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Abstract

Methane is a colourless, odourless gas that can be found extensively in nature.
The average global concentration of methane is currently approximately 1.8ppm,
the highest concentration for over 800,000 years. Although this concentration is
significantly lower than that of CO, (391ppm), methane has a global warming
potential up to 34 times greater over a hundred year period. As a result, trace
detection of atmospheric methane has gained increased attention as a form of
environmental protection. The purpose of this thesis is to undertake investigations
into the development of instrumentation to make observations of background levels
of atmospheric methane. Newly available wavelength sources along with alternative

gas cells are investigated for potential use in this instrument.

Laboratory analysis of a new external cavity Bragg-stabilised laser (ECBSL) operating
at 1651nm was performed, with comparisons made against against a fibre-coupled
distributed feedback (DFB) laser diode. The ECBSL showed promise for use in
the detection of methane in the laboratory, with a limit of detection of 8ppm using
a 2bcm pathlength single-pass gas cell being comparable to that of the DFB laser
diode. Issues with alignment stability were however observed with this laser, limiting
the measurements that could be made and restricting its use outside of laboratory
conditions, with utilisation on light aircraft deemed to be impossible in its current

configuration.

Investigations were then performed into the performance of a newly available
interband cascade laser (ICL), with emission at 3311nm. A full characterisation
of the ICL was performed, alongside measurements of methane using both a 25cm
pathlength single-pass cell and an integrating sphere with effective pathlength of
54.5c¢m, with single-point limits of detection of 2.2ppm and 1.0ppm being determined
respectively. A combination of an Allan variance and absorption line-fitting techniques
were utilised to improve the limit of detection using the integrating sphere, resulting

in a 0.3ppm limit of detection for a 25 second average.



The design and development of instrumentation to perform measurements of background
concentrations of atmospheric methane utilising the combination of ICL and integrating
sphere is then described. The reasoning behind the selection of components and
progression of the instrument design is described. Once assembled, laboratory testing
of the instrument showed a single-point limit of detection of 1.6ppm, higher than that
seen with the previous set-up, however this was still below the background methane
concentration. An initial shakedown flight was carried out once the instrument
had been certified and installed in the aircraft. Due to failures of two electrical
components, further flight testing was postponed until improvements to component
isolation have been made. This flight demonstrated, however, that the instrument
has the potential to provide measurements of atmospheric methane, as the majority

of components operated as expected, including both the laser and the cell optics.
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Chapter 1

Introduction

This chapter provides background information for the research undertaken, with an
outline of the aims and objectives of the project displayed. Finally a description of

the structure of the Thesis is provided.

1.1 Background

Average global concentrations of greenhouse gases increased at a rate of 2.2% per
year between 2000 and 2010 [1], with current concentrations of CO,, CHy and NoO
exceeding any level for the past 800,000 years, the period of measurement covered

by ice cores [2].

The second of these gases, methane, is a colourless, odourless gas that can be found
extensively in nature, being the most abundant organic trace gas in the atmosphere [3].
Although the concentration for methane is significantly lower than that of carbon
dioxide (1.8ppm compared with 391ppm in 2011 [2]) it has a global warming potential
up to 34 times greater than that of COy over a hundred year period and much more

(86 times greater) over its lifetime in the atmosphere of 20 years [4].

As a result, trace gas detection has attracted significant attention as a form of
environmental protection, with methane detection systems gaining increased focus

amongst these techniques.
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1.1.1 Airborne atmospheric sensing

With the atmospheric concentration of methane at such a high level, the need for
systematic measurements of its concentration, at both a global and local scale, is
crucial. Measurements taken aboard an airborne platform or laboratory therefore offer
an enticing method in the monitoring of atmospheric methane [5]. As a result of this
demand for airborne measurements, numerous studies have already been undertaken,

with the aim of exploring possibilities for aircraft atmospheric monitoring [5-13].

Light aircraft offer a number of advantages over alternative airborne platforms,
including increased manoeuvrability and lower flight speeds. This allows the aircraft
to more accurately target a specific location, such as a methane emission plume,
and to remain within this location for a longer time period. This in turn allows any
measurement instrumentation on the aircraft to take more accurate and a greater
number of measurements compared with larger aircraft. As the instrumentation
can be moved closer to any emission sources, demands on the specification of the

instrument (such as the required limit of detection) can be relaxed.

Airborne platforms, including light aircraft, are however considered to be relatively
harsh environments, presenting a number of performance issues when taking measurements
that would otherwise not be present in laboratory conditions. Airborne instruments
must not only have high sensitivity and selectivity, but also have a fast response

time and be insensitive to vibrations caused by the aircraft or turbulence.

The weight, size and power requirements of any instrument operating in these
environments must also be taken into account when the instrument is being designed.
For example, to make sure their instrumentation was insensitive to in-flight vibration
(as well as the shock from take-off and landing) on Douglas DC 3 and Lockheed L-188
aircraft, Schiff et al. (1990) [8] had to reduce the weight and power requirements of
their instrument by approximately 140kg and 2kW respectively in comparison with

the ground-based instrument.
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The instrument must also be resistant to any changes in the ambient conditions
within the aircraft, such as temperature, pressure and humidity. The standard
temperature lapse rate with respect to altitude is 6.5K/km. This means that solely
within the atmospheric boundary layer of Earth (between 2-3km above sea level [14])
the temperature could vary by as much as 19.5K. The ambient atmospheric pressure
is also affected. Equation 1.1 shows the non-isothermal version of the barometric
formula, which states how pressure changes with altitude within the troposphere

(between sea level and an altitude of approximately 11km)[15]:
B\ =
P(h) =Py (1 — —) (1.1)

where P is the pressure at a given altitude h, F, is defined as the pressure at sea
level (1013.25 mBar), /3 is the temperature lapse rate, Ty is the mean temperature at
sea level (288.15 K), m is the molar mass of standard air (28.96 g mol™'), gy is the
acceleration due to gravity (9.81 ms™2) and R is the universal gas constant (8.31 J

mol ! K1).

Figure 1.1 shows how the atmospheric pressure changes with altitude, following
the barometric formula laid out in Equation 1.1. The central line shows the mean
pressure at a given altitude, with the shaded blue region showing variation caused
by changes in temperature and in the pressure at sea level. The graph shows that at
an altitude of 11km, the pressure drops to approximately 230mBar, but only drops
to around 700mBar at the top of the atmospheric boundary layer. The altitude
that measurements are made at therefore will have a direct impact on what pressure
regime the analysis will need to take place in. This will be covered further in

Chapter 3.
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Figure 1.1: Pressure change with altitude up to 11km, calculated from Equation 1.1.
Changes in the mean caused by variations in temperature (£10°C) and pressure
(£50mBar) at sea level are highlighted.

Richter et al. (2009) [13] have shown that the difference between laboratory equipment
and airborne instruments over shorter averaging times (approximately 30 seconds) is
negligible. This is due to the short-term measurements more likely being limited by
white noise, therefore making the variance inversely proportional to the averaging
time. After the optimum averaging time of the devices have been reached, however,
some drift effects can be observed as a rise in variance as the averaging time increases.
It was shown that the limit of detection (LOD) between an instrument optimised in
the laboratory and an airborne instrument in flight can differ by up to a factor of

5 [13] for averaging periods of approximately 5 minutes.

1.2 Project aims & objectives

The aim of this PhD was to develop instrumentation utilising newly available
wavelength sources and alternative gas cells, such as integrating spheres, that could
make detections of background levels of atmospheric methane. The project was a

collaboration between Cranfield University and the Facility for Airborne Atmospheric

4
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Measurements (FAAM). The instrument was to be mounted on a lightweight aerial
platform (light aircraft, unmanned aerial vehicle (UAV), etc.) so that in-flight

measurements could be made.
The specific objectives of this project were as follows:

e Perform laboratory analysis into newly available wavelength sources and their
ability to detect methane;

e Investigate the suitability of integrating spheres for use as optical gas cells in
atmospheric measurements of methane;

e Develop instrumentation to perform in-flight measurements of methane at the
background atmospheric concentration of 2ppm. This includes meeting flight
certification requirements;

e Characterise the performance of the instrumentation developed at known concentrations
in the laboratory;

e Perform in-flight testing of the instrumentation.

1.3 Thesis structure and content

Chapter 2 discusses the most commonly used gas detection techniques, both optical
and non-optical, describing the advantages and limitations of each. An overview of

the gas cells more frequently utilised in spectroscopic gas detection is provided.

Chapter 3 discusses the principles and theory behind tunable diode laser spectroscopy
along with an analysis of the line fitting algorithms that are implemented in later
chapters. A discussion of how the gas absorption lines behave under different
atmospheric conditions and to what extent this will have an effect on the measurements
taken is also provided. The theory behind integrating spheres is covered along with

the advantages and disadvantages that they provide.

Chapter 4 describes the work undertaken making methane detections in the near

infrared with a new external cavity Bragg grating-stabilised laser and making
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comparisons with a conventional diode laser at the same wavelength.

Chapter 5 outlines work performed in the mid-infrared. A characterisation of an
interband cascade laser is described alongside a full analysis of the noise in the
laboratory set-up. Experimental results of the methane detection performed using
both a single-pass gas cell and an integrating sphere are shown along with an analysis

of the limit of detection and line fitting techniques.

Chapter 6 covers the development of the instrument built for airborne measurements
of atmospheric methane. The evolution of the design is discussed along with the
selection of the internal components. Analysis of laboratory and field testing of the

instrument is then described.

Chapter 7 summarises the project, providing the conclusions that were drawn
throughout and reviews the extent to which the objectives were met. The limitations

of the current system are described and suggestions for future work are detailed.

Appendix A contains the datasheets for the interband cascade laser used in Chapters 5
and 6. Appendix B showcases the Labview data acquisition code utilised in the
same chapters. Appendix C shows the designs of the 3D printed mounts used in the
construction of the instrument, while Appendix D presents the aeroplane modification

and certification documents.
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Chapter 2

Methane Detection Techniques

This chapter describes the more common optical, and non-optical, techniques used

for the detection of methane.

2.1 Non optical techniques

There are a number of non-optical techniques that could be used to detect methane.
The techniques that are discussed here are electrochemical sensors, flame ionisation

detectors, catalytic sensors, and metal oxide semiconductors.

2.1.1 Electrochemical sensors

Electrochemical sensors are made up of a number of electrodes: working (sensing),
counter and reference. These are enclosed in a sensor housing that is in contact with
a liquid electrolyte [1], as shown in Figure 2.1. The working electrode is on the inner
face of a membrane that is porous to gas but impermeable to the electrolyte. When
the target gas reaches the working electrode, either oxidation or reduction occurs
(depending on the gas species). The current produced by this reaction can then be

measured, with amplitude being proportional to the concentration of the gas.

These sensors are compact, have low power consumption, have good linearity and
repeatability, and have a low limit of detection (LOD) (between 0.02 and 50 ppm).
However, their average lifetime can be relatively low, typically one to three years [2].
The sensors can also have long response times, ranging from a few seconds to a few

minutes in some cases [3]. The detection of methane using these sensors is still in
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the development stage, with a prototype device being produced in 2015 that was

shown to detect 100ppm methane [4].
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Figure 2.1: An example of the internal structure of a typical electrochemical sensor,
taken from [5].

The use of these sensors within this project can therefore be deemed to be impractical,
as significantly lower detection limits are needed for methane detection and a shorter

response time is crucial.

2.1.2 Flame ionisation detectors

Originally demonstrated in 1958 by McWilliam and Dewer [6], flame ionisation
detectors (FIDs) measure the changes in the number of ions generated in a hydrogen
flame caused by the presence of trace quantities of organic compounds. A schematic
diagram of a typical fast response FID is shown in Figure 2.2. The sample gas is
burned in the hydrogen flame, with the organic compounds reduced into carbon
fragments and become ionised. These ions are then collected above the flame on a

high voltage biased electrode.

FIDs are effective detectors of organic molecules, having been shown to detect

concentrations below 1ppm with little influence from inorganic molecules [7]. Unfortunately,
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this technique is non-selective between the different organic compounds that interact
with the sensor. Strict flight regulations on fuel sources on-board aircraft also limit
the potential for this technique to be utilised in this project due to the need to carry

a small hydrogen cylinder on-board.

Fast Response FID

High voltage

3 —
ion collector Vacuum

Flame
chamber

Nozzl
ozzle — Alr
<— Fuel gas
Sample
capillary

Figure 2.2: Schematic diagram of a fast response flame tonisation detector, taken

from [8].

