, was developed to use this relationship to map the 

time-based derivative absorption measurement onto an absolute wavelength / 

frequency scale. The MATLAB program is detailed in Appendix C: 3 and again a 

description is provided here. 
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Figure 4.20: Typical I" harmonic response of the fibre resonator transmission profile 

Again, as with the direct TDLS experimental set up, all the signals were captured at 

the same time and were thus all on the same time-indexed axis. Therefore, the I" 

harmonic of the gas absorption line transmission function can be regarded as being 

incremented by the peaks and troughs of the I harmonic resonator response, as 

illustrated in figure 4.21. Note, that in practice there were many more transmission 

peaks than the amount shown in figure 4.21 and consequently, many more 1St 

harmonic zero-crossings, meaning smaller intervals over which it was safe to assume 

a linear time-index / frequency relationship. 

Again, the MATLAB program uses the "FINDPEAK" algorithm to generate an array 

of peaks and an array of troughs. As the transmission peaks can be assumed 

symmetrical, the time-indexed location of zero-crossing, n, can be defined as: 

trough, (t) + peak,, (t) (4.16) 
zerocross, (t) _ 2 
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where peak�(t) and trough�(t) are the time-indexed locations of the corresponding 

maximum and minimum of the nth resonator transmission peak derivative. 

t 

Figure 4.21: Illustration of wavelength /frequency mapping process for TDLS / WMS signals 

Now there is an indexed array of zero-crossings. The MATLAB program locates the 

zero-crossing of the 1 S` harmonic of the gas absorption line (line centre of absolute 

transmission function) and also locates the resonator zero-crossing closest to that 

point (labelled ZCCent in figure 4.21). Analogous to the direct wavelength referencing 

scheme, this resonator zero-crossing is given an arbitrary value to initiate the relative 

frequency scale. The zero-crossings on the left-hand-side of the line centre zero- 

crossing are assigned a frequency value by using the following algorithm: 

Zero Cross (i) =C+ [[ZCfe�, - i) * djj (4.17) 

where i is the array index of the zero-crossing, C is the arbitrary constant, ZCc.. �, is 

the array index of the zero-crossing closest to the line centre and Af is the free 

spectral range of the resonator. 
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Analogously, for the zero-crossings on the right-hand-side of the line centre zero- 

crossing: 

Zero Cross (i) =C- [(i - ZCCenr) * 4/] (4.18) 

This provides the gas absorption line lay harmonic signal incremented by decreasing 

frequency values, with an increasing sweep of the laser injection current. Again, a 

polynomial curve fit is made to the discrete data points and the frequency scale is 

also converted to wavelength. The absolute scales are achieved in the same way as 
before, by shifting the relative curves to the peak absorption wavelength / frequency 

of the target gas absorption line, determined from measurements on a theoretical 

model (based on HITRAN data) of the absorption profile. 

4.3.5 Data Collection 

All the electronic signals were captured as detailed in section 4.2.5 and figure 4.22 

shows an example of an experimentally measured I" harmonic of the gas absorption 

line transmission function and accompanying power and wavelength referencing 

signals. The points to note here are that, again as with the direct TDLS signal, the 

gas measurement has been normalised (as detailed in section 4.3.6) to ensure the 

positive and negative peaks and zero-crossing locations are not distorted by the 

changing laser power. The 1s` harmonic resonator response is not normalised to the 

power but is decreased in magnitude for image clarity. Also shown is the filtered DC 

signal, representing the RAM contribution to the lock-in amplifier measurement. 
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Figure 4.22: Example measurement of 10 % methane and corresponding signals 

4.3.6 Measurement Procedure and Signal Processing 

Figure 4.23 illustrates the calibration and signal processing procedures used in the 

TDLS / WMS experiments. As all the signals were triggered and captured at the 

same time, they were all measured on the same time-indexed axis. The "no gas 

signal" was then simply subtracted from the gas signal to place the 1 S` harmonic / 

derivative on a zero background. To normalise to the increasing laser power as the 

centre frequency is swept across the gas line, the zeroed signal was divided directly 

by the power reference. If the sinusoidal modulation was large it could be seen on 

the power reference signal; however, as the signals were triggered to the ramp signal 

and not to the sinusoid, signal averaging removed this. Finally, to compensate for 

changes in signal power and any losses in the system, the signal was divided by the 

average value of (or a single point on) the RAM induced DC signal. The results of 

this approach are discussed in detail in chapter 5. 
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Figure 4.23: Example of signal processing and calibration procedures for TDLS / WMS 
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4.4 Conclusions 

The procedures and experimental apparatus reflecting the state-of-the art for direct 

TDLS and TDLS / WMS approaches (including the conventional procedure for lock- 

in detection to achieve maximum signal-to-noise ratio) in industrial gas monitoring 

have been described in detail. The importance of the modulation parameters and 

their influence on recovered signals was also highlighted. Significant contributions 

to these state-of-the-art TDLS techniques in the form of novel wavelength 

referencing (using a fibre resonator and signal processing techniques to achieve in- 

situ measurements of the laser frequency to facilitate accurate linewidth extraction) 

and the design, build and test of a gas cell housing (enabling regulation of gas 

concentrations and pressures over a suitable range) were also described. 

The results taken from measurements on varying concentrations of methane at 

varying pressures, using both TDLS approaches and novel wavelength referencing 

techniques, are discussed in the following chapters. 
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Chapter 5 

Results and Analysis 

5.1 Introduction 

The chapter reports on accurate and simultaneous measurements of gas concentration 

and pressure using both TDLS with direct detection and a new approach to TDLS 

with wavelength modulation spectroscopy. 

The initial objective was to extract concentration and pressure under varying 

conditions using the conventional approaches to TDLS with direct detection and 

TDLS / WMS detection. Attempts were made at recovering linewidths and accurate 

absorption depths from which to extract the pressure and concentration respectively. 

Numerical integration of recovered 1st harmonic signals was also attempted with a 

view to recovering the absolute absorption line transmission function. In this chapter 
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we discuss and illustrate the reasons why conventional approaches to TDLS with 

WMS are fundamentally flawed in terms of achieving accurate gas composition 

measurements in a stand-alone instrument. As will be seen, issues arise from 

complications in the signal analysis process, which requires accurate knowledge of 

system and target gas parameters. Errors in the determination of these parameters 

accumulate, making the final determination of concentration and pressure inaccurate. 

Through careful signal and theoretical analysis the sources of these errors are 

identified and removed. The analysis also introduces a means of recovering the 

absolute absorption line transmission function, which is then validated through 

promising experimental results. 

5.2 TDLS with Direct Detection 

5.2.1 Introduction 

TDLS with direct detection has been well researched in the past but achieving 

accurate and simultaneous measurements of gas concentration and pressure in stand- 

alone, field-deployable instruments has been difficult due to issues regarding 

accurate and reliable in-situ wavelength referencing. 

As was illustrated in figure 1.2 in chapter 1 and as was proved in chapter 3, the signal 

amplitudes of the recovered absolute transmission functions have negligible, if any, 

dependence on pressure / linewidth change at pressures above I atmosphere (from 

pressure broadened Lorentzian lineshape analysis). In addition, recovery of the gas 

line transmission signals leads to simple, accurate analysis and the technique can be 

absolute with no need for calibration. For these two reasons, signals recovered using 

TDLS with direct detection serve as an ideal starting point for determining the 

accuracy of our proposed wavelength referencing technique and curve fitting 
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procedure before the more complex analysis of the TDLS / WMS signals. As the 

HITRAN database details the transmission of light through gases in the atmosphere, 

the host gas is always air. In order to model the transmission of light through various 

concentrations of methane in nitrogen, the HITRAN air-broadening coefficient has to 

be manipulated. Therefore, curve fitting theoretical profiles to directly recovered gas 

absorption line transmission signals over a range of pressures will determine the 

most accurate coefficient for N2 broadening. 

This section (5.2) reports on the process of curve fitting theoretical absorption 

profiles (based on HITRAN data) to directly recovered methane (CH4) transmission 

signals, proving that simultaneous measurements of gas concentration and pressure 

are possible. The accuracy and reliability of the novel wavelength referencing 

technique and the determination of the N2 broadening coefficient are also discussed. 

5.2.2 The Need for Accurate Wavelength Referencing 

The importance of accurate and reliable wavelength referencing has been highlighted 

many times throughout this thesis and figure 5.1 serves to emphasise the point. The 

blue line in figure 5.1 shows an experimentally measured gas absorption line 

transmission profile for 10.13 % CH4 in N2 balance at 1.000 bar, 20.5 °C in the 1650 

nm region. The wavelength scale applied to the experimental signal was determined 

from the DC current / wavelength tuning relationship for the 1650 nm laser (- 0.006 

nm / mA, measured as described in chapter 4). In order to scan the width of the line 

a sweep of 80 mA peak-to-peak was applied to the laser injection current. This 

translates, according to the tuning relationship, as a sweep of approximately 0.5 nm. 

The absolute scale was achieved by shifting the relative scale to the known peak 

absorption wavelength at 1650.956 run. 
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Figure 5.1: 10.13 % CH4 : N2 balance at 20.5 °C and 1.000 bar pressure - Comparison of 

experimental signal (referenced to DC current tuning coefficient) to theoretical prediction 

It can be seen that there is reasonable agreement between the converted time-based 

signal and theory (based on the HITRAN transmission data for CH4 in air at the 

known pressure, concentration and temperature) immediately around the absorption 

line centre at 1650.956 nm, but that there is a noticeable mismatch at a second, 

smaller absorption feature at 1650.83 nm. The peak absorption wavelength of this 

smaller feature is well documented in spectroscopic databases such as HITRAN and 

therefore, the mismatch can only be attributed to the inaccuracy associated with the 

linear mapping of the wavelength with the sweep of the injection current. This 

hypothesis is backed up by the current vs. wavelength relationship shown in figure 

4.8. 

All further signals shown in this section (5.2) were measured using the experimental 

system and methodologies described in section 4.2 of chapter 4. Figure 5.2 shows 

the experimentally measured signals from the gas measurement, power referencing 

and wavelength referencing channels. 
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Figure 5.2: 10.13 % CH4 : N2 balance at 20.5 °C and 1.000 bar pressure - Experimentally 

measured output signals: (a) trimmed gas signal, (b) trimmed power reference signal, (c) trimmed 

resonator response 

The LabVIEW program triggers all the received signals to a threshold voltage on the 

power reference signal. The recovered gas signal (a) is normalised to the increasing 

power (b) as the laser centre frequency is swept across the gas line, by dividing (a) 

by (b). The result of (a) divided by (b) is the signal shown in figure 5.1; this time, 

however, the novel wavelength referencing approach is applied. Using the 

normalised gas signal and the received resonator trace (c) in the wavelength 

referencing MATLAB program (described in section 4.2 of chapter 4), we obtain 

absolute frequency and wavelength referenced plots, shown below in figure 5.3. 
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Figure 5.3: 10.13 % CH4: N2 balance at 20.5 °C and 1.000 bar pressure - Recovered normalised 

(a) frequency and (b) wavelength referenced gas absorption line transmission signals 

Finally, to account for any difference between the off-line amplitude of the gas signal 
(figure 5.2 (a)) and the off-line amplitude of the power reference signal (figure 5.2 

(b)), due to uneven split ratios or system losses, the normalised gas signal (figure 5.3) 

is divided by a zero-point reference. In this case the zero-point reference was taken 

from the amplitude of the normalised signal at 1650.77 nm. Dividing all the 

amplitudes in the signal by this amplitude references the entire signal to a maximum 

transmission of I. If the signal is not truly off-line; for example, if neighbouring 

lines merge with the line of interest and the signal is no longer 1, multiplying the 

fractional transmission amplitude by the amplitude of the theoretical prediction (at 

113 



Chapter 5: Results and Analysis 

the same point) will reference the entire signal to this new maximum transmission. If 

the new wavelength referenced signal is compared to the original theoretical 

prediction, as shown in figure 5.4 below, it can be seen that the correlation betwccn 

theory and experiment is superior to the correlation shown in figure 5.1 by 

referencing both the large absorption signal at 1650.956 nm and the smaller 

absorption signal at 1650.83 nm (indicated by arrows). This emphasises the 

importance of our novel wavelength referencing procedure in recovering accurate 

gas composition measurements over extended pressure ranges. 
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Figure 5.4: 10.13 % CH4 : N2 balance at 20.5 °C and 1.000 bar pressure - New wavelength 

referenced absorption line transmission function compared to the theoretical prediction 

5.2.3 Determining the N2 Broadening Coefficient 

It can be seen from figure 5.4 above that there is a noticeable discrepancy between 

the theoretical prediction of peak absorption depth and that measured experimentally. 

Indeed, when examining the correlation between experimental and theoretical 
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absolute transmission profiles for a range of pressures, shown in figure 5.5 below, it 

can be seen that, although the absorption linewidth increases with pressure, the error 

in the depth between theory and experiment increases and as the linewidth of any 

profile is measured at half-maximum, there is an increasing error in linewidth. As 

mentioned throughout this thesis, the depth of the absolute transmission function is a 

measure of the concentration of the gas; therefore, the error in concentration 

increases with pressure also. To quantify the errors, theoretical transmission profiles 

were matched to the experimental results shown in figure 5.5 by successive iterations 

of the pressure and concentration parameters. The pressure and concentration values 

giving the line of best fit for each pressure are noted below in table 5.1. 
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Digital Gauge 
Pressure (bar) 

Accuracy :k0.1 % 

TDLS Recovered 
Pressure (bar) 

Pressure 
Error 
(bar) 

Cylinder Conc. 
(%) 

Accuracy :k5 °/. 

TDLS 
Recovered 
Conc. (%) 

Conc. 
Error 
(off. ) 

(a) 0.209 0.209 0 10.13 10.3 1.7 
(b) 0.615 0.580 0.035 10.13 11.2 10.6 
c 1.000 0.920 0.08 10.13 11.4 12.5 

(d)1.805 1.620 0.185 10.13 11.3 11.5 

Table 5.1: Error in pressure and concentration between theoretical predictions and experiment 

The lineshape errors can be attributed to host gas broadening effects: the 

experimental gas mixture is methane in nitrogen, whereas the HITRAN database 

only accounts for methane in air. As mentioned in chapter 3, with increasing 

pressure, collision broadening dominates and the nature of these collisions dictates 

the lineshape. Therefore, collisions between methane molecules and nitrogen 

molecules will determine a significantly different transmission profile from one 

resulting from collisions between methane molecules and nitrogen, oxygen, argon 

and other small quantities of molecules that make up atmospheric air. In addition, it 

has been acknowledged for many years that HITRAN data can have inaccuracies in 

the broadening coefficients [5.1 & 5.2] (both air-broadening and self-broadening) 
leading to associated errors linestrength and linewidth. 

The VEE program designed by industrial collaborators OptoSci allows scaling of the 

air-broadening coefficient in the HITRAN data and [5.3 & 5.4] provide a range of 

broadening coefficients for an array of host gases. For an accurate measurement of 

concentration and pressure, the broadening coefficient must be manipulated in order 

to account for pure nitrogen broadening of the HITRAN methane transmission data. 

As nitrogen (14.00674 amu) has a smaller atomic mass than both oxygen (15.9994 

amu) and argon (39.948 amu), this intuitively suggests the air-broadening coefficient 

must be scaled downwards. This is backed up by the fact that for a fixed pressure, 

concentration and temperature, the linestrength (area under the curve) must remain 
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constant and that for an increase in absorption depth, there must be a decrease in 

absorption linewidth due to broadening effects only. 

Figure 5.6 below shows the three experimentally measured methane gas absorption 

line transmission signals shown in figure 5.5 (a), (c) and (d) above compared to 

theory, where the air-broadening coefficient has been scaled by 0.9. 
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Figure 5.6: 10.13 % CH4: N2 balance at room temperature and (a) 0.209 bar, (b) 1.000 bar and (c) 

1.805 bar pressure - air-broadening scaled by 0.9 

Figure 5.7 shows the three methane gas absorption line transmission signals shown in 

figure 5.5 (a), (c) and (d) above compared to theory, where the air-broadening 

coefficient has been scaled by 0.8. From figures 5.6 and 5.7 it can be seen that the 

scaling factor for the broadening coefficient lies somewhere between 0.9 and 0.8 and 
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that it lies closer to 0.9. Indeed, after several more iterations, it can be found that the 

theoretical predictions match experiment to a high degree of accuracy (as far as can 

be determined visually) over the full range of pressures when the air-broadening 

coefficient is scaled by 0.87. 
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Figure 5.7: 10.13 % CH4: N2 balance at room temperature and (a) 0.209 bar, (b) 1.000 bar and (c) 

1.805 bar pressure - air-broadening scaled by 0.8 
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Chapter 5: Results and Analysis 

5.2.4 Accurate and Simultaneous Measurement of Gas Concentration and Prcessure 

using Curve Fitting 

Figures 5.8 to 5.12 and 5.13 to 5.17 show experimental signals for an extended 

pressure set (0.2 to 1.8 bar) and an ambient' pressure set (0.9 to 1.1 bar) respectively, 

compared to theoretical predictions based on the known parameters and an air- 

broadening coefficient scaled by 0.87. 
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Figure 5.8: 10.13 % CH4: N2 balance at 20.1 °C and 0.209 bar pressure - experiment compared to 

theoretical prediction - air-broadening scaled by 0.87 

1 Atmospheric air pressure is known to fluctuate by approximately ± 10 % around the common 
estimate of 1 atmosphere 
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Figure 5.9: 10.13 % CH4: N2 balance at 20.3 °C and 0.615 bar pressure - experiment compared to 

theoretical prediction - air-broadening scaled by 0.87 
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Figure 5.10: 10.13 % CH4: N2 balance at 20.5 °C and 1.000 bar pressure - experiment compared to 

theoretical prediction - air-broadening scaled by 0.87 
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Figure 5.11: 10.13 % Cl! 4: N2 balance at 20.7 °C and 1.397 bar pressure - experiment compared to 

theoretical prediction - air-broadening scaled by 0.87 
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Figure 5.12: 10.13 % CH4: N2 balance at 20.5 °C and 1.805 bar pressure - experiment compared to 

theoretical prediction - air-broadening scaled by 0.87 
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Figure 5.13: 10.13 % CH4: N., balance at 21 °C and 0.902 bar pressure - experiment compared to 

theoretical prediction - air-broadening scaled by 0.87 
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Figure 5.14: 10.13 % CH4: N2 balance at 20.2 °C and 0.953 bar pressure - experiment compared to 

theoretical prediction - air-broadening scaled by 0.87 
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Figure 5.15: 10.13 % CH4: N2 balance at 20.3 °C and 1.011 bar pressure - experiment compared to 

theoretical prediction - air-broadening scaled by 0.87 
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Figure 5.16: 10.13 % CH4: N2 balance at 20.2 °C and 1.061 bar pressure - experiment compared to 

theoretical prediction - air-broadening scaled by 0.87 
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Figure 5.17: 10.13 % CH4: N2 balance at 20.3 *C and 1.101 bar pressure - experiment compared to 

theoretical prediction - air-broadening scaled by 0.87 

As can be seen, the excellent agreement between experiment and theory shows that 

curve fitting theoretical transmission profiles to experimental signals provides an 

accurate method of extracting the gas concentration and pressure. 