2.1.3 Catalytic sensors

Catalytic Sensors usually consist of a pellistor element: an electrically heated platinum
coil of wire covered with a catalytic substance, such as palladium [9]. A schematic
of a typical catalytic bead sensor is shown in Figure 2.3. When a combustible gas
(such as methane) passes over the hot catalyst surface, the gas is ignited, raising
the temperature of the pellistor element and as a result altering the resistance of
the platinum coil. This resistance change is directly proportional to the target
gas concentration. These sensors are a simple, low cost, proven technology with
a long lifetime. They are, however, not very sensitive, typically having a LOD of
approximately 500ppm, suffer from long response times (20-30 seconds), are non-
selective between combustible gases, and can be poisoned or their calibration affected

by their exposure to different gases.
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Figure 2.3: Ezample schematic of catalytic bead sensor, taken from [9].

2.1.4 Metal oxide semiconductors

Metal oxide semiconductors operate in a similar manner to catalytic sensors. These
sensors consist of a thin metal-oxide film deposited on top of a substrate, as shown
in Figure 2.4. When the target gas comes into contact with the surface of the device,
a change in the electrical resistance of the oxide material can be observed, with the
amplitude of the change directly corresponding to the concentration of the gas being
analysed [9].

VOCs CO, H0

\/

electrodes

heated membrane

MEMS substrate
AG
Figure 2.4: FExample schematic of a metal oxide semiconductor gas sensor, taken

from [10].

These sensors are simple, robust, and can be sensitive down to the ppm level

for methane. They have been found, however, to be unreliable when used in

13
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atmospheric environments as they can be affected by fluctuations in temperature
and humidity, producing a drift in the measurements. This therefore makes them an
unsuitable option for use within this project, where the main aim is to take accurate

measurements in an atmospheric environment.

2.1.5 Summary of non-optical techniques

Table 2.1 displays a comparison of the different available non-optical techniques
that can be used to detect methane. As mentioned in the previous sections, each
of these techniques has properties that would make them desirable for the airborne
measurements in this project (low limits of detection, compact, low cost, etc.).
However, each of them also has at least one aspect that would make them impractical
for use, e.g. long response times, non-selectivity, sensitivity to fluctuations in ambient
conditions. As such, these techniques are not feasible for use in this project. The
following sections describe optical methods of detection that provide a more logical

footing for airborne usage.

2.2 Optical absorption spectroscopy

Optical absorption spectroscopy is an ideal and often used method of trace gas
detection, having fast response times, high specificity and low LOD [11]. These
methods measure how different gas species absorb light with respect to their
concentrations [12]. The basic principle of optical absorption spectroscopy can

be described using the Beer-Lambert law [12]:

I = Iyexp(—al) (2.1)

where [ is the light transmitted through the gas cell, I is the light incident on the
gas cell, « is the absorption coefficient of the target gas species (typically with units

cm™!) and /£ is the cell’s optical pathlength (typically with units cm).
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Table 2.1: Comparison of non-optical gas detection techniques.

Detection Principle Advantages Disadvantages
Technique
Electrochemical | Consist of three | ¢ Compact e Short Lifespan
Sensors electrodes, e Low power e Long response
amplitude of consumption times
reaction current | e Good linearity and | e High LOD for
corresponds to repeatability methane
concentration (100ppm)
Flame Measure changes | @ Highly sensitive e Non-selective
ionisation in ion count (<1lppm LOD) between organic
detectors from hydrogen e Not influenced by compounds
flame caused by non-organic e Fuel source
organic compounds required
compounds
Catalytic Measure change | e Simple to e High LOD
Sensors in resistance in implement (500ppm)
pellistor when e Low cost e Long response
gas interacts e Long lifespan times (20-30
with catalyst seconds)
Metal-oxide Measure change | e Simple to e Influenced by
semiconductors | in resistance in implement temperature and
metal-oxide e Robust humidity in
substrate when | e ppm sensitivity for atmospheric
in contact with methane conditions
gas causing drift

For low a/, equation 2.1 becomes linear and can be expressed as follows:

Al
— =~ ol (2.2)
Iy

where AT = Iy — I and AI/Ij is defined as the absorbance, which is unitless but
often expressed in terms of absorbance units (AU). The limit of detection of a target
gas species can be quantified as the noise equivalent absorbance (NEA, in units
AU) or the minimum detectable absorption coefficient (i, in cm™), allowing

instrumental techniques to be compared without reference to the specific target gas.

For many gas species, the fundamental bands of vibrational transition absorption
bands lie in the mid infrared, whilst the overtone and combination bands usually lie

within the near infrared. In the case of methane, the strongest vibrational absorbance
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bands are in the 3.3um and 7.7pm regions, with weaker absorption bands being

found at 1.65pum and 2.3pum.

A comparison of the absorption bands for methane in the near and mid infrared
is shown in Figure 2.5. A commonly targeted absorption line for the analysis of
methane is at 1651nm, due to the ease of acquiring light sources and detectors that
operate in this wavelength region. Although this line is the strongest in its respective
absorption band, it has an absorption coefficient approximately 100 times smaller

than those seen at 3.3um.
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Figure 2.5: Comparison of methane absorption line strength in the near (inset)
and mid infrared,, taken from [13].

2.3 Non dispersive infrared (NDIR)

NDIR is a specific category of broadband, non-dispersive gas sensing undertaken in
the mid-infrared spectral region. These sensors operate by directing the emission of
a broadband light source through two filters, one covering the absorption band of
the target gas species, the other covering a neighbouring non-absorbed region [11].

An example of an NDIR gas sensor can be seen in the diagram shown in Figure 2.6.

NDIR sensors are simple to implement, compact, lightweight and have a relatively
low cost. They do, however, have a number of drawbacks. These include drift in the
light source and detector, low spectral sensitivity meaning that other gas species can
influence the signal, and that dust or dirt on one of the filters can be interpreted as

gas absorption. Sensors are currently commercially available with LODs of <500ppm

16



Chapter 2 Methane Detection Techniques Section 2.4

gas inlet Y r>gas outlet
) J
oAy

\
broadband filters dual element
source detector

Figure 2.6: Schematic diagram of a typical NDIR gas sensor, taken from [11].

for methane that are small and have low power requirements [14]. Although this
LOD is lower than other techniques, it would not be suitable for this project where

LODs of <2ppm are needed.

2.4 Photo-acoustic spectroscopy (PAS)

PAS is based on a light absorption effect that was first investigated in 1880 by
Alexander Graham Bell [15]. When a gas in a closed cell is irradiated with a beam of
light at a wavelength that is absorbed by the gas, the absorbed light causes periodic
heating of the gas, in turn producing pressure fluctuations within the chamber [16]. If
the light is then chopped or modulated at a frequency (typically within the acoustic
frequency range (20Hz-20kHz)), the pressure fluctuations can be detected using a

sensitive microphone.

Lens Chopper
I . R R > Photoacoustic Cell
Source
Microphone
Reference
v v - = > Light
Lock-i —> Electrical signal
ock-in
Analyser Amplifier = Preamplifier

Figure 2.7: Block diagram of a typical photoacoustic spectroscopic system.
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Figure 2.7 shows a block diagram of the typical set-up used in PAS. In this system,
the light source (for example a CO4 laser [17]) is focused onto a photoacoustic cell
through a chopper wheel. An ideal photoacoustic cell will amplify, or resonate with,

the generated sound by the molecular absorption whilst also isolating acoustic noise.

There are a number of potential advantages to using this system:

(i) Low LODs can be achieved using this technique, with <lppm for methane

reported by Wolff et al in 2013 [18].

(ii) The detected signal is directly proportional to the intensity of the light that is
absorbed, AT, as opposed to the transmitted light, I. The effects of shot noise,
flicker noise and relative intensity noise (associated with the light source) are

greatly reduced.

(iii) Scattered light has less of an effect on the photoacoustic signal than it does
in conventional spectrophotometry where the effective value of Iy would be

reduced, giving a false absorption measurement.

(iv) The dynamic range of the technique can be large.

(v) No photodetector is required for the main signal, improving performance in

the mid-infrared where standard uncooled detectors can have poor detectivity.

There are also, however, a number of disadvantages to using this technique, especially
outside of laboratory conditions. The first drawback with this technique is that if
the background matrix changes, a subsequent change can be observed in the signal
level, produced by changes in the relaxation processes and pathways. PAS is also
highly sensitive to background acoustic noise and vibrations. With large vibration
and noise signals being present on the aircraft planned for use in this project, PAS
therefore becomes an unviable option, even when considering the list of advantages

it holds over other spectroscopic techniques.
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2.5 Tunable diode laser spectroscopy (TDLS)

TDLS is a technique whereby the concentration of a specific gas species is measured
through the use of tunable lasers and laser absorption spectroscopy. In TDLS, the
emission wavelength of a laser diode is scanned across one or more gas absorption
lines at a high resolution [11]. The use of tunable diode lasers as a potential approach
to measure atmospheric pollutants was first investigated by Hinkley and Kelley in

1971 [19].

2.5.1 Direct spectroscopy
Direct Spectroscopy is the most fundamental form of TDLS. The output of a

laser diode is modulated so that the emission line is scanned across one or more
gas absorption lines in a narrow wavelength range [20]. This is achieved through
continuously modulating the injection current of the laser diode with either a sawtooth
or triangular waveform produced by a function generator. This action causes the
wavelength of the laser diode to be modulated over a specific range. This modulated
beam is then directed through a gas cell containing the sample under investigation,
before being detected and amplified for analysis. A line diagram of the typical set-up

used in direct spectroscopy can be seen in Figure 2.8.

Data ——> Electrical Connector Laser
L. = ===+ Laser Beam
Acquisition Controller
Current Modulation /M
Photodiode .
and Amplifier €= = === Gas Cell «---- Laser Diode

Figure 2.8: Line diagram of a typical set-up utilised in direct spectroscopy.

The resultant transmission obtained using this method gives an increasing background
(the output intensity of the laser) as it rises with the increase in injection current.

A dip in the point corresponding to the wavelength of the gas absorption line is
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then observed in this rising background. Figure 2.9 shows an example of a methane
absorption line detected using direct spectroscopy compared with the signal obtained
when no methane is present in the gas cell. By subtracting a zero reference and
taking the ratio of the detected signal to the laser light intensity, a normalised version

of the gas absorption line can be produced.
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Figure 2.9: FExample of a methane absorption line found using direct spectroscopy
compared with the signal obtained when no methane is present. Taken by author
using procedure described in section 2.5.1.

Direct spectroscopy holds a number of advantages over other forms of TDLS. The
experimental set-up needed to utilise this technique is simple to implement and
maintain. Calibration of this technique is also simpler than other TDLS variations
due to it being self-referenced. An absolute value for the absorption observed is
provided through this technique, whereas other forms of TDLS only give a relative
absorption value. There are, however, disadvantages to direct spectroscopy. The
technique has lower sensitivity than others and any fluctuations in the incident light

can have an effect on the measured signal.
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2.5.2 Wavelength modulation spectroscopy

Wavelength modulation spectroscopy (WMS) is similar to direct spectroscopy, in that
the injection current of the diode laser is modulated. In addition to the sawtooth
waveform used in direct spectroscopy, WMS induces a higher frequency sinusoidal
waveform onto the ramp, generating an additional high-frequency modulation in the
emitted laser intensity and wavelength [21]. WMS was first investigated in 1974 by
Tang et al [22], where they demonstrated the usefulness of a “wavelength-modulated

cw dye laser for derivative spectroscopy of solids”.

This additional waveform, at the modulation frequency v,,, is applied at a significantly
lower frequency than that of the half-width of the absorption line under investigation,
VL. This modulation is typically in the kilohertz to megahertz range and as a result,
WMS can be characterised so that v,/ v K 1 [23]. With the laser wavelength
simultaneously being gradually scanned across the absorption line, the resulting
signal can then be demodulated by a phase sensitive detector (such as a lock-in

amplifier) at the modulation frequency or harmonics thereof.
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Figure 2.10: Harmonics of the modulation frequency when detecting a gas absorption
line, taken by author.

The first three harmonics, examples of which can be seen in Figure 2.10, are the
more common harmonics used for detection, as most lock-in amplifiers have settings
that enable them to pick up these lower harmonics. One of the main reasons that
lower modulation frequencies and harmonics are used is to be able to make use

of the simple and cheap detection circuits that are readily available in the audio
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frequency range (approximately 20Hz to 20kHz). Most WMS applications use the
second harmonic (Figure 2.10b) for taking measurements of gas concentrations as
there are relatively low noise levels, the signal peaks at the absorption line centre,
and the baselines are usually flat [24]. The first and third harmonics, Figures 2.10a
and 2.10c respectively, are usually used for subsequent signal processing, either for

normalisation [25] or frequency stabilisation [26].

Detection at the second harmonic produces a significantly smaller DC offset than
that seen in the first harmonic due to the increase in intensity in the direct absorption
signal. This increase produces a significant DC offset in the first derivative, with
the magnitude of this offset being proportional to the laser power incident on
the detector [20]. This results in the first derivative still being susceptible to any
fluctuations in the laser power. Use of the second harmonic further reduces the effect
of these laser power fluctuations, however its magnitude is still proportional to the

incident laser power.

Standard WMS techniques require regular recalibration of the equipment to be able
to acquire reliable and accurate measurements. So-called ”calibration-free” WMS

has been developed [27], however this requires the use of additional equipment.

2.5.3 Frequency modulation spectroscopy

Frequency modulation spectroscopy (FMS) can be seen as an extension of the
WMS technique. FMS extends the modulation used in WMS to significantly higher
frequencies, between 100MHz and 10GHz [28]. As a result, FMS operates with a
modulation frequency greater than the optical linewidth of the probed absorption
feature. At these higher frequencies, the noise developed by the laser source is
negligible, meaning that the sensitivity of detection may be limited only through the

quantum noise of the detector [29].

FMS was first investigated by Bjorklund in 1980 [30]. A tunable dye laser was

modulated by the signal from an external phase modulator driven at radio frequencies.
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Using this, measurements of Fabry-Perot resonances, Iy vapour absorption lines, and
saturation holes in Na vapour were produced, with absorptions down to 5x107° AU

detected.

Measurements performed by Werle et al in 1989 [31] concluded that the 1/f laser
noise decreased by up to 40dB between 2 and 200MHz, showing that noise levels
can be substantially reduced by using high frequency modulation techniques. It was
also found that the sensitivity of systems modulated at 200MHz improved, with the
signal to noise ratio increasing by 2 orders of magnitude compared with modulations

below 1MHz.

There are several methods used in the implementation of FMS using diode lasers.
The two most common methods are single-tone frequency modulation spectroscopy
(STFMS) and two-tone frequency modulation spectroscopy (TTFMS). Each of these

techniques are described in more detail in the following sections.

2.5.4 Single-tone frequency modulation spectroscopy

In STFMS, the output of a laser is modulated using a high frequency RF generator
operating in the GHz regime, resulting in one or more side-bands separated by the
modulation frequency [29, 32]. When the detector photocurrent is combined with
a local oscillator at the modulation frequency, with the laser being scanned across
the absorption line, the resulting spectrum will contain both positive and negative

peaks. The shape of these peaks are proportional to the original absorption line shape.

STFMS is, in essence, a differential absorption technique, therefore in order to
produce optimum sensitivity, the modulation frequency must be larger than the
width of the probed absorption feature so that only one sideband is absorbed at a
time [32]. Investigating broad spectral features also requires that the modulation
frequencies must be respectively high. Detectors with bandwidths this high, however,

are complex to utilise.
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The use of STFMS with multipass cells is also limited due to the attenuation of the
laser power on the detector [28]. The signal to noise ratio reaches a maximum at
a lower number of passes compared with WMS. The sensitivity of the technique is
also limited by water vapour in the optical path, reducing the effectiveness of this
method for atmospheric measurements due to relatively high levels of water vapour

in the atmosphere (1-2%abs.)[33].

2.5.5 Two-tone frequency modulation spectroscopy
TTEFMS was first demonstrated by Janik et al in 1986 [34]. TTFMS is similar

to STFMS, however it operates with an additional modulation frequency, closely
spaced to the first in frequency, with the beat tone between the two monitored as
the absorption line is scanned. The processing of the signal then occurs at the beat

frequency.

The main advantage of this technique over STFMS is that the detector bandwidth
only needs to be in the 1-10MHz range rather than >150MHz, even if the system
requires a modulation in the GHz range [29]. As a result, this reduces the need
for large bandwidth detectors, meaning that relatively inexpensive detectors may
be used instead. The signal originating from TTFMS absorption comes from the
variation between the absorption of the laser frequency and the sum of the sideband

absorptions, with the signal peaking at the absorption line centre with even symmetry.
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Table 2.2: Comparison of most common TDLS techniques.

Detection Principle Advantages Disadvantages Typical References
Technique Performance
Direct Laser frequency | e Simple to implement | e Low sensitivity 4.3 ppm | [11, 35]
Spectroscopy | scanned across e Provides absolute e Fluctuations in LOD  (20cm
absorption line value for absorption incident light can | pathlength)
Smaller/less affect measured
equipment required signal
Wavelength | Modulation at e High sensitivity Extra equipment 2.0 ppm | [20, 21, 25, 26,
Modulation | several kHz; e Simple circuitry for is needed LOD  (10cm | 36]
Spectroscopy | detection occurs modulation and Calibration pathlength)
at harmonics, detection required
usually 2f Only gives relative
absorption
Single-Tone | RF modulation | e Negligible 1/f noise Complex ~ppb LOD 28, 29, 32]
Frequency signal, detection | e Increased detection electronics needed
Modulation | occurs at RF sensitivity for modulation
Spectroscopy | frequencies and detection
Unsuitable for use
in atmospheric
conditions
Two-Tone Modulation at e Negligible 1/f noise Complex 0.4 ppb Hz=1/2 | [29, 34, 37]
Frequency two RF e Increased detection electronics needed | LOD (13m
Modulation | frequencies with sensitivity for modulation pathlength)
Spectroscopy | detection at Reduced detection

beat frequency

bandwidth
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2.5.6 Summary of TDLS detection techniques

A summary of the different TDLS techniques commonly used can be seen in Table 2.2.
This comparison shows that WMS, STFMS and TTFMS each have a higher sensitivity
than that seen with direct spectroscopy, making them more desirable techniques to
use in a laboratory. However, due to the nature of this project where atmospheric
measurements are to be taken in less than ideal conditions, these methods become
less viable due to the additional size and weight criteria of the equipment required
for operation, as well as the added complexity of needing to calibrate the equipment

before measurements can be taken.

As such, the technique that will be utilised for this project is direct spectroscopy.
This will allow absolute values for absorption to be measured through the use of

relatively simple, lightweight equipment and electronics.

2.6 Overview of available gas absorption cells

For all of the optical absorption methods mentioned previously, a gas cell is utilised
to perform analysis of the target gas species. There are a number of different varieties
of cell that exist. A brief overview of commonly used cells will be covered in this

section.

2.6.1 Single-pass cell

The most basic form of gas cell is the single-pass cell, as shown in Figure 2.11. In this
cell light passes directly through a tube of arbitrary length with windows at each end,
often aligned at the Brewster angle. This is the angle at which light at a particular
polarisation state may pass perfectly through the window with no reflection[38]. This
is done to prevent interference fringes from developing in the cell. Gas inlets and
outlets are often positioned at opposing ends of the tube to encourage mixing along
the entire length of the cell. Although these cells are simple to manufacture and
utilise, they are extremely susceptible to misalignment, with even small vibrations

causing a reduction in the detected signal. To increase the optical pathlength, a
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new cell would have to be manufactured at the specified length, with much longer
pathlength cells becoming unwieldy and much more difficult to align. To combat this,
multipass cells are often utilised, with the more commonly used varieties described

in the following sections.

Collimated Laser Emission Brewster aligned windows
- /M\ i
Photodiode and Amplifier Gas Cell Laser Diode

Polarisation state: 1

Figure 2.11: FExample of a single-pass gas absorption cell with Brewster aligned
windows, as used for this project in Chapter 5, with a line diagram to show typical
usage.

2.6.2 White cell
The first commonly used example of a multipass cell is the White cell, developed by

John U. White in 1942 [39]. The cell, which utilises three spherical concave mirrors
with the same radius of curvature, can be seen in a schematic diagram in Figure 2.12.
Light from a source is reflected between two closely spaced mirrors at one end, A
and A’, and a third mirror opposite them, B. The centres of curvature of A and A’
are on the front surface of B, with B’s centre of curvature halfway between A and
A’. By adjusting the separation distance between A and A’ symmetrically around B

and its centre of curvature, the number of traversals can be adjusted. As a result of
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the orientation and curvature of the mirrors, the total number of traversals must

always occur in multiples of four.

Figure 2.12: Schematic diagram of the original White cell, taken from [39].

White cells are still commonly used in absorption spectroscopy for a number of
reasons: the number of traversals is easily controlled and consequently so is the
optical pathlength, beams of high numerical aperture can be used, and they are
relatively stable. Pathlengths of several thousand metres can be achieved with
this cell, with Ferguson et al achieving a pathlength of 5984m [40]. However, they
do require precise alignment of the source and detector, meaning that even small
vibrations can cause a misalignment of the system and have an effect on the optical

path.

2.6.3 Herriott cell

Herriott cells, as developed by D. R. Herriott and H. J. Schulte in 1965 [41], operate
using a similar technique to the White cell, except two spherical mirrors are used
instead of three. Light from a source is passed through a hole in one of the mirrors
and reflected between the two, as shown in Figure 2.13. The beam can then either
output back through the same hole or through a separate hole on the opposite mirror.
As a result, the Herriott cell can be used with multiple light sources through the use

of multiple input and output apertures.
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Figure 2.13: Schematic diagram of a Herriott cell with examples of types of concave
mirrors used, taken from [42].

The optical pathlength of the cell is controlled by changing the separation of the
mirrors, making this cell simpler to align and operate than the White cell. The
cell is also less susceptible to mechanical disturbance or vibration than the White
cell and can be more stable. Pathlengths of 10s of metres are typically achieved
with these cells, with Li et al utilising a 100m cell in 2016 [43]. However, high
numerical aperture beams cannot be utilised and in order to gain longer pathlengths,

significantly larger mirrors must be used.

2.6.4 Integrating sphere

Integrating spheres (or cavities) consist of a hollow container with a diffusely reflective
internal surface, an example of which can be seen in Figure 2.14a. These cells are
more traditionally used for measuring the power output of an incident light source,
however they have also been adapted for use as gas absorption cells, first being
performed by Venkatesh et al in 1980 [44]. Typically, these cells possess two or more
ports for light sources and detectors, with an additional two ports for gas inflow and
exhaust. A light barrier (or baffle) is often positioned within the sphere to prevent

direct illumination of the detector from the light source.
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reflectivity
7 sidewalls
recessed
A photodetector
(a) (b)

Figure 2.14: (a) Example of an integrating sphere with gas inlet and outlet, as used
by author in Chapter 5. (b) Simplified model of an integrating sphere, showing a
collimated beam making a pass across the cell to the first strike spot before scattering
(taken from [11]).

Integrating spheres have been shown to be tolerant to misalignment [11], allowing
them to be utilised in conditions where high vibration levels and g-loading are present,
such as those found on light aircraft. In contrast with other gas cells, integrating

spheres do not produce interference fringes, reducing the amount of optimisation

needed in their set-up.

Pathlengths for these cells are typically of the order of a few metres, with Tranchart et
al utilising a 4 inch diameter, Spectralon coated sphere with and effective pathlength
of 4.4m [45]. The achievable pathlength of an integrating sphere, however, is
heavily dependent on the reflectivity of the surface, with reflective coatings for
the near infrared providing significantly longer pathlengths than those in the mid
infrared. Fouling of the reflective surface can therefore also have a significant impact
on pathlength, meaning that the surface reflectivity has to be monitored for any

changes [46].

2.6.5 Hollow core waveguide

Hollow core waveguides (HCW) consist of a hollow tube with an inner diameter

typically between 300um and Imm. The inner surface of the waveguide is coated with
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a silver mirror finish followed by a silver halide to create an efficient infrared dielectric
reflector. An acrylate buffer surrounds the silica tube to provide protection [47]. A

schematic diagram of HCWs can be seen in Figure 2.15.

Acrylate buffer

Silica tube (100—200 pm)

(60150 pm)
Ag layer
Agl layer S

Figure 2.15: Schematic diagram of a HCW, displaying the individual layers and
coatings, taken from [48].

Due to reflections within the core, the optical pathlength of the HCW needs to be
calibrated before use. This is achived by performing a measurement at a known
concentration and comparing it to a measurement of the same concentration made
with a different cell of a known pathlength. A major advantage of HCWs is that
their small size means that a large length of the waveguide can be positioned within
a small volume. This is ideal when the size of the gas sample is restricted, or when a
fast response is needed. This same small size, however, provides a disadvantage in
terms of sensitivity to misalignment caused by vibration. This means that using it
for airborne measurements is dependent on securing the waveguide so misalignment

cannot occur.