5.2.5 Conclusions 

From the above analysis and discussion it can be concluded that the fibre ring- 

resonator and the wavelength referencing technique, described in section 4.2.4 of 

chapter 4, provide an accurate and reliable wavelength scale to experimental time- 

based measurements. The problems associated with the non-linearity in the current 

vs. wavelength curve are addressed as proven by figure 5.4, showing matching at 

both absorption feature wavelengths (1650.83 nm and 1650.956 nm). Laser 

wavelength drift and the non-repeatability of the current vs. wavelength curve are 

also addressed by taking continuous, in-situ measurements of the wavelength for 

each scan. Mathematical approximations to the current vs. wavelength curve could 

be made but determining the absolute location of the gas absorption line centre 
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wavelength on the curve would be difficult, and only a small error in determining the 

location on a highly non-linear curve would give rise to large errors in the 

wavelength mapping. Of course, a technique similar to this using a bulk-optics 

approach was reported previously by Philippe and Hanson [5.5]; however, as well as 

the vibration and alignment issues, bulk-optic approaches do not provide the same 

resolution that a fibre ring-resonator can provide (in this case approximately 80 

transmission peaks over the scan of one gas absorption line). 

In addition, we have developed a robust technique for determining host gas 

broadening coefficients. Iterative scaling of the HITRAN air-broadening coefficient 

permitted matching of theoretical profiles to signals recovered using TDLS with 

direct detection. Multiplying the HITRAN air-broadening coefficient by 0.87 

provided accurate linewidth and linestrength scaling for N2 broadening of CH4, 

giving close agreement between experiment and theory over an extended pressure 

range (shown in figures 5.8 to 5.17). This also further proved the validity of the 

wavelength referencing technique. 

Finally, this excellent agreement between experiment and theory, illustrated in the 

figures above, also provides satisfactory evidence that curve fitting provides accurate 

means of extracting gas concentration and pressure. 

5.3 Conventional TDLS with WMS Detection 

5.3.1 Introduction 

TDLS with wavelength modulation spectroscopy enables AC detection at relatively 

high frequencies where laser and 1/f noise is reduced; this, coupled with lock-in 

125 



Chapter S: Results and Analysis 

detection, provides one to two orders of magnitude improvement on direct detection. 

Increased sensitivity is usually required when measuring low absorption 

linestrengths; however, WMS techniques may be required in many modern industrial 

applications, regardless of absorption linestrength, where optical access and low 

received powers can be a problem. In addition, the WMS approach eliminates the 

high infra-red background noise signals experienced by DC detection schemes in 

high temperature applications. However, the penalty for using conventional TDLS / 

WMS techniques in industrial processes, where pressure is varying and unknown, is 

a significant increase in the complexity of the signal analysis. As was mentioned in 

chapter 2, the critical issue is the dependence of the 1s` and 2nd harmonic / derivative 

signal amplitudes on the systematic scaling factor Sv /y and errors in determining 

these parameters accumulate to determine the overall error on the extracted 

concentration and / or pressure. As the dependence of derivative signal amplitude on 

the scaling factor and hence the scope for error in determining the scaling factor 

increases with order of derivative, it was decided that we focus on detection at the 1" 

harmonic. Likewise, it is much simpler to recover the fundamental absorption line 

transmission function from the 15` harmonic than it is from higher order signals. 

5.3.2 Signal Analysis: Identification of Problems 

The signals shown in this section (5.3) were measured using the experimental system 

and methodologies described in section 4.3 of chapter 4 and figures 5.18 to 5.21 

show the experimentally measured and normalised I" harmonic signals, taken using 

a low sinusoidal modulation index and a high modulation index. As mentioned in 

chapter 4, the low modulation index was determined by the linewidth of the fibre 

resonator transmission peaks. If we assume the HWHM linewidth of a gas 

absorption line at 1 atm pressure is approximately 3 GHz and the FWHM linewidth 

(2*y) of a resonator transmission peak is 0.08 GHz1I, the low modulation index was 

The FSR of the resonator is - 0.4 GHz and the Finesse of the resonator is - 5; therefore, FWHM 
0.08 GHz 
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set to recover the maximum 1a` harmonic signal (i. e. when 8v = 2*y) of the resonator 

and is consequently m-0.03 (0.08 GHz /3 GHz). The high modulation index was 

set at m-2.0 (or Sv/y - 2) for the 1650 nm methane absorption line at I atm 

pressure, again, as reported in chapter 4. The lock-in amplifier settings for this 

particular experiment, including the reference phase to align with the RAM signal, 

are noted in table 5.2. The time constant for the resonator I" harmonic measurement 

was 100 µS. 

Low Modulation Index High Modulation Index 
AC Gain 20 dB, Dynamic Range: 15 14 dB, Dynamic Range: 13 

Sensitivity 20 mV 50 mV 
Time Constant I ms 1 ms 

Reference Harmonic Ist 1 
Reference Phase +11.70011 + 11.700 0 

Table 5.2: Settings for Perkin Elmer DSP lock-in amplifier 

For the signals taken using the low modulation index, shown in figure 5.18, the 

signal recovered when the gas cell was empty (b) is subtracted from the gas signal (a) 

in order to remove any small residual background. This signal (a - b) is then 

normalised to the increasing power (c) as the laser centre frequency is swept across 

the gas line. Finally, in order to account for changes in signal power and system 

losses, the signal is normalised to the average value of (or a single point on) the 

RAM induced DC signal (d). 
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Figure 5.18: 10.13 % CH4 : N2 balance at 15.9 °C and 1.001 bar pressure - Experimentally 

measured signals using low modulation index: trimmed (a) gas signal, (b) no gas signal, (c) power 

reference signal, (d) DC RAM signal, (e) Ist harmonic resonator response 

The normalised 1 S` harmonic signal is then wavelength referenced using the 1 S` 

harmonic resonator response (e) in the MATLAB program described in section 4.3.4 

of chapter 4. The resulting wavelength referenced plot is shown in figure 5.19. 
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Figure 5.19: 10.13 % CH4 : N2 balance at 15.9 °C and 1.001 bar pressure- Recovered normalised 

(low modulation index) wavelength referenced 1' harmonic signal 

For the signals taken using the high modulation index, shown in figure 5.20 below, 

the normalisation procedure is the same as that reported for the signals at low 

modulation index. Note that the increased modulation index has given rise to an 

improved SNR (approximately I order of magnitude) on the recovered raw gas 

signal (figure 5.20 (a) compared to the low modulation index signal figure 5.18 (a)). 

As can be seen from figure 5.20 (e), the large sinusoidal dither interrogates several of 

the narrow resonator transmission profiles at once, giving rise to a periodic burst-like 

signal. It is, in principle, possible to rel4te this signal mathematically to the original 

direct resonator transmission profile and thus extract the frequency / wavelength 

mapping intervals between the peaks; however, as both the high modulation index 

and low modulation index signals were measured in quick succession of each other, 

it is valid to use the signal in figure 5.18 (e) to wavelength reference the high 

modulation index signal. 
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Figure 5.20: 10.13 % CH4 : N2 balance at 15.9 °C and 1.001 bar pressure - Experimentally 

measured signals using high modulation index: trimmed (a) gas signal, (b) no gas signal, (c) power 

reference signal, (d) DC RAM signal (e) P harmonic resonator response 

The resulting wavelength referenced plot is shown in figure 5.21 below. 
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Figure 5.21: 10.13 % CH4 : N2 balance at 15.9 'C and 1.001 bar pressure - Recovered normalised 

(high modulation index) wavelength referenced 1a harmonic signal 

Both 1 S` harmonic signals are compared in figure 5.22 below. 
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Figure 5.22: 10.13 % CH4 : N2 balance at 15.9 °C and 1.001 bar pressure - Comparison between 

1" harmonic signals taken with low and high modulation index 
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From figure 5.22 three issues are apparent: 

1. Firstly, the peak-to-peak amplitude of the I" harmonic signal taken with low 

modulation index is greater than the peak-to-peak amplitude of the I" 

harmonic signal taken with high modulation index. 

2. Secondly, the peak positions of the I" harmonic signal taken with high 

modulation index are further apart than those on the I" harmonic signal 

measured with low modulation index. 

3. Finally, the negative peak is greater in amplitude than the positive peak and 

the asymmetry is present for both the low and high modulation index signals. 

I" harmonic signals, taken using high and low modulation indexes, for a range of 

pressures are shown in figure 5.23 below. An expanded figure is also shown over the 

page. 
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Figure 5.23: 10.13 % CH4 : N2 balance at 20.3 °C over pressure range 0.404 bar to 1.800 bar - 

Comparison between 1s` harmonic signals taken with low and high modulation index 
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From figure 5.23 it can be seen that the horizontal positions of the peaks move 

further apart indicating the increase in linewidth with increasing pressure. In 

addition, the amplitude of the ls` harmonic signal decreases, confirming the 

dependency on the linewidth as discussed previously (chapters 1,2 and 3). The 

issues mentioned in relation to figure 5.22 also become more understandable: 

1. The discrepancies between both the horizontal and vertical positions of the 

peaks of the low and high modulation index signals decrease above I 

atmosphere and increase below 1 atmosphere. With increasing pressure the 

linewidth increases and the 8v /y relationship decreases; therefore, the high 

modulation index value (set at - 2.0 for I atmosphere pressure) decreases, 

getting closer to the small modulation index regime and vice versa. Note that 

the small modulation index was set to m-0.03 (for 1 atmosphere pressure) 

with a view to maintaining the association with the derivative (described 

previously in chapter 2) at all pressures (in the desired range) and to avoid 

these above mentioned distortions associated with the peak positions of the 

high modulation index signals. 

2. The asymmetry in amplitude between the positive and negative peaks 

remains constant for both high and low modulation indexes and appears to be 

independent of pressure. Therefore, it can be concluded that the asymmetry 
is the result of some form of systematic interference. 

From the above analysis of the signals recovered using conventional TDLS with 

WMS detection techniques, it is clear that 1st harmonic signals recovered using high 

modulation index are significantly distorted in both amplitude and width, relative to 

the signals taken with low modulation index. In addition, both high and low 

modulation index signals are distorted from the pure derivative lineshape by the 

presence of significant asymmetry in the amplitude of the positive and negative 

peaks. In [5.5 - 5.7] asymmetry in theoretically predicted 2"d harmonic signals was 

attributed to AM interference. We need to have a clear understanding of all 

contributions to the total signal and of the sources of distortion and errors in the 

analytical process. Section 5.3.3 discusses a revised analytical treatment of the 
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signals in conventional TDLS with WMS, which provides this. Here we have 

experimentally demonstrated some of the difficulties with conventional TDLS / 

WMS detection. 

5.3.3 Revised Analytical Treatment of Conventional TDLS with WMS detection 

As mentioned previously, the theoretical models in [5.5 - 5.7] use complex Fourier 

analysis to account for the distortion effects of large modulation index and RAM 

interference on ls` and 2"d harmonic lineshapes. Here a simpler analysis based on a 

Taylor series expansion of a Lorentzian broadened absorption line is reported. The 

theory assumes only a small modulation index (m « 1) with a view to maintaining 

the harmonic / derivative relationship in order to eventually extract linewidth 

information from measured derivatives. As will be shown, this simple analysis 

provides a clear understanding of all the contributions to the total signal, including 

the sources of distortion and the errors illustrated in the previous section. 

As well as frequency modulation and scan, the applied sinusoid and ramp 

modulations produce a double modulation on the laser output power. Modulations 

on the laser injection current in a semiconductor laser modulate both the carrier 

density, resulting in AM, and the refractive index in the semiconductor material, 

resulting in FM. The degree of coupling of both modulations depends on the 

structure, the operating point of the laser and the frequency of the applied signal 

[5.8]. The intensity (1) of the laser source at a particular frequency (vj) is therefore 

given by: 

I =I(v, )+M(v, )cos((ot) (5.1) 
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where dl is the amplitude of the small intensity modulation varying at the 

modulation frequency, w. Recalling equation (3.13) from chapter 3 and substituting 

equation (5.1) for I, the output intensity from an absorbing medium is now given by: 

lou, [1(v, )+tJ(v, )cos(w)»1-a(v)('/) (5.2) 

A scan of the pressure broadened Lorentzian lineshape a(v) (showing both frequency 

and intensity modulation), is illustrated in figure 5.24 and all the signals generated 

and the significant features associated with them may be found from a Taylor series 

expansion of the lineshape around v1 as follows: 

a(v) = a(v, ý+ dc v'). IV 
-v 

]+ d 2CC(v Iv 
- v, f+... 

(5.3) 

d 
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Figure 5.24: Frequency and intensity scan of pressure broadened absorption line 
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Substituting equation (5.3) into equation (5.2) and considering only a second order 

approximation, the output intensity now becomes: 

Iou, sze [1(v1) + AI(v, )cos((ot)}x (5.4) 

a (1_a(vCl_ d c(v 
. CI. 8v. cos(cot _ )_ d a(?, ). C1.8v=. cos2(cot -yý 2dv 

where 8vcos(at - y) = [v - v1], 8v is the amplitude of the sinusoidal frequency 

modulation, as shown in figure 5.24 above, and yr is the phase shift between the 

intensity and the frequency modulation. Multiplying out the bracketed terms in 

equation (5.4) gives rise to a number of direct and mixed components (full 

multiplication of the bracketed terms and all of the subsequent components are 

shown in Appendix D). The first key component is the DC term, given by: 

I, = I(v, ) " {1- COI )Cl) (5.5) 

The lock-in amplifier recovered Vt harmonic component is given by: 

Im =AI(v, )"cos(wt)-AI(v, )"a(v, )"Cl"cos(cot) (5.6) 

. Cl "6v"cos(c)t-yi) 
d 

-I(V, )" 
ay' ) 

The first term in equation (5.6) is the now familiar RAM induced background term, 

independent of gas concentration and intensity but dependent on variations in the 

intensity modulation (dl) with v1. The second term, and one of great significance, is 

a concentration dependent RAM variation. The third term is the usual 1" derivative 

signal. As shown here, the 1st derivative FM signal is shifted by yr from the RAM 

variation. It is important to note here that even with small modulation amplitude, 5v, 

the recovered 1st harmonic signal is not a true 15t derivative but is distorted by the 

presence of the RAM variation; this agrees well with the results and hypothesis 

reported in section 5.3.2. 
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The lock-in recovered 2"d harmonic component is given by: 

Ism =-2'AI(v, )" 
d dvý) 

"Cl "8v"cos(2cut-y) 
(5.7) 

d 
-4"I(v, )- d(2l)"C1"Sv'"cos2(wt-yr) 

The first term in equation (5.7) shows a signal proportional to the 1" derivative 

arising from the RAM and the second term shows the usual 2"d derivative signal. 

Again, the derivative is separated from the RAM variation by y' and the recovered 

2nd harmonic is not a true second derivative of the lineshape, even with small 8v. 