2.6.6 Summary of commonly used gas cells

Table 2.3 summarises and compares the different commonly used gas cells. Although
they have shorter optical pathlengths in the mid-infrared than the alternatives, the
fact that integrating spheres show tolerance to misalignment and vibration makes

them the most viable option for use in this project.
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Table 2.3: Comparison of commonly used gas cells.
Gas Cell Principle Advantages Disadvantages
Single-pass cell | A tube of e Simple to use e Difficult to adjust
arbitrary length | e Easy to produce pathlength
with Brewster e Susceptible to
aligned windows misalignment
e Longer
pathlengths
unwieldy

White cell

Three spherical
concave mirrors,
two closely
spaced opposite
a third

Easily controlled
pathlength
Relatively stable

e Precise alignment
required

e Alignment can be
influenced by
vibration

Herriott cell

Two spherical
mirrors, with

Can be used with
multiple light

e High numerical
aperture beams

internal surface
coated with a
mirror finish and
silver halide

in small volume

hole(s) for input sources cannot be used
and output e Fasily controlled e Significantly
pathlength larger mirrors
e Less susceptible to needed for longer
vibration pathlengths
Integrating Diffusely e Tolerant to e Shorter
sphere reflective misalignment pathlengths in
chamber, with e Insensitive to mid infrared
ports for input, vibration e Sensitive to
detection, and e Do not produce fouling of the
gas flow interference fringes reflective surface
Hollow  core | Hollow tube e Large length of e Sensitive to
waveguide (fibre) with waveguide can fit vibration

e Waveguide needs
to be secured to
prevent
misalignment
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2.7 Current instrumentation for the detection of

methane

As mentioned in Chapter 1, taking measurements of the background methane
concentration in the atmosphere has gained increased focus in recent years. As a
result, a number of different instruments have been developed to perform this task.
This section therefore aims to provide an overview of the techniques that have been

used in both laboratory and field based systems.

Several PAS based methane detection systems have been developed for use both
in laboratory conditions and in the field [18, 49-51]. Most notably of these is the
system developed by Jahjah et al, utilising PAS to perform measurements of both
the background atmospheric methane concentration and of methane plumes with a
sensitivity of 13ppb [50]. Although this system did provide a low LOD, additional

infrastructure was required to isolate the system from external vibrations.

Numerous TDLS-based systems have been developed for laboratory measurements
of methane [52-56]. Most systems utilising this technique employ the use of a
standard multipass cell (such as a Herriott cell), with the long pathlengths these
provide allowing for low LODs. For example, Yu et al have developed a sensor that
employs a multipass gas cell with a pathlength of 57.6m to perform measurements of
methane, providing an LOD of 2.2ppb (with an integration time of 129 seconds) [54].
Integrating spheres have also been employed in this technique, with Masiyano et
al demonstrating an LOD of 0.4ppm using a 100mm sphere with a pathlength of
3.4m [52].

Similarly, a number of TDLS-based systems have been developed for ground and
aircraft measurements of methane [57-63]. As with the laboratory TDLS systems,
these instruments utilise multipass cells to allow longer pathlengths to be achieved.
The ALIAS-II instrument developed by Scott et al employs the use of a Herriott cell

with a pathlength of up to 120m, allowing a detection precision (limit of detection) for
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methane of 10ppb to be achieved [62]. As with the PAS based field instrumentation,
however, additional infrastructure is required on all of these devices to prevent any

misalignment to occur.

A number of commercial systems are also available for atmospheric detection of trace
gases, most notably the technologies developed by Picarro Inc., Aerodyne Research
Inc., and Los Gatos Research. The products developed by Picarro utilise a technology
known as cavity ring-down spectroscopy (CRDS) , whereby the incident light from
the laser is directed into a high finesse optical cavity, usually constructed from two or
more highly reflective mirrors (approximately 99.999%) [64]. A short pulse from the
laser is sent into the cavity, with the decay rate of the light intensity measured by a
photodetector. The rate at which the light intensity decays corresponds to the target
gas concentration within the cavity. Using this technique, Picarro have developed
sensors that can achieve optical pathlengths of up to 20km, with a precision of 2ppb

for methane [65].

Aerodyne Research Ltd. have developed a number of trace gas monitors based on
an astigmatic multipass absorption cell. These cells have been developed to be
relatively lightweight (1.25kg) whilst providing up to a 76m optical pathlength [66].
When incorporated into their trace gas monitors, these cells can allow methane
concentration measurements to occur with a precision of 0.1ppb (for a 60 second

measurement).

Los Gatos Research have developed a number of gas analysers for the simultaneous
detection of greenhouse gases. These systems allow for the measurement of methane
with a precision of 0.3ppb (for a 100 second measurement) [67]. These devices utilise
a technique known as integrated cavity output spectroscopy (ICOS) , based on
CRDS, where the absorption signal is obtained through the integration of the total
signal transmitted through the optical cavity, similar to conventional absorption

measurements.
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Each of these commercial systems has a potential drawback however. Due to the
nature of CRDS, the instruments developed by Picarro and Los Gatos can require
longer time periods in order to take a single measurement. The instrument developed
by Aerodyne, although it can provide faster measurements, the multipass cells it
employs can misalign if not secured correctly. All of them are still relatively large

and heavy (up to 40kg).

2.8 Summary

In this chapter, a review of the non-optical and optical techniques commonly used in
the detection of methane has been performed. A summary of the different non-optical
techniques is provided in Table 2.1. TDLS has been shown to hold a number of
advantages over the other optical techniques discussed in this chapter, including fast
response times, high sensitivity and selectivity. A comparison of TDLS methods is

covered in Table 2.2.

As discussed in section 2.5.6, this project has elected to implement direct spectroscopy.
Although direct spectroscopy is less sensitive than WMS or FMS, it still offers
relatively high sensitivity and selectivity compared with other optical techniques,
whilst only using relatively simple and lightweight equipment and electronics. Due
to direct spectroscopy being self-referenced, the calibration of this system is also

simpler in comparison with other forms of TDLS.

A discussion of some of the more commonly used gas cells utilised in gas detection
was performed in section 2.6 and summarised in Table 2.3. It was determined that,
although the White and Herriott cells can provide significantly longer pathlengths
than the alternatives (especially single-pass cells), their sensitivity to vibration and
misalignment make them impractical for this project. Hollow core waveguides provide
a long optical pathlength for a small gas volume, however they also suffer when

vibration is present, needing to be secured to prevent misalignment.
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Integrating spheres seem to provide the greatest compromise between pathlength
and mechanical sensitivity. Although integrating spheres offer shorter pathlengths
than those seen with the White and Herriott cells, they are tolerant to misalignment
and mechanical vibration and do not produce interference. This makes them an ideal

candidate for use in this project.
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Chapter 3

Principles of Tunable Diode Laser

Spectroscopy

Chapter 2 covered the different techniques available for the detection of methane,
with TDLS offering the most advantageous method. Integrating Spheres were shown
to be a promising gas cell for use in this project. This chapter aims to provide further
knowledge of the theory and principles behind using TDLS and integrating spheres,

along with information on analysis techniques utilised in this thesis.

3.1 Spectroscopy theory

As stated in Chapter 2, the basic principle of optical absorption spectroscopy can be
expressed using the Beer-Lambert law, as seen in equation 2.1. Optical spectroscopy
operation is based on the interaction between electromagnetic radiation and matter,
through emission, scattering or absorption of radiant energy. Optical absorption
spectroscopy utilises the fact that each molecule has a number of different wavelengths
at which molecular transitions occur [1]. These can be rotational, vibrational or
electronic depending on the wavelength, as shown in Table 3.1. In these diagrams,
the larger circles represent atoms, whilst the black dots indicate the positions of

individual electrons. The arrows show the direction of change in each transition.

The infrared region is one of the most favourable for spectroscopic gas detection, as

many of the fundamental absorption bands occur there [2]. In this region vibrational
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energy is dominant, with the molecular bonds either stretching or bending. These
produce changes in the dipole moment of the molecule allowing interaction with
photons to occur, with energy absorbed or emitted, producing a spectrum. In the
shorter wavelength regions, X-ray, visible and UV, the transitions are principally
electrical, with the excitation of a valence electron moving the electronic charges
in the molecule [1]. This change in the electric dipole of the molecule produces a
spectrum by interacting with the electric field of radiation. In the longer wavelength
microwave region, the molecular transitions are dominated by rotation. If there
is a charge separation between the atoms in the molecule (for example in HCI,
the hydrogen atom carries a net positive charge, whilst the chlorine carries a net
negative charge), when the molecule rotates, the component dipole moment in a

given direction fluctuates, producing a spectrum.

Table 3.1: Dominant molecular transitions at various wavelengths, adapted from [1].

X-ray Visible and UV Infra-red Microwave
100pm - 10nm 10nm - 1pym lpm - 100pum 100pm - lem

o—0O .

__’_
NGNS
. h f
Change of electron configuration Change y C'hange‘ of
configuration orientation

Each molecule has a unique set of molecular transitions depending on its structure,
producing absorption bands at different points in the electromagnetic spectrum.
Figures 3.1 and 3.2 show the absorption bands for methane in the 3.3pum and
1650nm wavelength regions. Normally, instrumentation utilising optical spectroscopy
would only focus on one absorption region to quantify the target gas concentration.

This region would ideally have a strong absorption line for the target gas and no
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overlapping lines from other gas species that could interfere with any measurements

made.
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Figure 3.1: Absorption band for methane in the 3.3um wavelength region, plotted
from the HITRAN database [3].
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Figure 3.2: Absorption band for methane in the 1650nm wavelength region, plotted
from the HITRAN database [3].
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3.1.1 Pressure and temperature effects

Although the absorption coefficient is important in the detection of a target gas
species, the line strength S (the integral of the absorption cross section o(v) over its
wavenumber (v) range), is just as, if not more fundamental. This relation can be

seen in equation 3.1 for a single absorption line [2].

5= /oo o (v)dv (3.1)

The value of S for a given absorption line depends on the temperature of the target
gas, whilst the absorption cross section, along with the line shape and width, depend
both on its temperature and pressure. This dependence on temperature and pressure
can be characterised into three separate line broadening regimes: Doppler, Lorentz,

and Voigt.

The first of these, Doppler broadening, arises from random thermal motion of the
gas molecules and dominates at pressures below approximately 10 Torr (13.3 mbar).
The line shape for a Doppler-broadened absorption line has the form of a Gaussian
function. As Doppler broadening only dominates at very low pressures, it only needs
to be taken into account in very specific circumstances or at extremely high altitudes

(above approximately 30km).

At pressures above 100 Torr (133.3 mbar), the line shapes and widths are determined
primarily by collision induced broadening. In this region, the absorption line shape

is determined by a Lorentzian function [4]:

(3.2)

where 1y is the absorption line centre and Avy, is the Lorentzian line width. In
general, the pressure broadened line widths in this regime depend on the gas partial

pressure (self-broadening), the total pressure (foreign gas broadening, e.g. air) and
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the temperature. As the background concentration of methane in the atmosphere is
relatively low, the self-broadening aspect is negligible and can be ignored. For a given

temperature, Ay, can be shown to increase linearly as the pressure increases [2]:

Avyp = 2b.p (3.3)

Where p is the gas pressure and b, is the pressure broadening coefficient. For pressure

broadened lines, the absorption cross section at vy can be expressed as [2]:

25 S
pu— pr— ‘4
o0 TAvy  whep (3-4)

In the Lorentzian pressure regime, the peak absorption cross section decreases with

L at

increasing total pressure, with line widths typically being on the order of 0.1cm™
atmospheric pressure. This is approximately 1-2 orders of magnitude larger than
those in the Doppler regime. This additional broadening results in significantly
smaller peak cross sections, with the absorption lines of many larger molecules
blending and overlapping. According to the ideal gas law, however, the change in

pressure also results in a change in the total number of molecules, acting to almost

compensate for the reduced strength of the measured absorption.

Measurements made at pressures between 10 and 100 Torr fall into the Voigt
regime, where the line shape and width are described using a convolution of
Doppler and pressure broadening functions. Typical absorption line widths in
this regime fall between 5x107% and 2x10~2 cm~!. Operation in this pressure range
increases sensitivity and selectivity of a measurement system, however it does limit
measurements to point sampling, where the pressure can be controlled or reduced,

or to higher altitudes.

As mentioned in Chapter 1, the measurements to be taken in this project will be

within the atmospheric boundary layer, with most of these occurring below an
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altitude of 1km. Pressures up to this altitude fall between approximately 1100 mbar
and 900 mbar. Figure 3.3 shows a representation of how a methane absorption line
at 3260nm changes within this pressure window. It shows that the width and height
of the absorption line decrease slightly as the pressure drops. As the change is only

small, however, it should not be a significant factor during detection.
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Figure 3.3: Comparison between absorption line shapes for a methane absorption
line at 3360nm at pressures between 900 mbar and 1100 mbar.