The treatment of the 15t and 2 "d derivatives of the gas absorption lineshape remains 

the same as in chapter 3: 

2ao0 2NOSA (5.8) 
dv y(1+02y nyf(1+A2T 

and 

d 2a(v, J_ 2ao 3A2 -1 _ 
2N0S 3A2 -1 (5.9) 

dv2 7 2(1 +A2y 7ry'(1 + &2y 

Therefore, the theoretical principles for extraction of the concentration and linewidth 

/ pressure information from derivative lineshapes also remain the same. The 

components left over from multiplication of the bracketed terms in equation (5.4) 

are: 
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1 
ýýn8re, ý _-2 AI (v') d äv 

,) 
. Cl. 8v. (cos(y)) (5.10) 

-gl(v, 
). d ä(1'). Cl. sv2 

-4I 01(v3 
d d(2 '). C1.8v2[coS(Cot)+ (cos(3wt-2yi)+cos(2y 

-cot))] 

Through cross product terms in the demodulation process, the RAM signal gives rise 

to distortion at higher and lower harmonic frequencies (3'd and 1`t harmonic 

interference shown in bottom line of equation (5.10)). Since a lock-in amplifier only 

measures a particular harmonic, the P harmonic interference shown here does not 

interfere with the lock-in recovered ls` and 2nd harmonic signals. Lower harmonic 

contributions (1St harmonic interference proportional to the 2 "d derivative, shown in 

the bottom line of equation (5.10)) can be ignored for small modulation index (small 

8v). For high modulation index (large 8v), the terms have a greater influence and 

this explains the discrepancies between high and low modulation index signals in 

figures 5.22 and 5.23. 

5.3.4 Conclusions 

Equations (5.6) to (5.9) give a theoretical description of the expected 1" and 2a 

harmonic signals under conditions of varying detection phase and concentrations. It 

is clear from the above analysis that the nth derivative signal associated with the n`' 

harmonic is significantly distorted by contributions from the RAM signal to an extent 

determined by the AM amplitude, dl, the relative phase of the laser AM and FM, yr, 

and the detection phase set on the lock-in amplifier. The practical implications of 

this analysis are: 

1. Under conventional TDLS / WMS detection conditions, a convenient method 

to approximately maximise the signal output, is to set the detection phase of 

the lock-in amplifier to align the large RAM component along the X axis 
(described in chapter 4). When gas is added to the measurement cell, the FM 
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induced AM component is separated from the RAM by some phase w, as 

illustrated in the phasor plot in figure 5.25. When set to the I" harmonic, the 

lock-in amplifier then recovers the 1" harmonic component of the RAM 

signal (both the concentration dependent and independent contributions) and 

a FM induced AM contribution dictated by projection onto the measurement 

(X) axis. The RAM contribution independent of the gas concentration 

appears as the large background signal shown in figures 5.18 (d) and 5.20 (d) 

and is removed as described in chapter 4. The RAM contribution dependent 

on the gas concentration is reflected in the asymmetry shown in figures 5.22 

and 5.23 and is not removed by the filtering / subtraction process. 

2. The fact that the FM signal and hence the FM induced AM signal both lag the 

RAM signal by yr means that the RAM contribution to the recovered FM I" 

harmonic signal can be nulled, by appropriate selection of the lock-in 

amplifier detection phase. That is to say that we can set the phase to measure 

the FM component along the Y axis, at quadrature to the RAM signal. The 

principles and application of this technique are discussed in the following 

section. 

r% 

Measurement 
X Axis of RAM 

---- Projection of fM induced ANI onto X axis 

Figure 5.25: Phasor diagram illustrating AM - FM phase relationships in conventional TDLS / 

WMS 
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5.4 Novel Approach to Removing Systematic RAM Interference 

5.4.1 Theoretical Principle 

As mentioned above, an alternative approach to the conventional i'l)LS / WMS 

technique is to set the lock-in amplifier detection phase to null the RAM contribution 

and the principle is illustrated below in the phasor diagram in figure 5.26. 

Measurement Axis of 
FM induced AM 

A IN'() tlllol Hli 

RAM 
X 

1ý1 

A I'll signal strcii tlh due to 

"as 

y 
FM induced AM 

Y 

---- {'ruICCIIOn 0l 1-\1 iiidluccd : \\1 01110 l d.. is 

Figure 5.26: Phasor diagram illustrating principle of nulling the RAM contribution to FM 

derivative signals 

As with the conventional technique the lock-in amplifier detection phase is set to 

maximise the RAM signal along the in-phase X vector; however, to null the RAM 

contribution, the detection is shifted - 90 ° by measuring the quadrature component 
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on the Y vector output. As can be seen from figure 5.26, the Y component of the FM 

induced AM signal is reduced by cos(O) or sin(V), where 0 is the compliment angle 

(90 - V) °. Implementation of this principle is described in the following section. 

5.4.2 Revised Experimental System and Procedure 

The changes that were made to the original experimental system and procedure, 
described in chapter 4, are noted below: 

1. Signal Source and Drives - remained unchanged. 
2. Gas Measurement - the lock-in procedure has changed slightly with the lock- 

in phase now set up to measure the quadrature component to the optimised in- 

phase RAM component. The changes to the gain and sensitivity are noted in 

tables at each measurement. Since the quadrature component effectively 

nulls any RAM contributions, the DC RAM filter was now removed from the 

experimental set up. 

3. Power Referencing - remained unchanged. 

4. Wavelength Referencing - remained unchanged. 

5. Data collection - remained unchanged. 

6. Measurement Procedure and Signal Processing - figure 5.27 illustrates the 

calibration and signal processing procedures used in this new TDLS / WMS 

technique. As per the conventional technique the "no gas signal" was 

subtracted from the "gas signal" to place the 1" harmonic on a zero 

background. The signal was then divided by the power reference. Although 

nulled on the quadrature output, the in-phase output provided a measure of 

the RAM contribution; the DC level of this signal was then used as a 

reference for varying signal powers and losses as before. The results of this 

approach are discussed in the next section. 
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Figure 5.27: Normalisation procedure for signals in new TDLS / WMS measurement technique 
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5.4.3 Results and Discussion 

Figure 5.28, shows the gas measurement, power referencing and wavelength 

referencing signals acquired using the low modulation index (m - 0.03). The lock-in 

amplifier settings, including the phase to null the RAM signal, are shown in table 

5.3. 

Low Modulation Index High Modulation Index 

AC Gain 20 dB, Dynamic Range: 15 14 dB, Dynamic Range: 13 

Sensitivity 20 mV 50 mV 

Time Constant 1 ms I ms 

Reference Harmonic 1S 1` 

Phase to Maximise RAM + 11.700 ° + 11.700 ° 

Phase to Null RAM - 78.300 ° - 78.300 ° 

Table 5.3: Settings for Perkin Elmer DSP lock-in amplifier 

The point to note from analysis of the signals shown in figure 5.28 is the asymmetry 

in the gas signal, reflecting the increase in signal power as the laser is swept over the 

gas line, as expected. 
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Figure 5.28: 10.13 % CH4: N2 balance at 15.9 °C and 1.001 bar pressure - Experimentally 

measured signals using low modulation index: trimmed (a) gas signal, (b) no gas signal, (c) power 

reference signal, (d) Combined AM - FM signal, (e) P harmonic resonator response 

When the gas signal is normalised, as discussed above, and used in conjunction with 

the resonator signal in the wavelength referencing MATLAB program, described in 

chapter 4, the wavelength referenced plot shown in figure 5.29 below is returned. 

Using the same process, the normalised and wavelength referenced high modulation 

index signal is shown below in figure 5.30. 

(h) 
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Figure 5.29: 10.13 % CH4 : N2 balance at 15.9 °C and 1.001 bar pressure - Normalised RAM 

nulled FM signal measured using low modulation index 

0.5 

0.6 

0.4 

0.2 

0 
16 

-0.2 

-0.4 

-0.6 

-0.8 
Wavelength (nm) 

1.12 

Figure 5.30: 10.13 % CH4 : N2 balance at 15.9 °C and 1.001 bar pressure - Normalised RAM 

nulled FM signal measured using high modulation index 
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Note the symmetry of the peak amplitudes in both signals, indicating that the RAM 

distortion causing the asymmetry in the signals shown in figures 5.21 to 5.23, has 

been completely nulled. When the high modulation index signal is compared to the 

low modulation index signal, as shown in figure 5.31, it is clear that the high 

modulation index signal exhibits similar distortion issues as before. 
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Figure 5.31: 10.13 % CH4 : N2 balance at 15.9 °C and 1.001 bar pressure - Comparison of 

normalised RAM nulled FM signals measured using high and low modulation index 

Again, the discrepancies can be attributed to the significant influence of the second 

order 1 S` harmonic interference shown in equation (5.10) at high values of Sv. Unlike 

the conventional signals, taken at arbitrary phase and thus suffering varying degrees 

of interference from components at cos(wt) and cos((ot - 2y/), the signal measured at 

quadrature to the RAM (shown in figure 5.31) only suffers from interference at 

cos((ot -2 yr), as shown in figure 5.32 below. 
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Figure 5.32: Phasor diagram showing reason for distortion at high m values 

When comparing the conventional TDLS / WMS recovered signals with the signals 

recovered using the RAM nulling technique for both low and high modulation index, 

as shown in figures 5.33 (a) and (b) respectively, it is clear that the new signals are 

reduced in amplitude. 
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Figure 5.33: 10.13 % CH4 : N2 balance at 15.9 °C and 1.001 bar pressure - Comparison of 

distorted FM to RAM nulled FM signal, both measured using (a) low and (b) high modulation 
index 

148 



Chapter 5: Results and Analysis 

The fact that the FM signals projected onto the RAM measurement axis are bigger in 

amplitude than those recovered at 90 ° suggests that the phase separation is less than 

45 °. i. e. the phase location of the FM induced AM lies closer to the X vector than to 

the Y vector, as illustrated in figure 5.34. 

R: \ \I 
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----- LocationI 

Y 

Measurement Axis of 
'<Wi FM induced AM 

---- Projection of FM induced AM onto X axis 

---- I'voicction uI I-\1 induccd : \\1 01110 Y Im" 

Figure 5.34: Possibleyr locations of FM induced AM 

It was mentioned in chapter 2 that one of the options for recovering accurate and 

simultaneous measurements of gas concentration and pressure from undistorted 1s` 

harmonic signals, was to numerically integrate them and compare them to theoretical 

predictions of the gas absorption line transmission function. The process of 

numerical integration is documented in the wavelength referencing MATLAB 

program in Appendix C: 3 and is a computation of the cumulative integral of the 

signal amplitudes, with respect to wavelength using trapezoidal integration. The 

integrals of the conventional and the RAM nulled ls` harmonic signals at low 

modulation index are shown below in figure 5.35. The high modulation index 

signals are ignored due to the distortion issues discussed above. 
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Figure 5.35: 10.13 % CHa : N2 balance at 15.9 °C and 1.001 bar pressure - Numerical integrals of 

low modulation index Ist harmonic signals (a) conventional distorted FM signal and (b) RAM 

nulled FM signal 

From figure 5.35 two issues are apparent: (i) due to the nature of derivative analysis 

the integrated signals are not referenced to an absolute transmission level and (ii) the 

asymmetry in the conventional 1s` harmonic signal is manifest in an asymmetry in the 

wings of the integral signal. The amplitudes of the integrals are scaled to an absolute 

transmission level of I by multiplying them by Atheory / Aexp, where Atheory is the 

depth of the theoretical prediction (based on the known gas composition) and \exp is 

the depth of the measured integral. The comparison of the scaled numerical integrals 

of both the conventionally recovered 1 S` harmonic signal and the RAM nulled I" 

harmonic signal to theory are shown in figure 5.36 below. The direct signal for the 

same gas composition is also shown. As can be seen from the figure, although the 

RAM nulled 1s` harmonic integral provides a better comparison to theory than the 

conventional IS` harmonic signal, there is still a significant error in the signal 

amplitude and linewidth. Unfortunately, this TDLS / WMS technique of recovering 

FM derivative signals is, inherently, not absolute and information relating to the 

absolute absorption line transmission function is lost. Straightforward integration of 

the derivatives with respect to wavelength, followed by a linear scaling of the 

integral amplitudes does not provide accurate recovery of the absolute transmission 

signals, hence the errors visible in figure 5.36. 
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Figure 5.36: 10.13 % CH4: N2 balance at 15.9 °C and 1.001 bar pressure - Comparison of 

integrated distorted FM and RAM nulled FM signals, taken at low modulation index, to theory 

5.4.4 Conclusions 

It is apparent then from equations (5.1) to (5.10) and the analysis of measured 1" 

harmonic signals that: 

I. When attempting to recover an accurate derivative signal from the associated 
harmonic, low modulation index, coupled with a lock-in amplifier detection 

phase set at quadrature to the RAM variation, is the preferred technique. 

Unfortunately, the high modulation index signals continue to exhibit 

distortion (i. e. the harmonic signals at high m values are no longer associated 

with the desired derivatives, as discussed in chapter 2). 

2. In terms of simultaneous gas concentration and pressure measurements in 

harsh industrial environments, this technique is not a viable option due to the 
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low SNR involved in using low m values, which is decreased further by 

detecting at a phase where the FM signal is reduced by sin(tv). 

3. The dependency of ls` derivative signal amplitudes on the systematic scaling 

factor Sv19 remains a significant concern. This will be particularly 

troublesome in environments where the pressure and consequently the Sv/y 

relationship is constantly varying and unknown. 

Therefore, the technique still suffers from all the scaling factor and calibration issucs 

that have made gas concentration and pressure measurements in field-deployable 

TDLS / WMS instruments difficult to achieve. 

5.5 Novel Approach to Recovering the Absolute Absorption Line 

Transmission Function using TDLS with WMS Detection 

5.5.1 Theoretical Principle 

Recalling equation (5.6) it is clear that the 1st derivative signal associated with the 1't 

harmonic is distorted by a 15t harmonic RAM variation given by: 

RAM, = M(v, ) " cos(cot )[1- a(v, )Cl ] (5.11) 

The fact that the distortion is so significant suggests that this 1 harmonic RAM 

variation is comparable in magnitude to the FM induced 1" harmonic / derivative 

signal and therefore, is measurable through lock-in detection. Closer inspection of 

equation (5.11) reveals that the RAM variation follows the absolute absorption line 

transmission function. An alternative technique then is to null the FM contribution 

to the l` harmonic signal (equation (5.6)) and recover only the DC RAM variation 

and the concentration dependant RAM variation by appropriate selection of the lock- 
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in amplifier detection phase. The experimental principle for detecting the RAM 

variation is described in figure 5.37. When the lock-in detection phase is set to an 

arbitrary value, the output 1" harmonic signal will he a combination of the I" 

derivative FM signal and the DC and concentration dependent RAM signals (as 

given by equation (5.6)). 

I" harmonic IZ: \\1 si-, n, il 

abs. 

\ýtins. ------- 

1 

o 
\\l :in, ii 

Figure 5.37: Influence of FM induced AM signal on RAM signal 

It can be seen from figure 5.37 that the influence of the FM 1 S' harmonic signal on 

the RAM ls' harmonic signal (from mixing) is to shift the right-hand-side of the 

profile upwards, whilst shifting the left-hand-side downwards. The level of influence 

will be determined by the lock-in detection phase relative to the AM FM separation 

phase. Intuitively, the influence of the FM signal upon the RAM signal will be at a 

minimum when the ratio of the absorption (Dabs. ) to the transmission (Otrans. ) is at a 

minimum. Figure 5.38 shows the determination of the FM nulled RAM signal using 

this principle (again, an expanded version is shown over the page). The 

measurement was made using the usual high modulation index on a 100 % CH4 

composition with the view of making the desired features more noticeable. The 

changes to the lock-in amplifier set up are noted in table 5.4. 

153 



Chapter 5: Results and Analysis 

0.8 

0.6 

0.4 

0.2 

0 

-0.2 

-0.4 

-0.6 Index 

+12.090 degrees - 77.910 degrees - 17911) degrees 

+42.090 degrees a 73.290 degrees Nulled FM " 77.290 degrees 

Figure 5.38: 100 % CH4 at 20.5 °C and 1.000 bar pressure - Influence of FM signal on RAM 

signal with varying detection phase - measured using a high modulation index 

High Modulation Index 

AC Gain 14 dB, Dynamic Range: 13 

Sensitivity 50 mV 

Time Constant I ms 

Reference Harmonic 1 Sc 

Table 5.4: New settings for Perkin Elmer DSP lock-in amplifier 
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As can be seen from the figure, the influence of the FM I%' harmonic signal on the I"' 

harmonic RAM signal is significant and varying with detection phase. First, as in all 

experiments previously, the lock-in detection phase was set to align the RAM signal 

along the X vector: + 10.0 °. Then, the phase was shifted 90 ° to detect the RAM 

nulled FM signal: - 80.0 °. Subsequently, the detection phase was incremented to 

determine the phase at which the FM induced AM signal was nulled (Dabs. / Atrans. 

was minimised): + 77.290 °. Setting these phases relative to the maximised RAM 

signal gives the RAM nulled FM signal at 90 ° and the FM induced AM nulled 

signal at + 67.290 °. As the greatest influence of a1 `' harmonic FM signal is either 

side of line centre, where the gradient is steepest, small errors in the detection phase 

lead to significant distortions of the RAM profile, as shown in figure 5.39. As the 

FM signal switches through 180 °, distortions can occur at detection phases either 

side of the optimum (also illustrated in figure 5.39). In figure 5.40 the RAM nulled 

1 s` harmonic signal and the FM nulled I" harmonic RAM signal are shown with their 

relative magnitudes. 
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Figure 5.39: 100 % CH4 at 20.5 °C and 1.000 bar pressure - influence of FM signal on RAM 

signal with varying detection phase - measured using a high modulation index 
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Figure 5.40: 100 % CH4 at 20.5 °C and 1.000 bar pressure -Comparison of RAM nulled and FM 

nulled signals - measured using high modulation index 

There are two points to note from the analysis of these signals: (i) the recovered 

signals are not normalised in any way, thus there is a background signal visible on all 

of them, and (ii) the amplitude of the recovered 1 s` harmonic RAM signal is smaller 

than the amplitude of the recovered 151 harmonic FM signal. This can be explained 

by another look at the phase relationships between FM and AM in this DFB laser 

modulated at 10 kHz, as shown in figure 5.41. As can be seen from the figure, 

although the resultant RAM signal maximised along the X channel shows a 

significant DC level and absorption, the recovered component of this is reduced by 

cos(C) or sin(yr). This reduction in signal magnitude can be problematic, particularly 

at small modulation index. Note, that the phase separation between AM and FM for 

this particular DFB laser modulated at 10 kHz is now known to be approximately 23 

0 
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Figure 5.41: Phase relationships in DFB laser modulated at 10 kI/z 

5.5.2 Revised Experimental System and Procedure 

There were only two changes made to the experimental system used to measure the 

RAM nulled FM signals: the lock-in amplifier detection phase was now set to null 

the FM contribution and, due to simpler system calibration (reported below), there 

was no need for a power reference signal. Figure 5.42 illustrates the calibration and 

signal processing procedures used in this new TDLS / WMS technique. 
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Figure 5.42: Calibration and normalisation procedures for FM nulling technique 

The recovered Ist harmonic RAM signal is the concentration dependent RAM 

variation following the gas absorption line profile superimposed on the large RAM 

induced DC background. Dividing this signal by a "no gas signal" provided an 

absolute gas absorption line transmission function. It is important to note here that 

"no gas signals" were simple to achieve in this laboratory set up and proved the 

simplest way of measuring background signals. In field-deployable instruments we 

are not afforded this luxury; however, the background signal can be closely 

approximated by a polynomial fit through the off-line points either side of the 

absorption, as illustrated in figure 5.42 above. Again a1 S` harmonic resonator signal 

was used to map this transmission profile onto a wavelength scale. 