3.2 TDLS theory

As stated in the previous chapter (section 2.5.1) direct spectroscopy operates by
continuously modulating the injection current of a laser with a sawtooth or triangular
waveform. Measurements of a gas absorption line are then compared with a zero-
gas reference to obtain a normalised version of the gas absorption line, as shown
in Figure 3.4. This follows the Beer-Lambert equations laid out in section 2.2 in

Chapter 2.
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Figure 3.4: Comparison between the raw data collected with and without the presence
of methane (left) and the resultant signal difference (right).

To determine a limit of detection (LOD) for a TDLS based system, a number of
processing steps have to be made. By performing multiple zero-gas measurements, a
value for the background noise level can be obtained. Making a comparison of the
standard deviation of this noise against the peak value of the gas measurement, a
single-point limit of detection can be obtained. This provides a simple analysis of

the performance of the system.

The LOD can then be improved in a couple of different ways. By averaging the
data across a length of time, the random noise in the signal can be reduced. This
is discussed in more detail in sections 3.2.1 and 3.2.2. This reduces the standard
deviation of the noise, decreasing the LOD. Rather than just relying on a single point
in the measurement, a line fit can also be performed on the gas line, allowing for
much lower LODs to be produced than would otherwise be possible. This is covered

in more detail in section 3.2.3.

3.2.1 Noise sources

In a TDLS based system, a variety of noise sources can be present: detector noise,
laser noise, injection current noise, optical feedback and interference fringes. These

sources limit the performance of the system.

The main components of detector noise are Johnson noise, shot noise, and 1/f (pink)
noise [5]. The first of these, Johnson (or thermal) noise occurs due to random

fluctuations caused by thermal agitation of the charge carriers in an electrical
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conductor, irrespective of the voltage applied. Thermal noise is nearly constant
throughout the frequency spectrum, and is often referred to as “white” noise. Shot
noise occurs as a result of the random arrival times of photons on the detector. It
is independent of the modulation frequency used, however it is proportional to the
square root of the laser power and detector bandwidth. Detector 1/f noise is thought
to be caused by potential barriers in semiconductors and semiconductor contacts,
depending greatly on what manufacturing procedures are used, particularly with

respect to contacts and surfaces.

As all three noise sources depend linearly on the detector bandwidth, reducing this
bandwidth by introducing a low-pass filter or using signal integration can reduce

the noise levels, however this has the adverse effect of increasing the response time [5].

As a result of the fluctuations arising from technical and mechanical origins, the
output of a laser will always contain some noise. This noise appears as fluctuations in
the output power of the laser. These fluctuations can be traced either to the inherent
behaviour of the laser diode (commonly known as intrinsic noise) or to external
influences such as injection current noise, temperature instabilities, mechanical

vibrations, and optical feedback.

Fluctuations in the injection current can be reduced through the use of low noise
current sources, whilst temperature instabilities can be addressed using a highly
stabilised controller combined with increased cooling capability (e.g. larger heatsinks
or liquid cryogen Dewars). Mechanical and thermal instability can be isolated by line-
locking the laser to an absorption feature or to a Fabry-Perot etalon. Intrinsic noise
is produced by photon and carrier density fluctuations, refractive index fluctuations,
and partition noise resulting from mode competition in multimode lasers. Intrinsic
noise depends heavily on the manufacturing process, design of the laser being utilised,

and on the operating current and temperature being used.
Interference fringes are a common source of noise in TDLS based systems. The
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fringes themselves arise from Fabry-Perot etalons produced between reflecting or
scattering surfaces such as mirrors, detector windows, semiconductor surfaces, and
components of multipass cells. The free spectral range (FSR) Av corresponding to a

Fabry-Perot etalon of length L can be expressed using the following equation [6]:

C

Ay = —
v 2nlL

(3.5)

where ¢ is the speed of light in a vacuum and n is the refractive index of the cavity.
Measurement of the FSR allows the optical elements responsible for the etalon to
be identified and potentially for the fringes to be reduced. Removing the fringes
from a signal cannot however be done through simple subtraction, as thermal and
mechanical instabilities, even if slight, can cause the etalon spacing to change with

time.

A number of different approaches to reducing interference fringes have been found
to be effective. More basic adjustments to the set-up used include using reflective
optics rather than refractive optics wherever possible, avoiding parallel surfaces (for
example aligning windows at the Brewster angle for the wavelength of the laser used),
avoiding sharp focus, and through careful selection of the laser diode, modulation
waveform and amplitude. Mechanically oscillating the pathlength with an external

device has also been shown to average out and reduce the fringes.

3.2.2 Allan variance and deviation

Allan variance and deviation plots are used to characterise the stability of a system
and help to analyse the noise and drift in signal over time [7]. Whilst white noise
can be reduced to zero by averaging over an infinite number of measurements, there
are other types of uncertainty that may cause the signal to drift and will not average

out over time.

As described in 1966 by D. W. Allan [8] and further in 1993 by Werle et al [7],

the Allan variance is calculated from a time series data set. For a series of N data

23



Chapter 3 Principles of TDLS Section 3.2

points, the average value A can be calculated using equation 3.6, where x; refers to
the individual points in the time series. The variance o2 can then be defined using
equation 3.7, providing the highest and lowest level of the data spread, with the

variance of the mean as Var(A) = ¢%/N.

1 N
2 _ 1 EN: 2

The elements of the original data set can then be divided into M subsets containing

k elements, where M = N/k. For each of these M subgroups, an average value of A,

2

and a corresponding variance o

can be calculated, as shown in equations 3.8 and 3.9.
The variance of the mean is then defined by Var(A,) = 02 /k, with n denoting the

subgroup number and k£ the number of elements in the subgroup n.

k
1
An = E Z x(n_l)k+l (38)

k
1
op = 1) Z(x(n—l)k+l — A,)? (3.9)

The analysis of a long dataset can be very time consuming; as such it would be
beneficial to utilise a more efficient method to determine the optimum averaging
group size. The definition of the general variance can be described in the following
way:

o2 (M, T, 7) = m (An — Au 1) (3.10)

n=1

where M is the number of groups used in obtaining a sample variance, T is the
time interval between the beginning of two consecutive measurements, and 7 is the

integration time. The variance of the means 0% is the well-known “Allan Variance”,
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with o4 defined as the Allan deviation. This was introduced by Allan [8] in 1966 for
the characterisation of frequency standards. The log-log plot of an Allan deviation
often follows the form of a ‘V’ curve, as shown in Figure 3.5. At short timescales,
white noise is averaged down to a minimum point, before rising at longer timescales
due to the effects of drift. The turning point in the dataset occurs at the optimum

averaging time period.
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Figure 3.5: Ezample of the form of an Allan deviation graph, adapted from [9].

3.2.3 Absorption line fitting

To help reduce the limit of detection, a fitting algorithm is often applied to the
measurement of the absorption line. These algorithms, as shown in Figure 3.6, use
a least squares curve fitting approach to fit a curve using set parameters to any
absorption features being analysed. As they follow the form of an absorption line,
rather than a single point, this allow any absorption lines being observed to be
tracked into the background noise present. This allows much lower concentrations to

be analysed than would otherwise be possible.
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Figure 3.6: Ezample of a fitting algorithm applied to a pair of methane absorption
lines at concentrations of 1000ppm (a) and 2ppm (b), taken from [10].

A common algorithm used for this technique is the Levenberg-Marquardt algorithm.
The algorithm was first published in 1944 by Kenneth Levenberg [11] and rediscovered
in 1963 by Donald Marquardt [12]. This algorithm takes the following form:

I T+ 0-J7-0)-6=3"(y —f(a)) (3.11)

where f is the vector of the iterations of the model curve f(z;,a), with a being the
initial guess for the parameter vector. J and J” are the Jacobian matrix and its
transpose of f, y is the vector of the individual y; values (paired to the x; values), &
is the iterative step value, and \; is a non-negative damping factor adjusted at each

iteration.

For example, for a single absorption line, initial parameter values for the height,
full-width half-maximum, and position of a Lorentzian peak are input into the
algorithm alongside a damping factor and iterative step value. If this damping factor
results in the reduction of the residual, the algorithm continues to the next iteration,
with the damping factor modified by the iterative step value. This process continues
until either the residual falls below a predefined limit, or the residual increases (in

which case values from the previous iteration are output).
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3.3 Integrating spheres

A brief introduction to integrating spheres was covered in Chapter 2, section 2.6.4.
Integrating Spheres were first developed in 1900 by R. Ulbricht [13] to accurately
measure the total luminous flux of different light sources. The sphere allowed flux
measurements to be made in five minutes rather than half an hour [14]. A picture of

the set up used can be seen in Figure 3.7.

Figure 3.7: A 100 inch sphere photometer, taken from [14].

As stated previously, in 1980, Venkatesh et al [15] adapted an integrating sphere for
use as a gas absorption cell. For a diffuse cavity with a uniform light field and of
any geometry, such as an integrating sphere, the effective optical pathlength (EOPL,

l.rr) can be expressed using the following equation [16]:

Eeff = MLave (312)
where L, is the single-pass average pathlength and M is the reflection multiplier, a
function of the reflectivity p of the diffuse internal surface and the port fraction f

(the sum of all port areas/inner surface area). This relationship can be expressed as:

Y
1—p(1—f)

For example, a 10cm diameter integrating sphere with a Spectralon coated interior

M (3.13)
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surface with a reflectivity of 0.99 and two 5mm diameter ports would have a reflection
multiplier of 88.1, producing an EOPL of 8.81m. In practice, however, it is often
found that the theoretical pathlength does not match that of the pathlength observed.
This is often due to fouling on the sphere wall (such as dirt, grime, etc.), an imperfect
applied coating, or a combination of both. This has the effect of reducing the sphere’s
reflectivity and, as a result, its effective pathlength. As such, the actual pathlength of
the sphere often needs to be calibrated. This is done by making a comparison against
a gas cell of known length L..; (often a single-pass cell). A known concentration of
a target gas is measured in each cell, with the sphere pathlength L, calculated

using:

As ere
Lsphere = Aph Lcell (314)
cell

where Agppere and Ag are the absorption measurements for the sphere and cell

respectively.

3.3.1 Noise and error

There are a number of potential noise sources that could become an issue when
utilising integrating spheres, with the main potential problems arising from contamination
of the sphere wall, speckle noise, and interference fringes. Interference fringes for

conventional cells have previously been covered, in section 3.2.1.

It was shown in the previous section that the reflectivity of the integrating sphere
has a significant impact on the effective pathlength. As a result, if contamination
of the sphere wall was to occur, an error could be introduced in the detected gas
absorption. Bergin et al [17] have shown that a contamination covering 1.2% of
the sphere wall resulted in an error in the measured gas absorption coefficient of
approximately 41%. To correct for this, the effective pathlength of the sphere would
either need to be regularly recalibrated, or a correction scheme introduced. Such
correction schemes include calibration with oxygen in air [16], normalising by dry

sphere response change [18], measuring the temporal decay in a pulsed system [19],
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and real-time pathlength adjustment using a four beam ratiometric setup [17].

Speckle noise forms when light is scattered in random directions when incident on a
rough or diffuse surface. When a coherent light source, such as a laser, illuminates a
diffuse surface, the reflected components interfere, producing a complex, stationary
interference pattern that has a granular appearance. The reflected wave from
an optically rough surface consists of contributions from numerous independent

scattering areas.

Light scattered from different parts of the surface will have different pathlengths as
a result of the surface profile, with an interference fringe pattern occurring when two
or more reflected beams intersect. As the light has high coherence, any two points
can produce an interference pattern, with each pairs fringes occurring at different
orientation and separation. The speckle pattern that results is a complex mixture
of bright and dark spots, caused by the constructive and destructive interference
that takes place. The strength and form of the interference pattern that results is
dependent on both the wavelength of light used and the topography of the diffuse

surface utilised.

Optical feedback of the laser occurs due to backscattered or back reflected light from
optical components coupling into the laser cavity, resulting in modulations in the
amplitude and frequency of the lasing field [20]. Through tuning the injection current
or temperature of the laser, or through relative motion between the laser and a remote
target, periodic signals will be generated with similar properties to those generated
by a Fabry-Perot etalon [21]. It has been shown that optical feedback in TDLS can
introduce degradation in the detected absorption line shape and broadening of the
absorption spectra [22]. Through the use of reflecting optics, careful alignment of
optical components, and utilising optical isolators and apertures, optical feedback
can be reduced, however a reduction in the detected laser intensity can occur as a

result [23].
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3.3.2 Project suitability

There are a number of distinct advantages to utilising integrating spheres over other
forms of multipass cells. The two main advantages are the tolerance to misalignment

and, as a result of this, the ability to have free-space coupling.