5.5.3 Results and Discussion 

Example signals recovered using the new technique and the usual high modulation 

index (m - 2) are shown in figure 5.43 below. Unfortunately, the low SNR 

associated with low modulation index meant a reliable FM nulled RAM signal could 
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not be recovered. However, as before, the resonator signal taken at low modulation 

index was used for wavelength referencing. 
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Figure 5.43: 10.13 % CHe : N2 balance at 15.9 'C and 1.001 bar pressure - Experimentally 

measured signals using high modulation index: trimmed (a) gas signal, (b) no gas signal, (c) Ist 

harmonic resonator response (taken at low modulation index) 

The normalised absolute transmission profile is then input, along with the I" 

harmonic resonator response to a new MATLAB program, the code for which is 

detailed in Appendix C: 4. This MATLAB program follows the same principles as 

the previous two wavelength referencing programs, mapping a frequency scale, 

defined by the resonator 1 S` harmonic zero crossings, relative to the zero crossing 

closest to the peak absorption of the experimental transmission profile. The program 

then returns the wavelength referenced signal shown in figure 5.44 below. 
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Figure 5.44: 10.13 % CH4: N; balance at 1-5.9 °C and 1.001 bar pressure - Normalised and 

wavelength referenced FM nulled RAM signal taken with high modulation index 

Comparison of the signal taken with high modulation index to the theoretical 

prediction is shown in figure 5.45. 
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Figure 5.45: 10.13 % CH4 : N2 balance at 15.9 °C and 1.001 bar pressure - Comparison of 

harmonic FM nulled RAM measurement, taken with a high modulation index, to theory 
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It can be seen from the comparison that even at high modulation index, the measured 

absolute transmission function correlates with the theoretical prediction reasonably 

well. The error can be attributed to the significant background noise level that made 

determining Dabs. / Otrans. at a minimum very difficult. Thus, there is still a 

noticeable influence from the FM 1 harmonic signal on the RAM measurement, 

reflected in the mismatch of the wings (the wing on the right-hand-side of line centre 
is shifted upwards and the wing on the left-hand-side is shifted downwards). 

The measurements of 10.13 % C114 in N2 over an extended pressure range are shown 

below compared to theory in figures 5.46 to 5.50. The dashed blue curves show a 

theoretical prediction based on the known pressure, temperature and concentration 

parameters and the solid blue curves show the line of best fit. The procedure for 

curve fitting is a manual and iterative process where a best fit is determined visually. 

Parameter choice when matching a theoretical prediction naturally favours 

minimising the concentration error, as it is easier to visually correlate the signal 

amplitude than it is to correlate the linewidth. Therefore, any errors in the 

determination of the correct concentration parameter may, in fact, appear in the 

pressure parameter as the two parameters are inter-related. Although this is a 

somewhat qualitative approach, it provides sufficient analysis of the accuracy of the 

experimental signals and procedure. Note, all theoretical predictions are based on an 

N2 broadening coefficient of 0.87. 
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Figure 5.46: 10.13 % CHa : N2 balance at 20.7 °C and 0.602 bar pressure - Comparison of 

harmonic FM nulled RAM measurement, taken with high modulation index, to theory 
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Figure 5.47: 10.13 % CH4: N2 balance at 20.6 'C and 0.799 bar pressure - Comparison of 

harmonic FM nulled RAM measurement, taken with high modulation index, to theory 
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Figure 5.50: 10.13 % CH4: N2 balance at 20.5 °C and 1.807 bar pressure - Comparison of 

harmonic FM nulled RAM measurement, taken with high modulation index, to theory 

As can be seen, the above mentioned error sources have given rise to combined 

errors in the determination of the pressures and concentrations, which arc quantilied 

through the parameters returned in the curve fitting procedure and are noted in table 

5.5. 

Digital Gauge 

Pressure (bar) 

Accuracy ± 0.1 % 

TDLS Recovered 

Pressure (bar) 

Pressure 

Error 

(bar) 

Cylinder Conc. 

(%) 

Accuracy ±5% 

TDLS 

Recovered 

Conc. (%) 

Conc. 

Error 

(%) 

0.602 0.760 0.158 10.13 8.6 15.1 

0.799 0.850 0.051 10.13 9.6 5.23 

0.998 1.050 0.052 10.13 9.9 2.27 

1.408 1.408 0.000 10.13 10.4 2.6 

1.807 1.850 0.043 10.13 10.1 0.3 

Table 5.5: Error in pressure and concentration between theoretical predictions and experiment 
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As can be seen from figures 5.46 to 5.50 and table 5.5, there is a trend of decreasing 

error with increasing pressure. Once again this agrees well with previous results 

showing that as the pressure increases, the linewidth increases, decreasing the Sv/y 

relationship (set at - 2.0 for 1 atmosphere) accordingly. As the influence of 8v 

decreases so too does the RAM induced lower harmonic interference (as shown in 

equation (5.10)). 

5.5.4 Conclusions 

Comparing a FM nulled 1s` harmonic RAM signal (taken at high modulation index) 

to an integrated RAM nulled FM signal (taken at low modulation index) for the same 

gas composition, as shown below in figure 5.51, it can be seen that, even at high 

modulation index, the Pt harmonic RAM signal provides a better correlation to 

theory. Like TDLS with direct detection, this new TDLS / WMS technique permits 

the recovery of the absolute gas transmission signals that lead to accurate analysis 

and simultaneous extraction of gas concentration and pressure. The technique is 

absolute with no need for calibration. Of remaining concern is the low signal-to- 

noise ratio associated with recovering a RAM component reduced in amplitude by 

sin(yr), where V is known to be approximately 23 ° for this particular DFB laser 

modulated at 10 kHz (i. e. signal is reduced by approximately 0.4). This means 

signals are only measurable at high m values, which may be a contributory factor to 

the errors in figures 5.46 to 5.50. A more detailed discussion of the errors incurred in 

1St harmonic FM nulled RAM measurements at arbitrary m values is provided in 

chapter 6. 
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modulation index) and theory 

5.6 Conclusion 

This chapter principally demonstrated some of the issues that have limited accurate 

and simultaneous measurement of gas concentration and pressure in current industry- 

based gas detection technologies (direct TDLS and TDLS / WMS) and then, through 

careful signal and theoretical analysis, proposed techniques that could provide the 

basis of reliable solutions suitable for field-deployable instruments. 

Section 5.2 reported on an accurate and reliable wavelength referencing technique 

that provided a solution to the problems of non-linearity and non-repeatability of the 

current vs. wavelength relationship in DFB lasers, whilst offering improved 

resolution and stability on previously reported bulk-optic approaches. In addition, 

this section reported on a technique for establishing host gas broadening coefficients 
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by matching theoretical absorption line transmission profiles to directly recovered 

signals. Finally, section 5.2 reported that curve fitting was a valid technique for 

extracting accurate gas concentration and pressure parameters by showing excellent 

agreement between experiment and theory for a wide pressure range. 

With the accuracy and reliability of the wavelength referencing technique and curve 

fitting procedures assured, TDLS with WMS detection techniques were investigated. 

In section 5.3 we reported errors in our conventional analytical approach that were 

identified in our revised theoretical treatment. The errors were reflected in the 

locations of the peaks of the 1s` harmonic signals; V' harmonic RAM distortion at 

both high and low in values led to asymmetry in the peak amplitudes. From the 

theoretical analysis we proposed an approach to eliminating the RAM interference, 

which was successful but remained limited, in terms of accurate measurements of 

concentration and pressure, by scaling factor and calibration issues inherent to 

derivative analysis. 

In section 5.5 we proposed a new approach, which, in principle, provides the 

absolute absorption line transmission function. In so doing, the technique can be 

absolute without the need for scaling factors or system calibration. This technique 

was experimentally investigated and we demonstrated that it could form the basis of 

an accurate technique for simultaneous measurements of concentration and pressure 

in field-deployable instruments, within certain limitations. The main limitation is in 

the recovered signal-to-noise ratio, where the recovered signal amplitude is scaled by 

sin(yr). At this stage, achieving measurable signals requires a high modulation index 

(in this case m- 2), which introduces further errors due to distortion by higher order 

RAM interference. The following chapter looks at techniques to improve the signal- 

to-noise ratio of TDLS / WMS 1s` harmonic RAM based detection. 
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Chapter 6 

Results and Analysis 2 

6.1 Introduction 

Throughout this thesis we have discussed the fact that conventional approaches to 

TDLS with WMS detection are not suitable for gas concentration and pressure 

measurements in stand-alone industrial sensors, due to issues regarding unknown 

system scaling and gas parameters. In chapter 5 we proposed a new approach and 

experimentally demonstrated that this technique can provide accurate, quantitative 

measurements of a gas composition, within certain limitations. The main limitation 

lies in the low SNR associated with recovering signal amplitudes scaled by sin(w), 

where yr is the phase separation between the laser AM and FM. Intuitively, 

increasing this phase separation would lead to an increase in the recovered signal 

amplitude. 
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This chapter reports on the development of the new TDLS / WMS tcchniquc rcportcd 

in Chapter 5 that leads to an increase in signal-to-noise ratio and, in so doing, 

provides greater accuracy in the simultaneous measurement of gas concentration and 

pressure. 

6.2 Increasing the Modulation Frequency 

6.2.1 Introduction 

In [6.1] Jacobsen et al reported on the current / frequency modulation characteristics 

of frequency modulated lasers operating in the near infra-red region. Over 

modulation frequencies of 1 kHz to 500 MHz Jacobsen reported that the FM phase 

decreased monotonically from -- 20 ° at low frequency to - 180 ° at high frequency. 

This result was also confirmed by Schilt and Thevenaz [6.2] who illustrated 

experimentally that the FM phase delay changes from - -10 ° at 100 Hz to - -75 ° at 

100 kHz in a 2µm DFB laser using a CO2 gas absorption line. In both [6.1 ] and [6.2] 

the phase change with modulation frequency was attributed to two opposing effects 

in the semiconductor material that determine the FM: (i) a thermal effect, whereby a 

modulation of the injection current leads to a modulation of the temperature of the 

laser, thus altering the physical length of the laser cavity and (ii) a carrier density 

effect, whereby the carrier density is modulated by the modulation of the injection 

current, leading to a change in refractive index. The two effects combine to give the 

overall effect on the laser FM. The thermal effect is much larger in magnitude but is 

slower relative to the carrier density effect and, due to time averaging, diminishes in 

magnitude and influence with increasing modulation frequency; as a consequence the 

FM phase delay increases. It was stated in chapter 5 that the degree of coupling of 

the FM depends on, among other things, the individual structure and the operating 

point of the laser [6.3]. In addition, there are inherent phase shifts in the detection 

electronics and, therefore, the FM phase must be determined relative to the AM and 

172 



Chapter 6: Results and Analysis 2 

is unique to a particular laser. A detailed investigation of the modulation 

characteristics of diode lasers is beyond the scope of this thesis and intcrcstcd readers 

are directed toward the following text: [6.4]. It was decided to increase the 

modulation frequency to 100 kHz initially as this provided a satisfactory level of 
improvement in the recovered signal (by increasing the measured sin(w) component), 

whilst falling within the modulation limits of conventional industrial TDLS 

techniques [6.3]. 

6.2.2 Revised Experimental System and Procedure 

The laboratory system architecture remained unchanged from the one described in 

section 5.5.2 of chapter 5. When modulating at 100 kHz the signal amplitudes are 

different (discussed later in section 6.3) compared to signals at 10 kHz and, 

therefore, the lock-in amplifier sensitivity and gain settings must be altered along 

with the phase settings. Again, the settings are noted in tables at each measurement. 

The normalisation procedure of dividing the gas signal by the "no gas signal" and 

using the 1s` harmonic response of the fibre resonator to reference the normalised 

signal to wavelength, remained unchanged also. 

6.2.3 Results and Discussion 

As with the previous investigations of TDLS / WMS at 10 kHz, the modulation 

amplitude was set to approximately 2*y. As explained previously in chapter 4,1 

atmosphere of methane was added to the cell and the sinusoidal amplitude was 

increased until a maximum FM 1st harmonic signal was reached. The optimum 

amplitude was 1.2 V peak-to-peak (8V = 600 mV). Recalling that the 2*y 

modulation amplitude for measurements at 10 kHz was 600 mV peak-to-peak (6V = 
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300 mV), this agrees well with Jacobsen et al [6.1] who reported that, between 10 

kHz and 100 kHz the magnitude of the current / frequency transfer function (the 

magnitude of the frequency deviation relative to the amplitude of the injection 

current modulation), dropped by half. Shown below in figure 6.1 are the RAM 

nulled FM traces for a 10.13 % CH4 in N2 at 1.007 bar pressure and 19.4 °C gas 

composition at 10 kHz and 100 kHz, taken with the respective in 2 modulation 

indexes. Table 6.1 lists the lock-in amplifier settings, including the required phase 

values that were used in the experiments. 
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Figure 6.1: 10.13 % CH4 : N2 balance at 19.4 °C and 1.007 bar pressure - RAM nulled FM 

signals for (a) 10 kHz at m-2 and (b) 100 kHz at m-2 

Modulation Frequency 10 kHz 100 kHz 

AC Gain 26 dB, Dynamic Range: 21 

Sensitivity 5 mV 

Time Constant 1 ms 

Reference Harmonic St 

Phase to Maximise RAM +14.1901 - 8.240 ° 

Phase to Null RAM -75.8101 - 98.240 ° 

Phase to Null FM +81.0000 +35.5 0 

Table 6.1: Settings for Perkin Elmer 7280 DSP lock-in amplifier 
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The relative magnitudes of the signals in figure 6.1 (a) and (b) appear, initially, not to 

agree with the diminishing FM hypothesis, but become more understandable when 

we consider the phase relationships and signal measurement process in more detail. 

In the phasor diagram shown in figure 6.2 below the phase relationships of the laser 

AM and FM at 10 kHz and 100 kHz are illustrated. 

(aý At 10 kHz (b) At 100 kliz 

R\\lal 0 

\1 ' 

1 \\4 at 0" 

Figure 6.2: Phase relationships between AM and FM at (a) 10 kHz and (b) 100 kHz 

It can be seen from figure 6.2 that when we modulate at a higher frequency the phase 

at which FM lags the AM increases as expected. In order to null the AM, detection 

of the FM signal always occurs at quadrature to the closely maximised RAM 

component on the X vector and as such, when the phase angle increases negatively, a 

greater proportion of the FM signal is projected onto the FM measurement axis. The 

FM component measured at 10 kHz is FM. sin(23.190 °) and at 100 kHz is 

FM. sin(46.260 °). Therefore, the amplitude of the pure FM component at 10 kHz is 

given by the amplitude of the signal in figure 6.1 (a) divided by sin(23.190 °) and the 

amplitude of the pure FM component at 100 kHz is given by the amplitude of the 

signal in figure 6.1 (b) divided by sin(46.260 °). The pure FM signals at 10 kHz and 

100 kHz are shown in figure 6.3. 
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Figure 6.3: 10.13 % CH4 : N2 balance at 19.4 °C and 1.007 bar pressure - Pure RAM nulled FM 

signals at 10 kHz and 100 kHz, measured using respective m-2 modulation indexes 

As can be seen from figure 6.3, the signal amplitudes are approximately the same 

showing that, to maintain the frequency deviation with increasing modulation 

frequency, the amplitude of the injection current modulation has to be increased. 