The tolerance to misalignment arises from the fact that integrating spheres do not
have a fixed path that the light travels along, rather an effective optical pathlength.
This means that the orientation of the incident light into the sphere is not a factor

in determining the pathlength and therefore the limit of detection.

Due to this alignment tolerance, free-space optics can be utilised, reducing the amount
of additional optics needed to introduce light into the sphere, such as collimators,
couplers and optical fibre. Instead, the laser and detectors can potentially be butted
directly up to the sphere ports, potentially increasing the laser power being utilised
and reducing the volume that the equipment takes up. This also reduces the potential
for background methane outside the cell to affect any measurements being made. For
butt-coupling to be utilised, optical feedback effects would need to be investigated

as these have been performance limiting in the near infrared.

There are, however, a number of potential risks that will need to be investigated
before it can be definitively stated that integrating spheres are the best option for
this project. The effective optical pathlength of an integrating sphere is often not
as long as those seen in alternative multipass cells. This is especially true in the
mid-infrared where the gold coating used has a lower surface reflectivity. Whether
the resultant pathlength would produce a satisfactory limit of detection would need

to be investigated.

Speckle interference from the sphere could also potentially be an issue. This would
need to be measured to determine if it can be seen above the noise floor of the
detectors. Although the detectors used in the mid-infrared have an inherently higher

noise level, it would still need to be analysed to see if it could cause problems.
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3.4 Conclusions

In this chapter, a review of the principles behind optical spectroscopic detection of
methane has been performed, including how different wavelengths of light affect the
molecule, allowing for detections to be made, along with how different pressure levels

can affect the absorption line shape.

A description of the procedure used in TDLS based systems was provided alongside
an overview of the different noise sources that need to be accounted for and minimised.
A description of the Allan variance was given along with the theory behind it, before

the Levenberg-Marquardt absorption line fitting technique was discussed.

Finally, further information and theory behind the use of integrating spheres as
a multipass gas cell was provided. Some basic relations and equations describing
the spheres were shown, along with a discussion of the noise sources present. An
overview describing the advantages and potential risks that integrating spheres have
for use in this project was presented. Integrating spheres show promise for in-flight
applications due to their tolerance to misalignment, however there are a number of

potential risks, such as speckle interference, that need to be investigated.
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Chapter 4

Tunable diode laser spectroscopy
with a new near infrared external

cavity diode laser

The theory and principles behind spectroscopy and TDLS have been described in
Chapter 3. This chapter outlines work performed with a new type of laser in the
near infrared, with comparisons made against a standard DFB diode laser. This new
laser has been shown to have good potential for use with gas sensing. This chapter
therefore aims to evaluate its current situation for use in TDLS and for its suitability

for use in challenging conditions.

4.1 Near infrared lasers

Typically in the near infrared, distributed feedback (DFB) diode lasers or vertical
cavity surface emitting lasers (VCSEL) are utilised for use with TDLS. Each laser
must be custom made at a distinct wavelength to target a specific gas absorption
line, an example of which can be seen in Figure 4.1. To perform TDLS based

measurements on these absorption lines, a tuning range of at least 0.1nm is required.

To provide a stable operating wavelength for the DFB laser, a grating structure is
employed, usually written above the active wavelength region. The grating acts as

an optical filter, causing a single wavelength to feed back into the gain medium and

65



Chapter 4 Near infrared TDLS Section 4.1

lase. As the grating provides this optical feedback, reflections from the facets or
cleaved mirrors are not required for wavelength selection, unlike in Fabry-Perot laser
diodes. An example of the internal schematic of a DFB laser diode can be observed

in Figure 4.2.
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Figure 4.1: Methane absorption line at 1650.96nm, taken from HITRAN
database [1].
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Figure 4.2: Schematic of the internal structure of a DFB laser, taken from [2].

VCSELs are a form of laser diode that have laser beam emission perpendicular to
the surface, contrary to a standard diode laser where the emission comes from the

edge of the device. A schematic of the typical gain structure of these lasers can be
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seen in Figure 4.3. These devices hold a number of production advantages over other
laser diodes. Edge emitting devices can only be tested at the end of the production
process, meaning that if there are any defects, they are not detected until it is too
late, with time and material being wasted. VCSELs, however, can be tested at
numerous stages along the production process to check for material quality and for

any issues that may occur.
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Figure 4.3: Schematic gain structure of a VCSEL, taken from [3].

Both of these devices offer tunable, narrow linewidth lasers that can be manufactured
to operate at a selected wavelength to allow for the detection of methane. However,
they are limited in that if a wavelength outside of the range provided by the purchased
laser is sought, a new laser would have to be acquired, often at quite a high cost to

the user.

External cavity diode lasers (ECDL) offer narrow linewidth operation and single-
mode output with the ability to tune over a wide wavelength range [4]. With these
lasers, a diode is often utilised as a gain medium specifically designed for use with an
ECDL. These can be obtained commercially, often known as “gain chips”, especially
in the Near IR region. A separate wavelength-selective element, generally a grating,
is then normally integrated into the external cavity. This allows the laser to be

tuned to a specific wavelength, similar to the VCSEL and DFB lasers. Separating
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these components provides a simpler, more cost effective way to fabricate lasers
for wavelength sensitive applications. The most common configurations using this
technique are the Littrow [5] and Littman-Metcalf [6]. Configurations for each of
these can be observed in Figure 4.4. The Littrow configuration is the simplest of
the two, involving fewer optical elements and less initial alignment, however the
Littman-Metcalf configuration has an advantage in that it avoids beam deflection

during tuning.
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output  gain selection
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U

output gain
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(a) Littrow (b) Littman-Metcalf

Figure 4.4: Schematic diagrams of the Littrow (a) and Littman-Metcalf (b)
configurations for ECDLs, taken from [7].

4.2 Characterisation of Laser

The ECDL used in this chapter was developed by Lynch et al [8] and loaned from
the University of Southampton for testing purposes. It uses a planar silica-on-silicon
platform incorporating a UV-written Bragg grating as the wavelength selective
element of the laser cavity. This design architecture means that custom wavelengths

can be written “on demand” with relatively low capital investment.

4.2.1 Description of ECBSL

The external cavity Bragg stabilised laser (ECBSL) used a 1650nm InP gain-chip
(Thorlabs SAF1091H) with an external cavity planar lightwave circuit (PLC) . The
gain chip has a highly reflective rear facet (90%) and an anti-reflective coated, angle
terminated waveguide. The gain chip was directly butt-coupled to the external cavity

PLC, containing the direct UV-written waveguide and Bragg grating, as shown in
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Figure 4.5. A heating assembly had been deposited directly over the Bragg grating

to provide thermal tuning.

Light output
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Figure 4.5: Schematic diagram of ECBSL, adapted from [8].

As shown in Figure 4.6, the Bragg grating and Fibre V-groove assembly were
mounted on a Thorlabs Nanomax 3-axis stage, separating the primary wavelength
selective element from the gain element. Using an optical spectrum analyser (OSA)

(Yokogawa AQ6370C) to monitor the laser output power and a microscope to observe
the alignment, the Bragg grating could be gradually manoeuvred into a position such
that the laser power was at a maximum. An alignment tolerance of approximately

1pm in each axis was required to correctly align the Bragg grating to the gain-chip.

4.2.2 ECBSL performance

An example of the laser output can be seen in Figure 4.7. The figure demonstrates
that the device exhibits sidemode suppression ratios of >40dB. It has also been
noted that it has a relative intensity noise of <-150dB/Hz [9]. These figures are
comparable to other commercially available ECDLs, with a pigtailed ECDL from
Thorlabs (SFL1620S) demonstrating a relative intensity noise of -150dB/Hz [10].
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Figure 4.6: Photograph of ECBSL in the laboratory, as received from University of
Southampton.
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Figure 4.7: Example of the output produced by the ECBSL, taken using an OSA.
The heating element for the Bragg grating was controlled by a programmable voltage

source (Keithley 230), with the gain chip temperature and current controlled by a

laser diode controller (Stanford Research Systems model LDC502). It was found that
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in this configuration, below current levels of 310mA and above 410mA the output of
the laser would mode-hop, producing a sudden shift in wavelength. It was therefore

required to operate the laser in this current range to avoid this issue.

To determine how the wavelength of the laser changes when the injection current
is adjusted, the current was increased in steps of 5mA between 310mA and 410mA
with the wavelength output recorded. Measurements of the laser output were taken
using the OSA (with accuracy £0.01nm). A graph showing the result of this can be

observed in Figure 4.8.
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Figure 4.8: Tuning Characteristics of the ECBSL. Points represent measured data,
with the dashed line representing a linear trendline. An example of a mode-hop can
be seen at 415mA.

This tuning curve shows that the wavelength output of the laser increases by
approximately 0.13nm when the injection current is changed between the lower
and upper current limits, providing a tuning coefficient of 1.3x1073nm/mA. Although
this wavelength range is relatively small, it is just large enough to take measurements
of the 1651nm methane absorption line shown in Figure 4.1. Mode hop-free tuning
of the ECBSL was observed at modulation frequencies of up to 10kHz, however the

tuning range at this frequency is slightly reduced, essentially limiting the current
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modulation to lower frequencies.

4.2.3 Methane detection with ECBSL
A line diagram of the experimental set-up used to detect methane using the ECBSL

can be seen in Figure 4.9. To ensure that the tuning range of the laser was as large
as possible, the laser emission was modulated with a sawtooth waveform at 80Hz
using a USB oscilloscope (Picoscope 5444B). This was then directed through a 25cm
single-pass gas cell with Brewster aligned windows. The beam was detected using
a Thorlabs PDA400 amplified InGaAs detector, with the amplified signal collected

using the Picoscope and PC.
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PC -——=-% Laser Beam Voltage Source [
3 m
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DAC/ADC Controller
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and Amplifier Laser
From Voltage From Laser
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To Gas PM - A
Cell Fibre Fibre Bragg Reflector
[€----- - Collimator [¢------1 V-Groove [¢---- Heating === Gain Chip
Assembly Element

Figure 4.9: Line diagram showing set-up used to evaluate suitability of ECBSL to
detect methane.

To control the flow of methane and air being fed to the gas cell, methane and synthetic
air cylinders were connected up to a pair of mass flow controllers (Brooks Instrument

model GF040CXX) regulated by a set point controller (Brooks Instrument 0254).
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Initially, a 2.5% methane in air cylinder was utilised to more easily determine the
correct current and temperature settings for the laser to align the absorption line
with the centre of the waveform. A line diagram of the mass flow controller set-up

can be observed in Figure 4.10.
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Figure 4.10: Line diagram showing set-up of the mass flow controllers with gas
cylinders containing 2.5% methane in air and synthetic air.

Figure 4.11 shows a comparison between the raw data collected for a measurement
of synthetic air and of a measurement of 2.5% methane in air. The graph shows
the limitations of the tuning range of the laser, with the width of the absorption
line only just covered by the laser modulation. Due to the absorption line being
slightly off centre in this measurement, the 2.5% methane reading does not quite
meet the baseline at the bottom of the curve. This can then be seen clearly in
Figure 4.12 which displays the calculated absorbance for this measurement, following
the process described in chapter 2, section 2.5.1. The wavelength scale of Figure 4.12
has been determined by comparing the measurement to the HITRAN absorption

line in Figure 4.1.

By changing the flow rates from the cylinders, the concentration of methane in the
gas cell could be adjusted. Using this technique, a range of concentrations were
measured between 0 and 25000ppm. Measurements were averaged over a 1 second

period so absorbance values for each measurement could be calculated, the results of
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which can be seen in Figure 4.13. The graph shows that the absorbance has a linear

relationship with the concentration of methane in the cell.
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Figure 4.11: Comparison between raw data collected for air and 2.5% methane
using FCBSL.
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Figure 4.12: Example of calculated absorbance for 2.5% methane concentration
detected using ECBSL.
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Figure 4.13: Graph showing methane concentrations detected using the ECBSL
against their respective absorbance strengths.

It was found that the poor alignment stability of the laser affected the baseline
readings that were being made (when attempting to take measurements below
concentrations of 100ppm). This baseline drift prevented a clean measurement
being made, restricting the concentration range that could be analysed. The effect
of this can also be seen in Figure 4.13 with the large scatter in the data points
around the linear fit. This scatter is likely attributable to fluctuations in the baseline
and variations in flow rate from the mass flow controllers. The fluctuation in the
baseline caused the absorbance calculations to produce values that did not necessarily

correspond precisely to its respective methane concentration.