The measured FM nulled RAM variation signals for 10 kHz and 100 kHz modulation 

frequency, at an optimised modulation index of m-2 in each case, are shown in 

figure 6.4. 
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Figure 6.4: 10.13 % CH4 : N2 balance at 19.4 °C and 1.007 bar pressure - FM nulled RAM 

signals (a) 10 kHz and (b) 100 kHz, measured using m-2 modulation index 
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From the phasor diagrams in figure 6.2 it is evident that, with increasing modulation 

frequency, the RAM component projected onto the measurement axis increases and 

that this component is equivalent to RAM. sin(yr). Therefore, if we again divide the 

measured component at 10 kHz by sin(23.190 °) and the measured component at 100 

kHz by sin(42.260 °), the raw RAM signals achieved are as shown in figure 6.5. 
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Figure 6.5: 10.13 % CH4 : N2 balance at 19.4 °C and 1.007 bar pressure - Pure FM nulled RAM 

signals at 10 kHz and 100 kHz, measured using m-2 modulation index 

The fact that the signal measured at 100 kHz is greater in amplitude than the signal at 

10 kHz agrees with Philippe and Hanson who stated that, although the efficiency of 

the current modulation for FM drops with increasing frequency modulation, the 

efficiency of current modulation for AM remains constant, up to high modulation 

frequencies [6.5]. Therefore, when we increase the modulation signal amplitude to 

maintain the FM frequency deviation, as we increase the modulation frequency (SV 

= 300 mV at 10 kHz to 600 mV at 100 kHz), we increase the AM signal accordingly 

(RAM signal at 100 kHz is a factor of 2 greater than the RAM signal at 10 kHz). 

The SNR of this particular signal is further boosted by the fact that the AM-FM 
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phase separation, V,, increases with increasing modulation frequency, increasing the 

magnitude of the RAM component projected onto the measurement axis. The FM 

nulled RAM signal measured using a high modulation index of in -- 2 at 100 kliz, 

when addressing a 10.13 % CH4: N2 composition at a pressure of 1.007 bar and 19.4 

°C, is compared to theory as shown in figure 6.6 below. 
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Figure 6.6: 10.13 % CH4 : N2 balance at 19.4 °C and 1.007 bar pressure - FM nulled RAM signal 

at 100 kHz, measured using m-2 modulation index, compared to theory 

As can be seen from figure 6.6, the significant error as a result of RAM induced 

harmonic interference associated with measurements at high m values, remains 

(previously discussed in section 5.3.3 of chapter 5). However, further analysis of 

these harmonic contributions can lead to the development of correction factors. 

With increasing in, the FM amplitude increases; therefore, at any position on the 

absorption profile a(vi), the laser frequency is being modulated and the recovered 

RAM variation is actually an averaged value of a(v1) (averaged over the frequency 
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modulation amplitude, 5v). Errors as a result of averaging will be negligible when 

addressing linear parts of the profile but most severe near the peak. Recalling 

equation (5.10) from chapter 5, repeated below for convenience (again, the full 

derivation of these terms is given in Appendix D): 

CI. 8v. (Cos(w)) (6.1) 
2 

äv 

-II(v, 
). d (='). 

Cl. 8v2 
4-4 

AI(v, ). dd (2 
'). Cl. 8v2. 

[cos(wt)+± {cos(3wt -2yß)+cos(2w-wt)}ý 

the 1St and 3'd harmonic interference, as a result of cross product terms in the 2"d 

order analysis of the demodulation process, are given on the bottom line of equation 

(6.1). Considering only the 1 harmonic contributions, we have: 

-I M(v, ). d 
dV 

(2 
, 
). 

Cl. 8v2 os(c)t)+±cos(wt-2yi)] 
(6.2) 

Therefore, when considering a 2"d order approximation to the 1`` harmonic RAM 

variation (for arbitrary values of 6v) recovered by a lock-in amplifier, equation (5.11) 

in chapter 5 now becomes: 

RAM0 =01(v, )"cos(wt)[1-a(v, )CIJ (6.3) 

-1 AI(v3 
d 2c4v) 

CI. Sv2 cos(cot)+ 
1 

cos(wt - 2y) 
4 dv 2 

Figure 6.7 shows these Vt harmonic contributions to the FM and AM measurements 

on a phasor diagram. 
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Figure 6.7: Phasor diagram showing 2"d order correction factors for I harmonic RAI M detection 

with variable m values 

If we consider detection of the FM nulled RAM signal at 0, it can be seen from 

figure 6.7 that the contributions are 180 0 out of phase and thus partially cancel each 

other out. The lock-in recovered 1" harmonic RAM signal at 0 is thus given by: 

RAMS, =AI(v, )"cos(O)[1-a(v, )ClJ (6.4) 

-1 ýwýýd'a 
dv' 

CI. 8v2cos(8)+ 
81 4 

0J(v3 
d'a 

dv(= 
v, ý 

CI. Sv= cos(9) 

This then simplifies to: 

RAMS, = 01(vcos(h) J _[(v1 )+. . 
8v Cl 

8 dv' 

As mentioned above, the errors are most severe at line centre and the 1 S` harmonic 

RAM signal at line centre is given by: 
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RAM. = 01(v, ) " cos(O) 1- CEO 1- 
_ 

. 
(8v 

4y 

or 

RAM,,, = 01(v, ) " cos(O) 1- a� I-4 . "1 C'1 

where at line centre = 
2'a° 

from equation (5.9). 
dv' y' 

Therefore, it can be concluded that, to a 2R order approximation, the amplitude of 

the ist harmonic FM nulled RAM signal can be reduced by as much as 
Qmx 

100 

%. This provides the possibility of detecting at high m values and applying the 

correction factor to the recovered signals; however, we would then be presented with 

the same issues that limited conventional TDLS approaches; whereby, the accuracy 

of the process would depend on how accurately the linewidth, y, could be recovered 

from measured signals and how accurately 6v could be measured. The extent of the 

problem is reduced here as the errors on y and 8v only apply to the correction factor 

and not to the entire signal. For very large values of m, higher order terms will also 

become more significant, leading to a greater magnitude of error. 

Alternatively, as the signal-to-noise ratio has increased, it is possible to use lower in 

values. An FM nulled RAM signal measured using in - 0.5 or (6v -y/ 2) on a 

10.13 % CHa in N2 gas composition at 1.006 bar and 19.8 °C is shown compared to 

theory in figure 6.8 below. In principle, the worst case error is a decrease of signal 

amplitude by approximately 6 %. 
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Figure 6.8: 10.13 % CH4 : NI balance at 19.8 °C and 1.006 bar pressure - FM nulled RAM signal 

at 100 kHz, measured using m-0.5 modulation index, compared to theory 

Figures 6.9 to 6.13 show RAM measurements on 10.13 % CH4 in N2 at pressures 

ranging from 0.2 to 1.8 bar using a modulation index of m-0.5. Table 6.2 shows 

the parameters used for the lock-in amplifier. The blue dashed curve is a theoretical 

prediction based on the calibrated gas mixture, digital gauge pressure and 

thermocouple temperature. The solid blue curve is a theoretical line of best fit; the 

parameters used in the curve fit are listed in the legends. Table 6.3 compares the 

parameters returned in the lines of best fit to the known parameters and lists the 

errors. Again, note that the curve fitting approach is a qualitative process, based on a 

visual match and, as such, the errors returned are approximate. 

AC Gain 26 dB 

Sensitivity I mV 

Harmonic 1 S` 

Time Constant 1 ms 

Table 6.2: Settings for Perkin Elmer 7280 DSP lock-in amplifier 
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Figure 6.9: 10.13 % CH4 : N2 balance at 20.1 °C and 0.207 bar pressure - FM nulled RAM signal 

at 100 kHz, measured using m -- 0.5 modulation index, compared to theory 
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Figure 6.10: 10.13 % CH4 : N2 balance at 20.0 °C and 0.603 bar pressure - FM nulled RAM 

signal at 100 kHz, measured using m-0.5 modulation index, compared to theory 
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Figure 6.11: 10.13 % CH4 : N, balance at 19.8 °C and 1.006 bar pressure - FAf nulled RAM 

signal at 100 kHz, measured using m-0.5 modulation index, compared to theory 
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Figure 6.12: 10.13 % CHF : N2 balance at 19.7 °C and 1.401 bar pressure - Flt nulled RAM 

signal at 100 kHz, measured using m-0.5 modulation index, compared to theory 
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Figure 6.13: 10.13 % CH4: N, balance at 19.8 *C and 1.818 bar pressure - FA! nulled RAM 

signal at 100 kHz, measured using m -- 0.5 modulation index, compared to theorj' 

Digital Gauge 

Pressure (bar) 

Accuracy ± 0.1 % 

TDLS Recovered 

Pressure (bar) 

Pressure 

Error 

(bar) 

Cylinder Conc. 

(%) 

Accuracy ±5% 

TDLS 

Recovered 

Conc. (%) 

Colic. 

Error (%) 

0.207 0.220 0.013 10.13 9 11.1 

0.603 0.603 0.000 10.13 9.8 3.3 

1.006 1.030 0.024 10.13 9.8 3.3 

1.401 1.490 0.089 10.13 9.7 4.2 

1.818 1.880 0.062 10.13 9.9 2.3 

Table 6.3: Error in pressure and concentration between theoretical predictions and experiment 

6.2.4 Conclusions 

In this section we proposed increasing the modulation frequency from 10 kHz to 100 

kHz in order to improve the signal-to-noise ratio, as detection of the FM nulled RAM 
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signal was previously impossible at low m values. In addition to increasing the 

phase separation, yr, it was experimentally demonstrated that increasing the 

modulation frequency gave rise to a decrease in the efficiency of the conversion of 
injection current modulation to frequency modulation. This principle was backed up 
by Jacobsen et al [6.1], Schilt et al [6.2] and Philippe at al [6.5]. The efficiency of 
the conversion of injection current modulation to amplitude modulation was 

experimentally demonstrated to remain undiminished at 100 kHz. This led to an 
increase in the measured sin(w) component, and consequently the SNR, by a factor 

of - 2, allowing for detection at lower m values. 

A review of the 2°d order contributions to 1" harmonic RAM variation measurements 

was provided, proposing that measurements could be made at any m value and the 

errors corrected; however, knowledge of the system parameters Sv and y would be 

required, returning us to the issues that limited gas composition measurements in 

conventional industrial detectors. 

With increased SNR it was possible to decrease the modulation index and, indeed, it 

was shown that, through curve fitting theoretical predictions to experimental data, 

measured using m-0.5, simultaneous measurements could be made of the gas 

composition over an extended pressure range. A factor of -2 improvement in the 

recovered RAM signals and a diminishing FM signal (meaning smaller errors due to 

inaccuracies in the selection of the FM nulling phase), by changing the modulation 

frequency from 10 kHz to 100 kHz, intuitively suggests that further increasing the 

modulation frequency would lead to further SNR improvement, meaning detection at 

smaller m values and greater accuracy in extracting the gas concentration and 

pressure. The following section describes an experimental technique for determining 

the optimum modulation parameters, with a view to achieving accurate and 

simultaneous gas concentration and pressure measurements over extended and 

ambient pressure ranges. 

186 



Chapter 6: Results and Analysis 2 

6.3 Finding the 90 ° Separation Point 

6.3.1 Introduction 

As mentioned above, increasing the modulation frequency further should lead to an 
increase in the AM-FM phase separation, V, and this, in turn, will increase the 

amplitude of the recovered RAM signal. A maximum 1" harmonic RAM signal will, 

obviously, be reached when yr is 90 °. This section reports on an experimental 

procedure to determine the modulation frequency for the 90 ° separation phase using 

a fixed, known gas composition. Schilt et al [6.2] reported the characterisation of 

semiconductor lasers, measuring the AM-FM phase shift and the FM amplitude 

change with changing modulation frequency, using a CO2 gas absorption line. In 

[6.2] Schilt only measured the relative FM signal phase and thus required two 

harmonic measurements in order to remove the effects of phase shifts in the detection 

electronics, as we measure components of both the AM and FM signals explicitly, 

we can measure the phase shift using only the 1't harmonic. 

6.3.2 Revised Experimental System and Procedure 

There were two notable issues with the previously reported experimental system 

architecture: (i) as the modulation frequency was extended in to the MHz range, the I 

MHz bandwidth offered by the LNP-2 photoreceiver was no longer adequate and (ii) 

the bandwidth of the SR830 DSP lock-in amplifier is restricted to only 100 kHz. For 

these reasons, the LNP-2s used to measure the signal from the gas cell and the signal 

from the fibre ring-resonator were replaced by PDAIOCS InGaAs photodetectors 

(available bandwidth 17 MHz), and the SR830 DSP lock-in amplifier was replaced 

by a second Perkin Elmer 7280 DSP lock-in amplifier (available bandwidth 2 MHz). 
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The power reference signal monitors a change relative to the 5 ilz ramp swccp and 

so did not need replacing. 

The procedure for finding the 90 ° separation was as follows: determination and 

measurement of the RAM nulled FM signal and the FM nulled RAM signal was 

carried out as previously described (chapter 5, sections 5.4 and 5.5) and the 

measurements of both were repeated at each increment of the modulation frequency. 

Again, as with previous experiments, measurements were made at a modulation 

amplitude of SV = 300 mV, giving a modulation index of m-2 for the 10 kHz 

measurements. The fixed gas mixture for all measurements was 10.13 % CH4 in N2 

at 1.030 bar and 23 T. The lock-in amplifier settings used arc noted in table 6.4 and 

the phase values for each measurement are noted in the figures below. Sensitivity 

settings had to be taken into account for each measurement as the signals were un- 

normalised and the lock-in amplifier automatically scaled the output relative to the 

sensitivity setting. i. e. the 10 kHz measurement was taken at 5 mV sensitivity and the 

higher frequency measurements were taken at 2 mV; the amplitudes of the 10 kHz 

signals then had to be scaled by 5/2 to normalise to the scaling of the lock-in 

amplifier. 

10 kHz 250 kHz and above 
AC Gain 26 dB 26 dB 

Sensitivity 5 mV 2 mV 

Harmonic 1: 

Time Constant 1 ms 

Table 6.4: Settings for Perkin Elmer 7280 DSP lock-ln amplifier 
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6.3.3 Results and Discussion 

Figure 6.14 shows the FM phase lag increasing with increasing modulation 

frequency. It can be seen that at 1.25 MHz the phase lag is - 90 ° relative to the 

RAM. As the RAM is essentially aligned along the X, or in-phase, output of the dual 

phase lock-in amplifier, this then means that the FM is aligned along the Y or 

quadrature vector. 
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0.00E+00 5.00E+02 I. 00E+03 1.50E+03 

Modulation Frequency (kHz) 

2.00E+03 

Figure 6.14: FM phase lag with increasing modulation frequency for 1650 nm DFB laser 

The relative phases of the RAM and FM components at each increment of the 

modulation frequency are illustrated in figure 6.15 below. The lock-in outputs, X 

and Y, at the 90 ° separation point of 1.25 MHz are shown below in figure 6.16 and 

they prove that it is possible to make pure FM and pure AM measurements 

simultaneously. 
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Figure 6.15: AM - FM phase relationships with increasing modulation frequency 
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Figure 6.16: X- in phase and Y- quadrature components of the dual phase lock-in amplifier 

From measurements on the gas absorption line we were also able to determine the 

efficiency of the AM and FM conversion for fixed injection current modulation 
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amplitude and increasing modulation frequency. Figure 6.17 below confirms the 

diminishing FM 1" harmonic signal for a fixed modulation amplitude (- 2y fror I 

atmosphere gas signal, measured at 10 kHz) as highlighted in section 6.2. It can he 

seen from the figure that at 1.25 MHz the FM peak-to-peak amplitude is at a 

minimum. Figure 6.18 confirms that the AM conversion remains undiminished for 

modulation frequencies up to 2 MHz. Figures 6.16,6.17 and 6.18 show clearly that, 

in terms of optimising the accuracy and signal-to-noise ratio of the FM nulled RAM 

variation signals, modulating at 1.25 MHz is the best option. Not only is the 

measured RAM signal at a maximum but the FM signal, although optimised along 

the Y measurement axis, is diminished in magnitude significantly. Therefore, any 

influence of the FM 1s` harmonic signal on the RAM measurement, due to inaccurate 

selection of detection phase and mixing, is at a minimum. 
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Figure 6.17: RAM nulled FM signals for various modulation frequencies - inset: FM peak-to- 

peak signal amplitude with increasing modulation frequency 
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Figure 6.18: FM nulled RAM signals for various modulation frequencies - inset: RAM 

transmission amplitude with increasing modulation frequency 

The following section presents the results of measurements made of the FM nulled 

RAM variation at the 90 ° separation point on various gas compositions. 

6.4 Simultaneous Measurement of Gas Concentration and Pressure 

As the SNR of the RAM measurements has been improved by a factor of - 2.5 

(compared to signals at 10 kHz) it is possible to drop the modulation amplitude. The 

modulation index was dropped to m-0.075 in order to significantly reduce the error 

from RAM induced harmonic interference (discussed in section 6.2.3). Due to the 

increased modulation frequency, the time constant for the I" harmonic resonator 

measurement had to be changed to 20 µs. The lock-in amplifier settings are shown 
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in table 6.5. Figures 6.19 to 6.23 show measurements made of the RAM variation on 

a 10.13 % CH4 in N2 gas composition over the ambient pressure range, 0.9 to 1.1 bar, 

compared to theory (based on HITRAN data). The dashed blue curve shows the 

primary fit based on the known gas parameters and the solid blue curve shows the 

line of best fit. As the systematic error was reduced considerably (nm - 0.075), it was 

deemed a more accurate process to use an objective, least squares approach to curve 
fitting. The best fit being that which gives a minimum for the sum of the squared 

errors between experiment and theory. The pressure and concentration errors arc 

shown in table 6.6. 