To see what limit of detection could be obtained if measurements could be taken at
lower concentrations, a calculation of the noise equivalent absorbance (NEA, in AU)
using this set-up was performed by performing a A/, analysis using two synthetic
air measurements. A standard deviation of 8.3x107°AU was calculated, and from
this, a limit of detection could be calculated by comparing it to the peak absorbance

at 100ppm, resulting in a single-point LOD of 8.3ppm.
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4.3 Comparative analysis with DFB laser

To determine if the ECBSL performs within an acceptable operational range, a
comparison with a conventional DFB fibre-coupled laser were performed, using
as similar a set up as is possible to gain as close a comparison as possible. The
DFB, a NEL. NLK1USEAAA 1651nm laser, was mounted in a Thorlabs LM1452
butterfly laser mount (as shown in Figure 4.14) and was controlled by a Profile
TED200 temperature controller and Profile LDC202 laser diode controller. Using the
Yokogawa OSA to record the wavelength output of the laser, a current tuning curve
for this laser was produced by increasing the injection current in 10mA steps between
10mA and 150mA, with the TEC set to operate the laser at 14.2kQ2 (approximately

17.2°C). A graph showing the results of this can be seen in Figure 4.15.
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Figure 4.14: DFB fibre-coupled laser mounted in a Thorlabs butterfly laser mount,
as used in this section.

The tuning curve shows some non-linearity compared with that seen with the ECBSL,
however the tuning range of the DFB is significantly greater, 0.9nm instead of 0.12nm.

This provides an average tuning coefficient of 6.4x1072nm/mA, which although is
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not accurate due to the non-linearity seen, does provide a comparison against the
ECBSL. Although the tuning range of the ECBSL is sufficient to measure a gas
absorption line, the extra range of the DFB allows for adjustments to be made should

the position of the gas line change in relation to the laser line.
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Figure 4.15: Graph displaying how the wavelength output of a DFB fibre-coupled
laser changes when the injection current is increased.

Following this, the DFB laser was then aligned so that the output was collimated
and directed through a 25cm single-pass absorption cell. The windows on this were
aligned at the Brewster angle for this wavelength (54.95°), with the cell slowly rotated
into a position such that any interference fringes present could no longer be observed.
The wavelength of this laser was targeted at the same gas absorption line at 1651nm
using current and temperature settings of 109.2mA and 14.215k) (17.2°C). The
injection current of the DFB was modulated using a 1kHz triangle waveform with
an amplitude of 0.5V. As before, the modulated laser beam was detected using a
Thorlabs PDA400 amplified InGaAs detector and collected using the Picoscope and

PC. A line diagram of this setup can be seen in Figure 4.16.
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Figure 4.16: Line diagram of set up used for methane detection with DFB laser.

A 1010ppm methane in air cylinder was connected to the Brooks Instrument controller
along with a synthetic air cylinder. The lower concentration cylinder was used for this
part of the experiment as it was expected that the laser would be more stable than
the ECBSL, due to its packaging, allowing for lower concentration measurements to
more easily be taken. Preliminary measurements were taken at 1010ppm (as seen in
Figure 4.17) and 500ppm to confirm that the laser was performing as expected. The
calculated absorbance values were confirmed against the theoretical values obtained
from the HITRAN database for the same concentrations and pathlengths. Due to the
non-linear tuning curve seen in Figure 4.15, a non-linear wavelength scale was used

to correct this, with the result verified against data from the HITRAN database.

Once it was confirmed that the DFB laser was operating normally, lower concentration
measurements could be made. The concentration level was set to 200ppm and
decreased in 10ppm increments down to 20ppm. Absorbance values were once again
calculated for each measurement from the recorded data, the results of which can
be seen in Figure 4.18. As with the ECBSL, the graph shows a linear relationship
between the concentration of methane in the gas cell and the absorbance values

calculated.
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Figure 4.17: Ezample of calculated absorbance for 1010ppm methane concentration
detected using DFB fibre-coupled laser.
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Figure 4.18: Graph showing methane concentrations detected using the DFB laser
against their respective absorbance strengths.

A calculation of the NEA for this set-up was performed, resulting in a standard
deviation of 8.26x10"°AU. From this, a limit of detection could be calculated by

comparing it to the absorbance strength at 100ppm. This resulted in a single-
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point LOD of 8.26ppm. As the limits of detection for both lasers are very similar,
this implies that the performance of both lasers were limited by the same factors,
suggesting that the ECBSL could be effective for use in methane detection for short-
term measurements. The larger scatter seen in the concentration measurements for
the ECBSL show that it would be less suitable over longer-term measurements or

outside of laboratory conditions.

4.4 Conclusions

In this chapter investigations were performed into the suitability of utilising a new
external cavity Bragg-stabilised laser for use in methane detection, with comparisons
made between this laser and a fibre-coupled DFB laser. The chapter summarises the
background regarding the lasers that are available in the wavelength regime utilised.
A description of the ECBSL was provided, showing the schematic of the laser along

with its emission.

The tuning curves produced for each laser showed that the tuning range of the ECBSL
is sufficient to cover the target methane absorption line, whereas the increased range
of the DFB allows for measurements to continue even if the relative position of the

absorption line changes.

It was found that alignment stability issues affected baseline readings and introduced
drift when making measurements at low ppm level methane concentrations using the
ECBSL. As a result, this limited the concentration range over which comparisons
could be made. This can be seen in the concentration curve in Figure 4.13 as it was
not possible to take reliable readings below 100ppm. The lack of stability of the laser
also restricted the number of measurements that could be made at a time, as the

gain chip and Bragg grating had to be realigned periodically due to mechanical drift.

It was found, however, that although the stability of the laser did restrict what

measurements could be made, the single-point limit of detection for the ECBSL
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was at a similar level to that of the DFB, 8.3ppm compared with 8.26ppm. It can
therefore be inferred that the ECBSL could potentially be used in a gas detection
system. It should be noted, however, that this is a short-term LOD, with the scatter
on the data points in the ECBSL concentration curve implying a higher longer-term
LOD. This is primarily affected by alignment sensitivity of the laser and could be

solved through better packaging.

To summarise, it has been shown that a new form of external cavity Bragg-stabilised
laser can be utilised to detect methane in a laboratory set up, showing comparable
NEA and LOD to a fibre-coupled DFB laser. There are currently, however, a number
of drawbacks with this ECBSL that limit its use. To improve the system, the laser
needs to be mounted and packaged. This would reduce the issues observed with

stability and drift.

In this current configuration, it would not be possible to utilise this laser for the
purpose of detecting methane outside the laboratory, especially not on a light aircraft.
As such, further investigations into alternative lasers will need to be undertaken to

find one suitable for this project.
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Chapter 5

Mid infrared tunable diode laser

spectroscopy of methane

Initial work using a new external cavity Bragg stabilised laser was demonstrated in
Chapter 4, along with comparisons made against a standard DFB fibre-coupled laser.
Although this laser showed promise for potential use in gas sensing, it is not yet a
viable solution for this project in its current state. As such, alternative lasers would
need to be utilised to make further progress. In this chapter, work undertaken using
an interband cascade laser in the mid infrared is presented. Characterisation of the
laser is performed along with an analysis of its performance using both a standard

single-pass cell and an integrating sphere.

5.1 Mid infrared lasers

Up until relatively recently, the choice of laser for use in the mid infrared was
limited to a few DFB laser diodes, difference frequency generation (DFG) lasers, and
quantum cascade lasers (QCLs). More recently, interband cascade lasers (ICLs) have
been made commercially available to provide an additional means of operating in
this wavelength region. DFB lasers were covered at the start of the previous chapter,

the remaining options will be covered in the following sections.
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5.1.1 Difference frequency generation lasers

DFG lasers sources consist of two seed lasers sources (a signal and laser pump source)
combined and focussed into a non-linear optical medium to generate an idler output
at the difference frequency between the two [1]. DFGs utilise an optical crystal with
a high non-linearity coefficient that is transparent in the desired wavelength range to

achieve wide, mode-hop free tuning.

One of the main limitations regarding the output power of DFG sources is the
damage threshold of the crystal. Even so, output powers of up to tens of mW can be
achieved with these lasers [2]. To achieve a wide tuning range in the mid IR, DFG
sources require a widely tunable near IR seed source. As discussed in the previous

chapter, there are numerous options in the 1500-1600nm near IR telecoms band.

There are, however, a number of limitations with using DFG lasers. The main
issue is that when operating the crystal needs to be realigned periodically. DFG
systems are also often significantly larger than other discrete laser devices, severely
limiting their use in field applications. Although progress has been made in improving
their reliability and field robustness through the use of optical fibre, Richter et al
have shown that performance drops by approximately a factor of 10 compared with

laboratory measurements [1].

5.1.2 Quantum cascade lasers

Quantum cascade lasers (QCLs) operate through the use of a series of quantum
well structures. Artificial energy levels are created using these structures, providing
transitions independent of the material bandgap. As each electron passes through the
cascade structure, photons are emitted. As with semiconductor laser diodes, QCLs
use DFB structures to ensure singlemode emission. Current QCLs are commercially
available from around 4um to 15um and potentially beyond. This in turn means
that QCLs are available that can target the methane absorption lines at 7.8m, but

not at 3.3um.
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QCLs have been widely produced in both pulsed and continuous wave forms, providing
potential power levels significantly higher than alternative lasers. This makes them
suitable for use in applications using photoacoustic or backscatter detection, however
does mean that increased thermal management is needed to dissipate the additional

heat generated.

5.1.3 Interband cascade lasers

ICLs fill an important gap between the wavelengths available using standard DFB
laser diodes and QCLs, being commercially available in the 3-6um range. This is
significant as there are numerous fundamental absorption bands in this wavelength
region. Output powers for these lasers are of the order of one to tens of mW.
Physically, ICLs can be considered to be a hybrid of both conventional laser diodes
and QCLs. A diagram showing the well structures of all three can be observed in
Figure 5.1. Both pulsed and continuous wave versions are commercially available,

with DFB structures utilised to provide mode-hop free, singlemode operation [3].

ICLs provide an enticing compromise between the wavelength operation range of
the DFG lasers and the usability of QCLs, without having the drawbacks of being
oversized or needing additional thermal management. As a result of this, it was

decided to utilise an ICL for use with this project.

5.2 Characterisation of ICL

The laser, as shown in Figure 5.2, that was chosen for use with this project was an
ICL (Nanoplus) operating at a typical wavelength of 3311.3nm and output power
of 2.3mW. At the time of purchase, these lasers were new to the market, with the
choice of wavelength being limited. This wavelength was chosen due to its proximity
to both a strong methane absorption line at 3313nm and a water absorption line at
3308.5nm. As is noted later on in Section 5.4, the methane absorption feature at this
wavelength is complex, meaning that a tuning range of at least 1nm was required to

provide reliable results.
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Figure 5.1: Comparison of energy levels and active region processes for laser diodes,

QCLs and ICLs, taken from [3].

Figure 5.2: Picture of 3311.3nm ICL in Laboratory. The laser is packaged within
a large heatsink and collimation optics.
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5.2.1 Initial set-up

To operate the laser, a combination current and temperature controller (Stanford
Research Systems LDC502) was connected. To ensure that the laser was operating
correctly, the laser output was directed at a mid infrared OSA (Yokogawa AQG6376,
on loan from DM Optics Limited) to check the emission spectrum. Using the typical
values of 30.0°C and 37.0mA as stated in the laser datasheet, the emission spectrum
shown in Figure 5.3 could be acquired. Taking into account that the laser was
potentially not aligned perfectly with the OSA, the emission observed appears to

match the expected spectrum shown in the laser datasheet, as seen in Appendix A.

_35 4

—-40 : : . . . : : |
3307 3308 3309 3310 3311 3312 3313 3314 3315
Wavelength (nm)

Figure 5.3: FEmission spectrum of 3311nm ICL at typical values of 30.0°C and
3TmA, measured with an OSA (Yokogawa AQ6376) with a resolution of 0.1nm.

Whilst aligned with the OSA, the injection current was gradually increased from
just below the threshold current (18mA) to the max current rating (45mA) with the
temperature still set at 30.0°C. This provided a current tuning curve for the laser,
as shown in Figure 5.4. From this graph, a tuning coefficient of 0.166 nm/mA could

be calculated for the ICL.
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Figure 5.4: peak emission wavelength vs current of 3311nm ICL at 30.(° C, taken
using Yokogawa AQ6376 OSA.