AC Gain 26 dB 

Sensitivity I mV 
Harmonic Ist 

Time Constant I ms 

Table 6.5: Settings for Perkin Elmer 7280 DSP lock-in amplifier 
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Figure 6.19: 10.13 % CH4: N2 balance at 20.9 °C and 0.901 bar pressure - FM nulled RAM 

signal at 1.25 MHz, measured using m-0.075, compared to theory 
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Figure 6.20: 10.13 % CH,,: N, balance at 21.1 °C and 0.950 bar pressure - FM nulled RAM 

signal at 1.25 Milt, measured using m-0.075, compared to theory 
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Figure 6.21: 10.13 % CH4 : N2 balance at 21.3 °C and 1.007 bar pressure - FM nulled RAM 

signal at 1.25 MHz, measured using m-0.075, compared to theory 
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Figure 6.22: 10.13 % CH4: N, balance at 21.3 °C and 1.053 bar pressure - FM nulled RAM 

signal at 1.25 MHz, measured using m-0.075, compared to theory 
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Figure 6.23: 10.13 % CH4: N2 balance at 21 °C and 1.102 bar pressure - FM nulled RAM signal 

at 1.25 MHz, measured using m-0.075, compared to theory 
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Digital Gauge 

Pressure (bar) 

Accuracy ± 0.1 % 

TDLS Recovered 

Pressure (bar) 

Pressure 

Error 

(bar) 

Cylinder Conc. 

(%) 

Accuracy tS% 

0.901 0.888 0.013 10.13 

0.950 0.947 0.003 10.13 

1.007 0.988 0.019 10.13 

1.053 1.034 0.019 10.13 

1.102 1.094 0.008 10.13 

"1'1)1.5 Conc. 

Recovered Error 

Colic. 

10.09 0.3') 

10.04 0.89 

10.05 0.49 

10.04 0.89 

9.961) 1.59 

Table 6.6: Error in pressure and concentration between best fitting theoretical prediction and 

experiment - bestfit achieved through least squares curve fitting 

Figures 6.24 to 6.28 show measurements of the RAM variation on a 10.13 % CH4 in 

N2 gas composition over the extended pressure range, 0.2 to 1.8 bar, compared to 

theory. The errors between theory and experiment are shown in table 6.7. 
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Figure 6.24: 10.13 % CH4 : N2 balance at 20.2 °C and 0.204 bar pressure - FM nulled RAM 

signal at 1.25 MHz, measured using m-0.075, compared to theory 
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Figure 6.25: 10.13 % CH4: N2 balance at 19.9 °C and 0.406 bar pressure- FAf nulled RAM 

signal at 1.25 MHz, measured using m-0.075, compared to theory 
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Figure 6.26: 10.13 % CH4 : N2 balance at 20.3 °C and 1.006 bar pressure - FM nulled RAM 

signal at 1.25 MHz, measured using m-0.075, compared to theory 
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Figure 6.27: 10.13 % CH4: N2 balance at 20.2 °C and 1.396 bar pressure - FM nulled RAM 

signal at 1.25 MHz, measured using m-0.075, compared to theory' 
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Figure 6.28: 10.13 % CH4: N2 balance at 20.5 °C and 1.818 bar pressure - FA! nulled RAM 

signal at 1.25 MHz, measured using m-0.075, compared to theory 
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Digital Gauge 

Pressure (bar) 

Accuracy ± 0.1 % 

TDLS Recovered 

Pressure (bar) 

Pressure 

Error 

(bar) 

Cylinder Conc. 

(%) 

Accuracy ±5% 

TDLS 

Recovered 

Conc. ("/. ) 

Conc. 

Error 

(%) 

0.204 0.182 0.022 10.13 11.11 9.67 

0.406 0.394 0.012 10.13 10.41 2.76 

1.006 0.987 0.019 10.13 10.08 0.49 

1.396 1.363 0.033 10.13 10.01 1.18 

1.818 1.788 0.03 10.13 9.9 2.27 

Table ä7: Error in pressure and concentration between best fitting theoretical prediction and 

experiment - bestfit achieved through least squares curve ftting 

With this much improved signal-to-noise ratio it is then possible to consider gas 

measurements at lower concentrations. Figures 6.29 to 6.33 show measurements 

made of the RAM variation on a 1.02 % CR4 in N2 gas composition over the 

extended pressure range, 0.4 to 1.8 bar, compared to theory. As the amplitude of the 

RAM variation has been reduced by a factor - 10, the modulation amplitude had to 

be increased again. in was set to approximately 0.25. The lock-in amplifier settings 

are displayed in table 6.8 below. The errors between theory and experiment are 

shown in table 6.9. 

AC Gain 26 dB 

Sensitivity 5 mV 

Harmonic 1` 

Time Constant 1 ms 

Table 6.8: Settings for Perkin Elmer 7280 DSP lock-in amplifier 

199 



Chapter 6: Results and Analysis 2 

0.99 
0 

E 
0.98 

7. ' 
d 0.97 

0.96 

0.95 + 1- 
1650.75 1650.8 1650.85 1650A 16511.45 1651 1651 1)5 1651 I 

Wavelength (nm) 

ý(ýSý I5 

Figure 6.29: 1.02 % CH4 : N2 balance at 20.8 °C and 0.419 bar pressure - FAf nulled RAM signal 

at 1.25 MHz, measured using m-0.25, compared to theory 
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Figure 6.30: 1.02 % CH4 : N2 balance at 22 °C and 0.800 bar pressure - FM nulled RAM signal 

at 1.25 MHz, measured using m-0.25, compared to theory 
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Figure 6.31: 1.02 % CH4 : N2 balance at 21.8 °C and 1.00' bar pressure - FM nulled RAAf signal 

at 1.25 MHz, measured using m-0.25, compared to theory 
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Figure 6.32: 1.02 % CH4: N2 balance at 21.1 °C and 1.427 bar pressure - FM nulled RAM signal 

at 1.25 Milz, measured using m -0.25, compared to theory 
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Figure 6.33: 1.02 % CHe : N1 balance at 22.1 °C and 1.817 bar pressure - F%f nulled RAM signal 

at 1.25 MHz, measured using m-0.25, compared to theory 

Digital Gauge 

Pressure (bar) 

Accuracy ± 0.1 % 

TDLS Recovered 

Pressure (bar) 

Pressure 

Error 

(bar) 

Cylinder ('onc. 

(%) 

Accuracy ±5% 

'1'l)t S 

Recovered 

Conc. 

Conc. 

Error 

(%) 

0.419 0.502 0.083 1.02 0.874 14.3 

0.800 0.907 0.107 1.02 0.929 8.9 

1.007 1.170 0.163 1.02 0.935 8.3 

1.427 1.540 0.113 1.02 0.956 6.27 

1.817 1.976 0.277 1.02 0.964 5.5 

Table 6.9: Error in pressure and concentration between best fitting theoretical prediction and 

experiment - best fit achieved through least squares curve fitting 

It can be seen from analysis of these results that we have demonstrated simultaneous 

measurement of gas concentration and pressure for two gas concentrations over a 

wide range of pressures. The development of the TDLS / WMS detection process, 
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by modulating at 1.25 MHz and shifting the AM-FM separation phase to 90 °, has 

facilitated an SNR improvement of approximately 2.5 on the original 10 kliz 

approach. The accuracy of the signals is also improved by the diminishing FM 1" 

harmonic contribution at high frequency. 

6.5 Conclusions 

The issue of limited SNR, related to detection of only the sin(V) component of the 

FM nulled RAM variation signal, has been overcome by increasing the modulation 

frequency such that the measured signal is at a maximum. The hypothesis and 

viability of increasing the modulation frequency to give greater AM-FM phase 

separation was, initially, experimentally demonstrated at the modest modulation 

frequency of 100 kHz. Having gained a SNR improvement of just under 2 on the 10 

kHz measurements, and having demonstrated that the FM 1" harmonic signal had 

lower potential for distorting the desired RAM variation signals due to its diminished 

amplitude, it was decided to expand the modulation frequency beyond the 

conventional frequencies and into the MHz region for further improvement. 

At 1.25 MHz we demonstrated complete separation of the desired RAM signal from 

the FM, whilst maximising the recovered SNR, giving a factor of - 2.5 improvement 

on initial results reported in chapter 5. Although TDLS has now shifted to MHz 

detection frequencies, the technique still sits comfortably in the WMS regime, as it is 

commonly accepted that FMS techniques use modulation frequencies comparable to 

the target gas absorption half-linewidth. Typical half-linewidths of atmospheric gas 

absorption lines are around 3 GHz, more than 2000 times greater than the 1.25 MHz 

modulation frequency. As well as determining the 90 ° separation between the AM 

and FM, we characterised the AM and FM conversion efficiency of the injection 

current modulation for this particular 1650 nm DFB laser, over the frequency range 

of 10 kHz to 2 MHz. We experimentally demonstrated, using a CHL gas absorption 
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line, that the efficiency of FM conversion diminishes and the efficicncy of AM 

conversion remains constant with increasing modulation frequency. Tiusc results, 
including the increasing FM phase lag with increasing modulation frequency, agree 

well with the findings of Jacobsen et at [6.1] and Schilt et al [6.2]. 

An analytical approach (based on a 2"d order Taylor series expansion of a Lorcntzian 

broadened absorption line) to compensating for the effects of high m values in 1" 

harmonic RAM detection was also reported. However, like conventional approaches 

to TDLS / WMS, knowledge of the gas absorption half lincwidth, y, and the 

frequency modulation amplitude, 6v, is required. 

With increased signal-to-noise ratio in the 1" harmonic RAM variation 

measurements and decreased influence from the FM, accurate and simultaneous 

measurements of gas concentration and pressure were made on two different gas 

compositions, namely: 10 % and I% CH4 in N2 over a wide range of pressures. 
With a suitable choice of modulation index, the measurements on the 10 % C114 

composition exhibited an error of less than 3% and the 1% C114 composition 

measurements gave errors of approximately 8% at atmospheric pressure. These 

results fit well within the British Standards for industrial methane detection. 

Therefore, we have demonstrated the basis of a reliable and accurate TDLS / WMS 

technique for gas composition measurements that has the potential to be applied to a 
field-deployable instrument. 
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Chapter 7 

Conclusions and Further Work 

7.1 Conclusions 

The fundamental aim of this project was to determine a robust method for measuring 

gas concentration and pressure (or to compensate for pressure variations in the 

analysis) that could be used in a TDLS instrument, deployable in harsh industrial 

environments. It was evident from the review of current approaches to industrial gas 

monitoring that TDLS-based methods provided the greatest potential compared to 

pellistor-based or NDIR-based gas detection schemes. Near infrared TDLS exploits 

the use of inexpensive and widely available near infra-red semiconductor diode 

lasers, conventionally used for communications, to provide high power and stable 

frequency scanning of individual rotation-vibration gas absorption lines. This gives 

SNRs comparable with mid infra-red detection schemes, without suffering 

interference from other atmospheric gases. The compatibility of these near infra-red 
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diode lasers with optical fibre also facilitates multi-point, remote detection, making 

TDLS systems intrinsically safe. Thermal and current feedback control of the laser 

frequency and the use of zero-point referencing mean TDLS gas analysers arc 

calibration stable. 

In TDLS with direct detection the absolute transmission function of a single 

vibration-rotation gas absorption line is recovered, permitting direct extraction of the 

linewidth and line strength for pressure and concentration measurements. TDLS 

with wavelength modulation spectroscopy offers greater sensitivity by providing AC 

detection at high frequencies where laser and 1/f noise is minimised. The use of a 

lock-in amplifier provides reduction in detection bandwidth and consequently noise 

to provide SNR improvements of around two orders of magnitude. The WMS 

approach offers solutions in applications where optical access or low received 

powers can be a problem. In addition, the high infra-red background signals that 

hinder direct detection schemes in high temperature situations are eliminated. With 

these advantages in mind, it would seem that TDLS with WMS detection is the most 

suitable approach for modern industrial gas sensing applications; however, the 

increased complexity of signal analysis and scope for error, compared to direct 

detection, has been the stumbling block for current state-of-the-art detection 

schemes. The critical issue is the dependence of harmonic / derivative signal 

amplitudes on the systematic scaling factor 8vfy (801 for the I`' derivative and 

8º1/9 for the 2"d derivative) and errors in determining these parameters accumulate 

to determine the overall error on the extracted concentration and / or pressure. It is 

particularly problematic in environments where the pressure is varying and unknown 

as yhas to be determined from the recovered signals and with RAM distortion effects 

and a lack of reliable in-situ wavelength referencing, large errors are possible! 

Specific objectives were consequently devised in order to realise the overall aim of 

the project: 
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1. The first objective was to develop a robust wavclcngth rcfcrcncing schcmc, 

using a fibre ring-resonator and signal processing, to make absolute, In-situ 

measurements of the laser's centre wavelength as it is scanned across the 

target gas absorption line. 

2. The second objective was to develop signal processing techniques to 

completely remove the effects of RAM from FM signals. 

3. The third objective was to calibrate and scale recovered TDLS / WMS signals 

such that they could be compared to theoretical predictions for the extraction 

of the gas concentration and pressure data. Two options were proposed: (i) 

curve fit the derivatives of the theoretical predictions of the absolute 

absorption line transmission profiles to recovered, pure derivative signals 

associated with the measured harmonic and (ii) directly fit theoretical 

predictions of the absorption line transmission function to numerically 
integrated measured derivatives. 

In chapter 2 we reviewed the approach to in-situ wavelength referencing (using a low 

finesse etalon) by Philippe and Hanson [7.1] and decided that an in-fibre solution 

would be a better approach. Fibre ring-resonators provide greater resolution than 

conventional bulk-optics approaches and allow the whole system to remain in-fibre. 

In chapter 4 we described the construction and characterisation of the fibre ring- 

resonator as well as the signal processing techniques for mapping the relative 
frequency information onto an absolute wavelength scale for the experimental time- 

based data. In chapter 5 the accuracy and reliability of our wavelength referencing 

approach was fully validated by reporting good agreement between experiment and 

theory for directly recovered gas absorption line transmission functions at 10 % 

concentration, over a range of pressures and temperatures. The wavelength 

referencing technique provided a satisfactory solution to the problems of non- 

linearity and non-repeatability of the current vs. wavelength relationship in DFB 

lasers. 
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In chapter 5 we reported significant errors in conventional TDLS / WMS signals and 

through a revised theoretical treatment (based on a simple Taylor series expansion) 

identified the specific sources of error. Interference from RAM variations 

(proportional to derivatives of the absorption line transmission function) led to errors 

in the FM Is` harmonic peak locations, including a significant asymmetry in the peak 

amplitudes. From further analysis of the theory we proposed an approach to 

eliminating the RAM distortion by appropriate selection of the lock-in amplifier 

detection phase, which was very successful (reflected in the now symmetrical FM 1" 

harmonic peak amplitudes). However, the technique remained limited due to the 

same scaling factor and calibration issues (inherent to derivative analysis) that 

hindered conventional WMS approaches. Therefore, despite extensive efforts, 

including the numerical integration of the FM Pt harmonic signals with a view to 

recovering the absolute absorption line transmission function, extracting 

concentration and pressure measurements through comparisons to theory failed. 

Also in chapter 5 we proposed a novel approach to recovering the absolute 

absorption line transmission function from TDLS / WMS signals. By appropriate 

selection of the lock-in amplifier detection phase we are able to measure a I" 

harmonic RAM signal (undistorted by FM interference) that varies in proportion to 

the gas absorption line. Normalisation to an off-line measurement then provides an 

absolute signal. As the technique is absolute, there is no need for scaling factors or 

extensive calibration and the approach provides simultaneous and accurate 

measurements of gas concentration and pressure within certain limitations. The main 

limitation is due to the low SNR associated with the sin(yi) component measured at 

10 kHz; however, in chapter 6 we reported that increasing the modulation frequency 

into the MHz region provides a suitable increase in V/ and, consequently, the 

sensitivity. Chapter 6 reported on the extraction of pressure and concentration for 

two gas concentrations, namely: 10 % and I %, for a range of pressures and 

temperatures. The promising results show that we have significantly advanced 

TDLS technology towards realising an instrument for determining accurate gas 
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composition measurements in harsh industrial environmcnts, although thcrc is 

potential for improvement (discussed further in section 7.2). 

As well as addressing the above mentioned objectives and achieving the overall aim 

of the project, there were several other significant contributions to the research ficld: 

1. In chapter 5 we reported on a technique for determining host gas broadening 

coefficients by curve fitting theoretical predictions (based on IIITRAN data) 

to directly measured gas absorption line transmission functions. 

2. Also in chapter 5, we determined that the process of curve fitting theoretical 

predictions to experimental signals was a valid method for the accurate 

extraction of gas concentration and pressure parameters. However, as 

previously mentioned, the curve fitting was based on a visual comparison that 
is qualitative and not purely objective. This issue was resolved in chapter 6 

by using a least squares minimisation approach to curve fitting where a best 

fit is determined by a minimum value for the sum of the squared errors 
between measured signals and theory (based on HITRAN data). 

3. Finally, in chapter 6 we proposed 2"d order correction factors to counter the 

signal averaging of TDLS / WMS l$ harmonic RAM variation signals at high 

modulation index values. This gives the potential of improving signal-to- 

noise ratio, whilst maintaining accuracy in the recovered linewidth and line 

strength, from which to extract pressure and concentration respectively. 

7.2 Further Work 

Although the aim of the project has been met and a significant contribution to the 

field has been made, there remains potential to take the technique forward. 
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As mentioned previously, TDLS with WMS detection is a popular approach in 

industrial gas sensing due to its significant advantages over TDI. S with direct 

detection, namely: significant (1 to 2 orders of magnitude) improvement in SNR and 

the elimination of infra-red background signals in high temperature applications. 

However, although this proposed new approach to TDLS / WMS of detecting the l 

harmonic RAM variation offers many of the same advantages, the SNR remains 

limited by the fact we detect small signals relative to a large background. We 

propose a simple addition to the laboratory system architecture, shown below in 

figure 7.1, that would provide a significant level of SNR improvement, making this 

new detection technique competitive (in terms of minimum detectable sensitivity) 

with conventional TDLS / WMS approaches. 

\rm 1 

\i i>> . 

Optical Fibre Delay Line 

Figure 7.1: Diagram of system for nulling RAM 

Note that the rest of the laboratory system has been removed from figure 7.1 for 

clarity. The principle behind the technique is to use a suitable length of fibre in the 

delay line to create a 180 ° phase shift between the gas signal and the delay signal 

(both modulated at the same 1.25 MHz frequency) such that, when added together, 

the signals cancel each other out through destructive interference. A standard 50: 50 

coupler will inherently have a minor discrepancy in the split ratio and will most 

likely be around 49: 51. With adjustment of the attenuation in the delay signal to 
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match the amplitude of the gas signal at arm 1, the RAM should be nullcd whcn no 

gas is present in the cell. At arm 2a residual RAM signal should be present due to 

the uneven split ratio. When gas is present in the cell an imbalance in arm I will 

give a signal proportional to the gas absorption line transmission function at the front 

end of the lock-in amplifier. The imbalance will be relative to a zero background 

and thus the operation of the lock-in amplifier can be optimised to recover signals at 

an optimum SNR. The residual signal in arm 2 can be scaled linearly by the split 

ratio of the coupler to yield the desired background level for normalisation of the 

RAM variation in arm 1, to give an absolute transmission signal as before. This way 

we should have sensitivities comparable to conventional TDLS / WMS approaches, 

whilst measuring an absolute transmission signal. 

In chapter 6 we demonstrated the ability to characterise the AM-FM phase delay and 

AM and FM efficiencies of the 1650 nm DFB laser for modulation frequencies up to 

2 MHz, using a gas absorption line. Schilt et al [7.2] proposed a similar technique 

but did not explicitly measure the gas absorption on the AM signal. Further work 

could see the development of a simplified and more efficient characterisation tool for 

near and mid infra-red semiconductor lasers. 
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Appendix B- Fibre Ring-Resonator MATLAB Program 

%Kevin puffin 

%19th August 2006 

%program models fibre ring-resonator response based on equal ion'. by 
%P. urquhart, see: 

%(1)"Compound Optical-Fiber-based Resonators, " 
%Journal of optical society of America, vol. 5, No. 6, tune 1')88 

%(2) "Transversely Coupled Fiber Fabry-Perot Resonator: Theory, " 
%journal of Applied Optics, vol. 26, No. 3, February 1987. 

%change ring lengths 11 and 12 for varying frequency response. 
%change coupling ratios K1 and K2 for varying contrast ratio and 
%finesse. 

format long; 

Declare variables.... 

Rinq lengths of couplers I and in metres 
11=0.2; 
12=0.2; 

Fitere field loss, tvhic<al lv 0.. " dii* m 10' (, '.. le ln! 
alpha=0.000050658; 

,, waavel enclth range in met re" 
lambda = 1650.9e-9: 0.000005e-9: 1650.95e-9; 

Coupling coefficients of couplers I 
K1=0.8; 
K2=0.8; 

Excess losses of couplers 1 and 2 11 
gammal = 0.0; 
gamma2 = 0.0; 

Declare equations .... 
epsilonl=((1-K1)"0.5)*((1-gammal)A0.5)*exp(-2*alpha*l1); 
epsilon2=((1-K2)AO. 5)*((1-gamma2)A0.5)*exp(-2*alpha*12) 
epsilon L. dash=((K1)A0.5)*((1-gammal)A0.5)*exp(-2*alpha*i1); 
epsilon2_dash=((K2)A0.5)*((1-gamma2), 0.5)*exp(-2*alpha*12); 
res_top=(((epsilonl-dash*epsilon2_dash)A2)/exp(- 
2*alpha*(11+(2*12)))); 

Calculate for each value of v., týelenglh 
n=1: length(lambda); 
for n=1: length(lambda) 

res_resp(n) = res_top/((1- 
(epsilonl*epsilon2))A2+(4*epsilonl*epsilon2*(sin(((2.88*pi)/la 
mbda(n))*(11+12)))A2)); 

Precision issues (rnax of 10 de( imal 50 mull 1p1ý to 
hrinq to nanometres 

lambda2(n) = lambda(n)*1e9; 
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end 

plot(lambda2, res_resp) 
cr("Ite matrix of retiondtor 

new-plot = [lambda2' res_resp']; 

11 I gave mm t r, 1x 
dlmwrite('resonator_resp. txt', new-plot, 'delimiter', '\t', 
'precision', '%. 10f'); 
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Appendix C: 1- Direct Wavelength Referencing 111A7'LAB Program 

Andrew McGettrick and Kevin Dutt in 

% 4th August 2005 

% updates: 

`X, wavelength references the correct way round i. e. increasing 
`wavelength with increasing current! In previous versions, this is 
`not the case and can therefore cause a problem!! 

ALSO to use the theoretical spacing to do the wavelength 
%referencing properly - problems in every version before this one. 

------------------------------------------- 
%This script file, when called, asks the user for three filr, ti: 

%1. A Resonator data file. 
%2. A theory plot of the specific gas at specific concentration, 
%pressure and temperature. 
%3. An experimental plot of the aforementioned gas at the 
%aforementioned concentration, pressure and temperature. 

`The data is used to convert the index scale in the experimental 
%plot to wavelength. The amplitude vs. wavelencath experimental data 
%is then plotted. 

-------------------------- n 

format long; 

1.0 Ask user for resonator- data fi le 

res-file = input('\n Input resonator data file: ', 's'); 

. 11 /1,1.1 Load in resonator data file 
x= csvread(res_file); 

---------------------------------------------------- 
2.0 Ask user for theory data file 

theory-file = input('\n Input theory data file: ', 's'); 

2.1 Load in theory qas 1i ne data fi le 
csvread(theory_file); 

2.2 Theory gas is 2 col matrix - need to extract seperate 
, wavelength and index vectors 

amps = Y(:, 2)'; Amplitudes in 2nd column of matrix, transpose into 
! (, row 
waves = Y(:, 1)% wavelengths in 1st column of matrix, transpose 
into row 

------------------------------------------------------------------- 

'ý", 3.0 Ask user for experimental data file 
exp_file = input(' \n Input experimental data file: ', 's'); 

3.1 load in experimental qas line d1, atai file 
z= csvread(exp_file); 

"1;, 3.2 Amplitudes in ist column of matrix, transpose into row 
amps_exp = z(:, l) ; 
IV; ------------------------------------------------------------------- 
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4.0 Find the resonator peaks 

4.1 tcic'nt i fy (11 1 peak and trough loc, Itionc in resonator plot 
[I j]]=findpeak(x); 

1)Ee( la rdI ion of va riah]Ps 
d=2; 
dd=1; 
ddd=1; 
peak=77; 

4.; Dis(ount any spurious peaks 
while ddd<length(77) 

If there's a spurious peak overwrite it with the next peak, thus 
%shifting all values on the r. h. s of the 'purinu-, value lof (mv 
%place 

if (jj(d)-7J(d-1)) <20 
dd=d; 

while dd<(length(77)) 
peak(dd)=peak(dd+l); 
dd=dd+1; 

end; 
peak(end)=0; 
peak=peak(1: (end-1)); 

end; 
d=d+1; 
ddd=ddd+1; 

end; 

4.3 Declare new vector of correctly identified peaks 
»=peak; 
I'll ------------------------------------------------ -- ------ 

5.0 Find the line centre wavelenqth / frequency of theory 
trd( P 

K= min(amps); Find the minimum amplitude in the theory plot 
K_Index = find(amps == K); " Returns index of the minimum value 
Line-Cent-Wave = waves(K_Index); kav«Iength at index K is the 

-centre wavelength 
Line_Cent_Wave=(3e8/Line_Cent_wave); convert to frequency 
; '� - -- -------------- ------------- 
% 6.0 Find the line centre index from the experimental plot 
Q= min(amps_exp); %, Find the minimum amplitude in the experimental 
,, "p 10 t 
Q_Index = find(amps_exp == Q); Returns index of the minimum value 
Line_Cent_Index = Q_Index(1); index at Q is the centre index 
i; --------------------------------------- 

0 7.0 Find the location of the resonator peak closest to line 
ý. k entre 
[errorl, closest_peak]=min(abs(» -Line_Cent_Index)); 

closest_peak_index=Ji(closest_peak); 
% ------------------------------- 

Frequency spacing 
delta-f= 0.427476249; 

8.0 Convert resonator peak indices to frequencies 
8.1 Declare vector for storing frquencies ,y 

Res_Peak_Wave = []; 

Res_Peak_Wave(closest_peak)=150000; 

219 



FF=length(. ])+1; 
nn=1; 
pp=closest_peak; 
while nn < FF 

if nn<pp 
Res_Peak_wave(nn)=[150000+((pp-nn)*delta_f)]; 

(onst pant riddled tom, i i nt ,jin rýl 
end; 

if nn>pp 
Res_Peak-wave(nn)=[150000-((nn-pp)*delta_f)]; 

end; 
nn=nn+1; 
end; 

9.0 Make a second order polynomial fit to interpolate hý rwr ýýn %the resonator frequencies 
P=polyfit(77, Res_Peak-wave, 2); 
xx=length(amps_exp); 
x=[1: 1: xx]; 
YYY=polyval(P, x); 

---------------------------------- 

% 10.0 Shift this polynomial to match the experimental file at %line centre and outwards 
YYY_rel=YYY; 
shift=Line_cent_Wave-YYY(Line_Cent_Index); 
YYY=YYY+shift; 

---------------------------------------------- 

Plot experimental values against frequency 
plot(YYY, amps_exp); 
xlabel('Frequency (GHz)'); 
ylabel('Relative Transmission'); 
title('Comparison of theory and experiment'); 
hold on; 

Save plot 
new-plot = [YYY amps_exp]; 
save-plot = input('\n save frequency referenced plot as? ', 's'); 
csvwrite(save_plot, new-plot); 

------------------- 
figure; %new figure for the wavelength scale 

Pi of experi mental values acta i nst vv, ave 1 en(Ii h 
YYY_wavelength=3e8. /YYY; 
plot(YYY_wavelength, amps_exp); 
xlabel('wavelength (nm)'); 
ylabel('Relative Transmission'); 

S(ive PI of 
new_plot2 = [YYY_wavelength' amps_exp']; 
save_plot2 = input ('\n save wavelength referenced plot as? ', 's'); 
csvwrite(save_plot2, new_plot2); 

------------------- 
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Appendix C: 2- FINDPEAK MATLAB Program 

"I TNDM AK Fi nd the peak,, (and v, a l of 1n ,i rh tý .irt t1n( 
0 

FINDPEAK(X) finds the peaks in the data vector x. 

FINDPEAK(X, S) ignores S "peaks" from either end of x. 
This is necessary when the first and last points of x are not 
peaks themselves, since ordinarily FINDPIAK(... ) considers the 
endpoints of x to be peaks. 
The default value for S=l, which for noiseless oscillations x is 
sufficient to discard the endpoints gis being peaks. use S-o to 

% retain the endpoints as being peaks themselves, or some value 
S>1 to remove false peaks from oscillations with noisy 

%endpoints. 

FINDPEAK(... ) by itself plots x and marks the peaks and valleys 
with small crosshairs. 

I=FINDPEAK(... ) returns the indices I closest to the valleys and 
peaks. The first column contains the valley indices, the , e(ond 
column the peak indices. LENGTH(I) will thus give the total 

% number of peaks and valleys. 

[I, 7]=FINDPEAK(... ) returns the indices I closest to each peak 
minimum, and the indices 7 closest to each peak maximum. 
LENGTH(I)+LENGTH(3) will thus equal the total number of peaks 

% and valleys. 

if no peaks are detected then I=3=0 is returned. 

See also SETTLING, STEADY, ZCROSS, PHDIFF. 

function [minima, maxima] = findpeak(x, strip) 

Copyright © 1998-2000 Julian Andrew de Marchi, Ph. D. 
(julian@matlinks. net) 

use & distribution covered by GNU General Public License 
(www. gnu. org) 

%If strip = 0, ignore start and end points 

%if nargin == 0, no data 
%If nargin == 1, data 

------------------ 
% the inputs 
: --- ------- 

if (nargin == 0), error('No data vector x supplied. '); 
elseif (nargin == 1), strip = 1; 
end; 

() 
---------------- ---- 

% find the peak_inx and maxima 
---------------------------- 
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,, Inil) i ovement Ror1a 

maxima=[]; 
minima=[] 

peak_inx =1; inx = 2; n=1; 

Chet kift he fi rat Pn(11)o i nt ini mum r, r i IT, I r, r corm, 
if x(2) > x(1) 

minima=[minima 1]; 
while (n < length(x)), 

find the next neq, tt ivP inf IEe( t i1)n Im, 1xrm, 1 
while (n < length(x) & x(n) <= x(n+l)), 

n=n+1; 
end; 
if n -= len th(x) 

maxima=[maxima n]; 
peak_inx(inx) = n; n=n+1; inx = inx + 1; 

end; 
find the next postive inflection (rnin1rn, i) 

while (n < length(x) & x(n) >= x(n+l)) 
n=n+1; 

end; 
if n -= len th(x) 

minima=[minima n]; 
peak_inx(inx) = n; n=n+1; inx = inx + 1; 

end; 
end; 

else 
maxima= [maxima 1]; 
while (n < length(x)), 

find the next postive inflection (minima) 
while (n < length(x) & x(n) >= x(n+l)) 

n=n+1; 
end; 
if n -= len th(x) 

minima=[minima n]; 

end; 
peak_inx(inx) = n; n=n+1; inx = inx + 1; 

find the next negative inflection (maxima) 
while (n < length(x) & x(n) <= x(n+1)), 

n=n+1; 
end; 
if n -= len th(x) 

maxima=[maxima n]; 
peak_inx(inx) = n; n=n+1; inx = inx + 1; 

end; 
end; 

end; 

if (length(peak_inx) == 1), 
warning('NO peaks detected. '); 
return; 

end; 

t fl hOunci<i rv peaks 

if (strip), 
strip = min([strip fix(length(peak_inx)/2)]); 
peak_inx = peak_inx(1+strip length(peak_inx)-strip); 
for i=l: strip 

[aux min_aux]=min([minima(1) maxima(l)]); 
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if min_aux==1 
minima=minima(2: end); 

else 
maxima=maxima(2: end); 

end; 
[aux max_aux]=max([minima(end) maxima(end)]); 
if max_aux==1 

minima=minima(l: end-1); 
else 

maxima=maxima(l: end-1); 
end; 

end; 
clear min_aux max_aux aux; 

end; 

if (nargout == 0), plot 11w peak-, 

hold off, plot(x), hold on, plot(1: length(x), x, 'c. '); 
plot(minima, x(minima), 'm+', minima, x(minima), 'y. '); 
plot(maxima, x(maxima), 'g+', maxima, x(maxima), 
title('Peaks'), 
xlabel('i'), ylabel('x(i)'), hold off, zoom on; 

end; 

if (nargout <= 1), titst (cimhirmtion roturn 

minima = peak-inx; 
end; 

End-of-File 

223 



Appendix C: 3- Derivative Wavelength Referencing M1A'1'I. AB Program 

Andrew McGettrick & Kevin Duftin 
4th August 2005 
wavelength referencing program for 1st derivative signals using 

%polynomial fits 
------------------------------------- ------ - -- 

%This script file, when called, asks the user for three files; 

%l. A resonator data file. 
%2. A theory plot of the specific gas at specific concentration, 
%pressure and temperature. 
%3. An experimental plot of the aforementioned ctas at the 
%aforementioned concentration, prEtiýurr 
%and temperature. 

%The data is used to convert the index tic i1e in the 
%plot to wavelength. The 
%lst harmonic amplitude vs. wavelength / frequency experimental data 
%is then plotted. 
%The ist harmonic signal is also reconstructed to form the absolute 
%gas 
%absorption line transmission function. 

------------------- ----------- 

format long; 

1.0 Ask user for resonator (], it (I fi lp 

res-file = input('\n Input resonator data file: ', 's'); 

II Load in resonator dat afil 
x= csvread(res_file); 

--------------- _ --- -------------------------- ----------------- 

2.0 Ask user for theory data file 
theory-file = input('\n Input theory data file: ', 's'); 

2.1 Load in theory data file 
Y= csvread(theory_file); 

2.2 Theory data fi le is 'col umn rim trix need t rý Fýý tr , ýr t 
%separate wavelength and index vectors 

11 ", Atmlpl i tudes in 2nd col unln of mat r1, t 
amps = Y(:, 2)'; 

wavelengths in 1st column of mat r it, t ranspose itit ýý m% 
waves = Y(:, 1) , 

- ------------------------------ ---- --- --- --------- 

3.0 ask user for experimental data file 

exp_file = input(' \n Input experimental data file: ', 's'); 

11Io ad in experImentII c1. Itd fi 1tß 
z= csvread(exp_file); 

3.2 Amplitudes in 1st column of matrix, transpose into row 
amps_exp = z(:, 1) , 

------------------------------------------------------------------- 
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% 4.0 Identify correct locations of peaks and troughs in 
%resonator plot 

4.1 identify all peak and t roucah l m, t t Ion,, rn rý , ýýn, r t irr tlt [I »]=findpeak(x); 

Declaration of variahk-, 
d=2; 
dd=1; 
ddd=1; 
peak=77; 

4.2 Discount any spurious pe, iks, 
while ddd<length(peak) 

if there's a spurious peak overwri to it ýti itht ho nvX t 
%thus shifting all values on the r. h. s of the spur tuu, ý, rI left 
%one pl <ace if (peak(d)-peak(d-1)) <20 

dd=d; 
while dd<(length(peak)) 

peak(dd)=peak(dd+l); 
dd=dd+1; 

end; 
peak(end)=0; 
peak=peak(1: (end-1)); 

end; 
d=d+1; 
ddd=ddd+l; 

end; 

4.3 Declare new vector of correct 1vi dent if ied peak,, 
77=peak; 

Declaration of variables 
d=2; 
dd=1; 
ddd=1; 
troughs=I; 

4.4 Discount any spurious troughs 
while ddd<length(troughs) 

if there's a spurious trough overwrite it �tth the next 
%trough, thus shifting all values on the r. h. s of the spurious v, tlu, ' 
%left one place 

if (troughs(d)-troughs(d-1)) <20 
dd=d; 

while dd<(length(troughs)) 
troughs(dd)=troughs(dd+l); 
dd=dd+1; 

end- 
troughs(end)=O; 
troughs=troughs(1: (end-1)); 

end; 
d=d+1; 
ddd=ddd+1; 

end; 
;r4.5 Declare new vector of correctly identified troughs 
i=troughs; 

% 5.0 identify correct locations for zero crossings 
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11 5.1 Create matrix for titor- rnq . ýrn c rrý., inrý IMI It ýýrn, 
zero_crossings=[]; 

Zero ( rnss i nqs gare lo( 
, it eil h. t If v<, rv hrt ý. ýrn Iýr, rý , rnr1 r ýurth 

zz=1; 

while zz <= length(). ) & zz <= len th(I) 
zero_crossings(zz)=(JJ(zz)+I(zz))/2; 
zz=zz+1; 

end; 

zz=1; 

5.: I) ecl, irc new vector of correctly Identi fieci 
7)=zero-crossings; 

------- --------------------- 

% 0.0 ý in (I the 1i ne cent re wave I engt h of t he t hear yp1 nt 
K= min(amps); 
K_Index = find(amps == K); 
Line_Cent_Wave = waves(K_Index); 

Create an arh. constant t o set u{ý r to I, ýt i vr' ý. lveI enIJt h 
"ý/Ifrequen(y scale 

Line_Cent_wave= 150000; 

% 7.0 Find the line centre index from the experimental plot 
Q= min(amps_exp); 
Q_Index = find(am s_exp == Q); 
QQ = max(amps_exp); 
QQ_Index = find(amps_exp == QQ); 

positive-peak= QQ_Index(1); 
negative-peak= Q_Index(1); 

,, Dec litre v. iriahle,, 
nnn=1; 
zero-amps 

7.1 Declare a vector containinq the fxper imental ý, ý1ý�ý 
'; between the positive and negative peak,, 
while nnn<positive_peak 

if nnn>negative_peak 
zero_amps(nnn-negative_peak)=amps_exp(nnn); 

end; 

nnn=nnn+1; 

end; 

7.2 Fi ncl the value cl rasest to zero in the new vector 
'i; "zero amps" 
[error111, closest_zero_amps]=min(abs(zero_amps-0)); 
closest-zero-amps=closest-zero-amps + negative-peak; 

Line_Cent_Index = closest_zero_amps(1); 

S. 0 Find location of closest eru rossinq to the line centre 
%of the experimental plot 
[errorl, closest_peak]=min(abs(» -Line_Cent_Index)); 

------- ------- 

Frequency spacing 
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delta-f= 0.427476249; 

9.0 convert zero- crossi nq i n(1i 0f rO(IuVn( iI 
(). I F)ecldre vector for , tor- ino f requrmr i, , Res_PealLWave = [] ; 

Res_Peak_wave(closest_peak)=150000; 

FF=length(77)+1; 
nn=1; 
pp=closest_peak; 
while nn < FF 

if nn<pp 
Res_peak_wave(nn)=[Line_Cent_wave+((pp-nn)*delta_f)]; 

end; 

if nn>pp 
Res_Peal-Wave(nn)=[Line_Cent_wave-((nn-pp)*del ta_f)]; 

end; 
nn=nn+1; 
end; 

10.0 Make a second order polynomial fit to interpol, itr º, vtwef'n %the resonator frequencies 
P=polyfit(77, Res_Peak`wave, 2); 
xx=length(amps_exp); 
x=[1: 1: xx]; 

%.; Ext r, ict v, llUEes of polynomial fit at each inc rempnt x 
yyy=polyval(P, x); 

----------------- 
11.0 shift this polynomial to match the experimental file at 

eine centre and outwards 
Line_Cent_freq = 3e8. /waves(K_Index); 
shift=Line_cent_freq-YYY(Line_Cent_Index); 
yyy=yyy+shift; 

12.0 [, lot I xperiment<i1 
plot(YYY, amps_exp); 
xlabel('Frequency (GHz)'); 
ylabel('a. u. '); 
title(' Frequency Referenced 
hold on; 

vdIUPS dqa inst frequency 

Plot'); 

save plot 
new-plot = [YYY' amps_exp']; 
dlmwrite('frequency. txt', new-plot, 'delimiter', '\t', 'precision' 
'%. 6f'); ' 

figure; 

"/� 13.0 Plot Experimental values aqminst ength 
YYY_wavelength=3e8. /YYY; 

plot(YYY_wavelength, am)s_exp); 
xlabel('wavelength(nm)I; 
ylabel('a. u. '); 
title('wavelength Referenced Plot'); 

----- 
14.0 Integrate 1st derivative to return to fundamental 

�t ransmi ssi on profile 
reconstructed_line=cumtrapz(YYY_wavelength, amps_exp); 
figure; 
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1i. 0 clot inte(jrdted i xj)erirnental values , tctd1ntit w, rvf'l('n(ItI 
plot(YYY_wavelength, cumtrapz(YYY_wavelength, amps_exp)); 
xlabel('wavelength (nm)'); 
ylabel('Relative Transmission'); 
title('wavelength Referenced Reconstructed Prot'); 

grid on; 

Save plots 
waves_exp = YYY_wavelength'; 
new_amps_exp = amps_exp ; 
new_plot2 = [waves_exp new_amps_exp]; 
new_plot3=[waves_exp reconstructed-line']; 

dlmwrite('wavelength. txt', new_plot2, 'delimiter', '\t', 
' precision', '%. 6f'); 
dlmwrite('reconstructed. txt', new_plot3, 'delimiter', 
'precision', '%. 6f'); 
-- ----------------------------------- -- 
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Appendix C: 4- RAM Wavelength Referencing MA'I'LAB Program 

Kevin Duffin and Andrew McGettrick 
% 4th August 2005 
% wavelength referencing program for Separated R. A. M signals using 
%polynomial fits 
% --------------------------_ 

%This script file, when called, asks the user f or three files; 

%1. A resonator data file. 
%2. A theory plot of the specific gas at specif ic concentration, 
%pressure and temperature. 
%3. An experimental plot of the aforementioned gas at the 
%aforementioned concentration, pressure 
%and temperature. 

%The data is used to convert the index scale in the experimental 
%plot to wavelength. The 
%amplitude vs. wavelength experimental data is then plotted. 

----------------- 

format long 

% 1.0 Ask user for resonator data file 
res-file = input('\n Input resonator data file: ', 's'); 

1.1 ioad in resonator data file 
x= csvread(res_file); 
------------------------------------------------ ------------------- 

%. 2.0 Ask user for theory d<a t ,ifi le 
theory-file = input('\n Input theory data file: ', 's'); 

2.1 Load in theory data file 
Y= csvread(theory_file); 

% 2.2 Theory data file is 2 column matrix - need to extract 
%separate wavelength and index vectors 

Amplitudes in 2nd column of matrix, transpose into row 

wavelengths in 1st column of matrix, transpose into row 
amps = Y(:, 2)'; waves = Y(:, 1)'; 

------------------------------------------------------------- --- 

3.0 Ask user for experimental dat(i file 
exp_file = input(' \n Input experimental data file: ', 's'); 

3.1 Load in experimental data file 

z= csvread(exp_file); 
3.2 amplitudes in 1st column of matrix, transpose into row 

amps_exp = z(:, 1)'; 
., ------------------------------------------------------------------- 

% Identify correct locations of peaks and troughs in 
%resonator plot 

% 4.1 Identify all peak and trough locations in resonator plot 
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[I J7]=findpeak(x); 

Dec ]ar, it on of v, triahi(« 
d=2; 
dd=1; 
ddd=1; 
peak=77; 

4.2 Discount any spurious, peaks 
while ddd<length(peak) 

if there's a spurious peak overwrite it with the next peak, 
";, thus shifting , ill values on the r. h. s of the spurious value left 
'lone place 

if (peak(d)-peak(d-1)) <20 
dd=d; 

while dd<(length(peak)) 
peak(dd)=peak(dd+l); 
dd=dd+1; 

end; 
peak(end)=0; 
peak=peak(1: (end-1)); 

end; 
d=d+1; 
ddd=ddd+1; 

end; 

% 4.3 Declare new vector of correctly identified peaks 
» =peak; 
-VI Declaration of variables 
d=2; 
dd=1; 
ddd=1; 
troughs=I; 

01 4.4 Discount any spurious troughs 
while ddd<length(troughs) 
% If there's a spurious trough overwrite it with the next 
%trough, thus shifting all values on the r. h. s of the spurious value 
%left one place 

if (troughs(d)-troughs(d-1)) <20 
dd=d; 

while dd<(len th(troughs)) ) 
troughs(dd =troughs(dd+l); dd=dd+1; 

end; 
troughs(end)=0; 
troughs=troughs(1: (end-1)); 

end; 
d=d+1; 
ddd=ddd+1; 

end; 

IX) 4.5 Declare new vector of correctly identified troughs 
I=troughs; 
% ----------------------------------- --------------------------- 

% 5.0 identify correct locations for zero crossings 
% 5.1 Create matrix for storing zero crossing locations 
zero_crossings=[]; 

% zero crossings are located half-wa y between peaks and troughs 
zz=1; 
while zz <= length(n) & zz <= len th(z) 

zero_crossings(zz)=(]J(zz)+z(zz3)/2; 
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zz=zz+1; 

end; 

zz=1; 
5.2 DDecleire new vector of correctly identit led zero-crossings 

77=zero-crossings; 
' -------- ------------------------------------------------- 

% 6.0 Find the line centre wavelength / frequency of theory 
%trace 

ri rid t he till ni mum 'imp Iit ude in the theory plot 
K= min(amps); 
K_Index = find(amps == K); Returns index of the minimum value 

Line_Cent_wave = waves(K_Index); ", I wavelength at index K is the 
,,, centre wavelength 

Line_Cent_wave=(3e8/Line_Cent_wave); ", Convert to frequency 
-------------- ------ 

`ý, 7.0 Finds the line centre index from the experimental plot 
Q= min(amps_exp); Find the minimum amplitude in the experimental 
%plot 
Q_Index = find(amps_exp == Q); Returns index of the minimum value 
Line_Cent_Index = Q_Index(1); Index at Q is the centre index 
% ------------------------------------------------ 

8.0 Find resonator peak location of closest resonator peak to 
%the line centre of the experimental plot 
[errorl, closest_peak]=min(abs(JJ-Line_Cent_Index)); 
%- ------ 

Frequency spacing 
delta-f= 0.427476249; 

9.0 Convert resonator peak indices to frequencies 
9.1 Declare vector for storing frquencies 

Res-Peak-wave = []; 

Res_Peak_wave(closest_peak)=150000; 

FF=length(JJ)+1; 
nn=1; 
pp=closest-peak; 
while nn < FF 

if nn<pp 
Res_Peak_Wave(nn)=[150000+((pp-nn)*delta_f)]; 

Constant added to set up relevant frequency scale 
end; 

if nn>pp 
Res_Peak_wave(nn)=[150000-((nn-pp)*delta_f)]; 

end; 
nn=nn+1; 
end; 
ý; ---------------- --- 
% 10.0 Make a second order polynomial fit to interpolate between 
%the resonator frequencies 
P=polyfit(JJ, Res_Peak_Wave, 2); 
xx=length(amps_exp); 
x=[1: 1: xx]; 
YYY=polyval(P, x); 
% -- -------------------- 
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'%, 11.0 shift this polynomial to match the experimental plot at 
',; line centre ind outward,, 
YYY_rel=YYY; 
shift=Line_cent_Wave-YYY(Line_Cent_Index); 
YYY=YYY+shift; 

----------------- 

Plot experimental values against frequency 
plot(YYY, amps_exp); 
xlabel('Frequency (MHz)'); 
ylabel('Relative Transmission'); 
title('Comparison of theory and experiment'); 
hold on; 

',, IV(' plot 
new-plot = [YYY amps_exp]; 
dlmwrite('frequency. txt', new-plot, 'delimiter', '\t', 'precision', 
'%. 6f'); 

figure; ';,; new figure for the wavelength scale 

Pet experiment, dl v. iluw'- a(ldinst wavelength 
YYY_wavelength=3e8. /YYY; 
plot(YYY_wavelength, amps_exp); 
xlabel('wavelength (nm)'); 
ylabel('Relative Transmission'); 

S<tve plot 
new_plot2 = [YYY_wavelength' amps_exp']; 
dlmwrite('lambda. txt', new_plot2, 'delimiter', 'precision', 
'%. 6f'); 

---- - ------ ------ ------------------- - ------- 
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Appendix D-2 °d Order Taylor Series Expansion of Lorentzian Broadened 

Absorption Line 

The intensity (1) of the laser source at a particular frequency (vi) is given by: 

I =1(v, )+AI(v, )cos(wt) (A1) 

The output intensity from an absorbing medium is thus given by: 

I, 
u, 

[I (v, )+ AI (v, )cos(cot» 1- a(v)Cl) (A2) 

A Taylor series expansion of the lineshape a(v, ) around vi is: 

a(v) = a(v, )+ da(v, ). [v - v, ]+ 1. d 2a(vI). [v - v, ]2 +... 
(M) 

dv 2 dv2 

Therefore: 

lout [I(v, )+M(v, )cos(cwt)]x (A4) 

(1_a(v, ). cl_&(v, ). cl. ov. cos(o)t_w)_. a1(vJcl. ov2. cos2(o)t_w)) 

Multiplying out bracketed terms in equation (A4) gives 

IV., =I(v, )+M(v, ). cos((ot) (AS) 

- I(v, ). a(v, ). Cl - MI(v, ). a(v, ). cl. cos(cwt) 

- I(v, ). a'(v, ). C1.8v. cos((ot - y)- AI (v, ). a' (v, ). cl. 8v. cos(cot) cos((ot - Y) 

OI(v, ). a" (v, ). cl. Sv' I. cos((ot) cos 2 (wt _y) -2 I(v, ). a" (v, ). CI. Sv 2. cos' (wt 
-Y)- 2 
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Using the trigonometric identities: 

cos(wt)cos(wt - Y) _ (cos(2cut 
-'r)+ cos(y)) 

and 

cos2((ot-yv)= (1 +cos2((wt-W)) 

equation (A5) now becomes: 

Imo,, =1(v, )+AI(v, )cos((Ot) (A6) 

-I (v, ). a(v, ). Cl - AI(v, ). a(v, ). cl. cos(a)t) 

-I(v, ). a'(v, ). CI. Sv. cos(wt - yr)- 
! 

AI(v, ). a'(v, ). c1.8v. (cos(2wt -Y)+cos(y)) 

-I I(v, ). a"(v, ). Cl. Sv2. (1 + cos 2(wt - yr)) 

-4 01(v, ). a"(v, ). cl. 8v 2 
1cos(wt) 

+2 {cos(3(ot - 24, ) + cos(2yr - cot))] 

The DC term then becomes: 

IDC =I(v, )"{1-a(v, )CI} (A7) 

With the lock-in set to the 1" harmonic the output becomes: 

I. =01(v, )"cos(wt)-AI(v, )"a(v, )"CI"cos(wt) (A8) 

-I(v, )"a'(v, )"CI "Sv"cos(wt-w) 

With the lock-in set to the 2 °d harmonic the output becomes: 

I2 =-I "MI(v, )"a'(v, )"Cl "Sv"cos(2wt-w) 
(A9) 

-4 "I(v, )"a"(v, )"C/"Sv2 "cos2(cut-Y ) 

The terms left over and considered negligible for small Sv are: 
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Iýýº, 
Bºa. _-2 M(v, ). a'(v, ). CI. Sv. (cos(W)) 

-q I(v, ). a"(v, ). C1. Sv' 

-qt11(v, ). a"(v, ). C1. Sv2. 
[cos(cot)+ f {cos(3wt-241)+cos(2yý-wt))] 

(A10) 
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