Once the output characteristics of the laser were confirmed, the laser emission was
aligned with a lensed mercury cadmium telluride (MCT) detector (VIGO PVI-
2TE-5), with the output amplified using a variable gain transimpedance amplifier
(Femto DLPCA-200). A function generator (Stanford Research Systems DS345) was

connected to the laser controller to modulate the laser emission.

5.2.2 Modulation curvature analysis

It was noted when performing an initial ramp modulation (5Hz, 0.1Vpp amplitude)
with the laser, there was a significant curvature in the detected signal, as seen
in Figure 5.5. As the tuning curve for the laser appears approximately linear, it
was thought that the detector may be responsible. To confirm this hypothesis,
comparisons were made between the ICL and a blackbody source (Heitronics SW11B

and SR11C).
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Figure 5.5: Modulation curvature observed when initially modulating the ICL at
S5Hz with a sawtooth waveform.

The detector was positioned in front of the blackbody source, with a chopper wheel
(Scitec Instruments 300CD) placed between them. The source was then set to
operate at 400°C and the chopper wheel at 20Hz, with measurements from the
detector and amplifier monitored and taken using an oscilloscope (Tektronix DPO
2014). The detector and chopper wheel were then positioned in front of the ICL
and measurements were similarly taken with the ICL operating at 40mA and 30°C.

These measurements can be seen in Figures 5.6 and 5.7.

The use of a chopper on the blackbody source and ICL should produce either a
regular square or trapezium wave, depending on the ratio of the beam width to the
chopper blade width. What is seen, however, is that although the transition between
signal and no signal is well defined, the top and bottom of the square wave for each
signal is significantly slanted. As both of the signals are affected in the same way, it

suggests that the cause of the curvature seen previously is caused by the detector.

90



Chapter 5 Mid-infrared TDLS Section 5.2

- -

0.02 1

0.00

—0.02 1

~0.04 k-"""—) -

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time (seconds)

Signal Amplitude (Volts)

Figure 5.6: Signal recorded by detector from Blackbody source at 400° C, modulated
at 20Hz using a chopper wheel.
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Figure 5.7: ICL at 40mA and 30° C, modulated at 20Hz using a chopper wheel.

To investigate further, the rotation frequency of the chopper wheel was increased
from 20Hz to 75Hz. As shown in Figures 5.8 and 5.9, it was seen that the higher

frequency modulation decreased the severity of the slope. Although at this frequency
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the slope has not been entirely removed, it has definitely been reduced.
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Figure 5.8: Blackbody source at 400° C, modulated at 75Hz using a chopper wheel.

0.3

0.2 1

0.1
0.0 1

—0.11

Signal Amplitude (Volts)

-0.3

0.2 r—-—J

B

V"

0.000

0.004 0.008 0.012
Time (seconds)

0.016

Figure 5.9: ICL at 40mA and 30° C, modulated at 75Hz using a chopper wheel.
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Using this knowledge, it was concluded that the ICL should be modulated at a higher
frequency to remove the modulation curvature. The detector was realigned with the
ICL and a 100Hz ramp modulation frequency was applied to the injection current of
the laser, as shown in Figure 5.10. It can be seen that, as before, the distortion is
significantly reduced at this higher frequency, however it has still not disappeared
completely. The frequency was then increased up to 1kHz, as seen in Figure 5.11.
This figure shows that, with the exception of a small curve at the bottom of the
ramp, the distortion on the signal is now removed. As a result of this, it was decided

that the ICL should be modulated at this frequency in future usage.

5.3 Analysis of noise

With the curvature of the detected output signal explained, with a solution to reduce
its severity determined, an analysis of the system noise could commence. During
previous use, it was noted that the output of the function generator (HP 33120A)
was not entirely stable, occasionally fluctuating in the time domain. This was
therefore replaced by a digital to analogue converter (DAC) and data acquisition

card, controlled through Labview (The control code can be viewed in Appendix B).

With the new DAC in place, a 30 second average was taken of the detected signal
and was subtracted from an individual sawtooth to determine how respectable the
signal is. It was noted upon analysis that a period structure was present in the
signal, as shown in Figure 5.12. The current has been converted to wavelength in

these plots using the tuning curve produced in Figure 5.4.
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Figure 5.10: Modulation of ICL using a 100Hz sawtooth waveform.
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Figure 5.11: Modulation of ICL using a 1kHz sawtooth waveform.

94



Chapter 5 Mid-infrared TDLS Section 5.3

5X10-13|
4
v 3l
S
> 4
3
c 1
o
£ O
©
T 1
o
Gl
=3l
—4

29.0 31.0 33.0 35.0 37.0
Current (mA)

Figure 5.12: Individual detected ramp signal subtracted from averaged signal with
VIGO detector.

It was thought that this could possibly be attributed to an interference effect
introduced by the lensed detector. To confirm this, and potentially reduce the
interference fringes, the detector was replaced by an unlensed MCT detector (Hamamatsu
P3981) mounted in a heatsink (Hamamatsu A3179). A comparison between the

different detectors can be seen in Table 5.1.

Table 5.1: Comparison between VIGO and Hamamatsu detectors.

Parameter VIGO PVI-2TE-5 | Hamamatsu P3981
Lensed Yes No
Wavelength range 2.5pum - 5.1pum 2.0pm - 4.3pum

Detectivity 1x10'" em-Hz/2/W | 5x10' cm-HzY/2/W
NEP 1x10712 W/Hz!/2 2x10712 W /Hz!/2
Rise time (7r) 80ns 10us
Bandwidth (= 0.35/7R) 4.375MHz 35kHz

The detector was angled at the Brewster angle (54.76°) to reduce any back-reflection

from the detector windows, before the previous process was repeated, with the
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outcome shown in Figure 5.13. The fringes appear to have now been removed, with
the scale of the signal approximately a factor of ten smaller than that seen previously.
This suggests that the signal is no longer limited by the interference fringes, but

rather the background detector noise.

To provide a more accurate representation of the noise of each component, a network
signal analyser (SRS SR780) was used. An initial measurement of the background
noise on the analyser was taken by connecting a shorted out BNC connector to the
input. This provided a background reading, as shown in Figure 5.14, with a floor

value of 8.0x10~% VHz /2.
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Figure 5.13: Individual detected ramp signal subtracted from averaged signal with
Hamamatsu detector.

To ensure that the detector was operating with the lowest possible noise level, it
was cooled through the use of a temperature controller (Graseby Infrared model
TC-328). A target thermistor resistance was set on the controller, causing a current
to be applied to the detector peltier. This resistance value was gradually increased
until a runaway thermal effect was caused in the detector. This manifests itself

as a continually increasing current being applied to the detector. The thermistor

96



Chapter 5 Mid-infrared TDLS Section 5.3

value was then set just below this level at 7.3k€2 (-20°C) to provide stable operating

conditions.

The signal analyser was then connected directly to the detector and amplifier, with
a gain setting of 1x10° V/A. With no light incident upon it, a measurement of the
detector noise could be made, providing a floor value of 1.8x10~% VHz~'/2. Following
this, the ICL was aligned directly with the detector and set to emit using the typical
settings (30°C and 37mA). The output from the detector was recorded as the laser
noise, providing a reading of 2.2x107% VHz~ /2. An adaptor was then placed on
the current control input for the laser that could measure the noise across a 100£2
resistor connected to the injection current pin in order to measure the noise on the

drive current. This provided a value of 1.5x10~ AHz /2.

These could then be converted into AU by dividing through by the signal strength
(current or voltage depending on the value) before multiplying by the square root of
the noise equivalent bandwidth (NEBW) for the system. The NEBW was calculated
using Equation 5.1 [4], where Ng is the number of recorded signals in the averaging
time (1 second) and 75 is the time of each recorded data point (10us), providing a

value of 50Hz.

1
NEBW = Ny — (5.1)

B
Table 5.2 displays the individual noise values (with their respective AU equivalents)
for each component in descending order. This shows that the limiting factor in terms
of noise in the system will either be the laser or the detector, depending on the
set-up used. At high intensities the laser noise will dominate, with the detector likely

dominating at lower intensities.
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Figure 5.14: Background noise levels detected using network signal analyser.

Table 5.2: Indiwvidual noise values for components in set-up.

Noise Source Level Equivalent level in AU
Laser on 2.2x107¢ VHz /2 1.5x10~% AU
Detector only | 1.8x107% VHz1/2 1.3x107% AU
Injection current | 1.5x107° AHz~!/2 2.7x1077 AU
Background 8.5x107% VHz /2 6.0x107¢ AU

5.4 Methane Detection

The methane line to be targeted by the following experimental procedures can be
observed in Figure 5.15. This absorption feature is a combination of approximately

six individual absorption lines, giving it its distinctive shape.
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Figure 5.15: 100% methane absorption line centred around 3313nm, calculated
from the HITRAN database [5].

5.4.1 Single-pass gas cell

To enable initial measurements of methane to take place, a single-pass 25cm gas cell
was produced. Calcium fluoride, CaFy, windows were aligned at the Brewster angle
at each end of the cell. The cell was then gradually rotated so that the alignment of
the windows corresponded to the polarisation state of the laser, as described in the
datasheet in Appendix A, to prevent interference fringes from being generated. A
line diagram of the set-up utilising the single-pass gas cell can be seen in Figure 5.16.
The analogue to digital converter (ADC) and DAC card (National Instruments
USB-6212 OEM) was set to record data from the detector and amplifier at 100kS/s
(kilo-samples per second) at 16bit resolution. As in Chapter 4, to control the flow of
methane to the cell, methane and synthetic air cylinders were connected up to a pair
of mass flow controllers, regulated by a set-point controller. For this experiment, a
1010ppm methane in air cylinder was utilised. The synthetic air cylinder used has a

certified trace hydrocarbon level of <0.1ppm.
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Figure 5.16: Line diagram of initial experimental set-up utilising a 25c¢m pathlength
single-pass gas cell.

To determine the optimum temperature and current settings for the ICL so that
the gas absorption line was centred on the current modulation ramp, the mass
flow controllers were set so that gas from the methane cylinder was flowing at
1000 scc/min  to the gas cell. By slowly adjusting the current and temperature,
optimal conditions of 40.6mA and 34.5°C could be obtained with a 0.1Vpp sawtooth
modulation waveform from the DAC card providing a 10mA current modulation. A
graph showing the comparison between signals detected with and without methane

present can be observed in Figure 5.17.

Measurements were then taken of the target absorption lines between 0 and 1010ppm
methane concentrations by using the mass flow controllers to regulate the flow rates
from the cylinders. The flow rates from each controller were set to total 1000 scc/min
for each concentration. Measurements were then averaged over 1 second to reduce

noise levels.

It was noted when attempting to analyse these measurements, the apparent absorbance
values produced were lower than expected for a gas cell of this pathlength. It was

thought that this discrepancy could be caused by a dark current on the detector.
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To attempt to confirm this hypothesis, a modified version of the injection current
modulation waveform was produced that caused the current to drop below the
threshold level for the ICL for 2ms every second. This would allow a measurement
of the “baseline” voltage level of the detector. A graph showing a portion of the

modified waveform can be observed in Figure 5.18.
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Figure 5.17: Comparison between detected signals with and without the presence of
1010ppm methane.

By subtracting this baseline from the signal when performing the analysis, an
absorbance value could be produced that matched that seen with the data from
the HITRAN database [5]. Figure 5.19 shows a comparison between the detected
absorbance signal at 1010ppm and the same absorption lines from the HITRAN
database. The graph shows a high correlation between the two curves, with some
discrepancy seen at the edges. This is likely due to the detected signal at those
points being in close proximity to the edge of the sawtooth waveform. The remaining
discrepancies in the absorption peak strength and wavelength are likely caused by

the data from HITRAN only covering a single isotopologue in this plot.
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Figure 5.18: FEzample section of the modified modulation waveform containing
period to drop laser current below the lasing threshold to measure the dark current
on the detector for 2ms every second.

0.8

0.7

0.6

0.5

0.4

0.3

Absorbance (AU)

0.2

HITRAN

0.1

Detected Absorbance

0.0 | | I I
33124 33126 3312.8 3313.0 3313.2 33134

Wavelength (nm)

Figure 5.19: Comparison between the detected absorbance and data from the
HITRAN database for 1010ppm methane concentration, showing a high correlation
between the two.
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With this solution in place, the value for the dark current could then be subtracted
from the detected signals for the remaining concentrations. With this, a graph of
peak absorbance against concentration could be plotted as seen in figure 5.20. A
calculation for the NEA was then performed, resulting in a standard deviation of
1.8x1073 AU. Using this value, a single-point limit of detection of 2.2ppm for a 1
second average could be calculated by comparing it against the absorbance strength

seen at H0ppm.
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Figure 5.20: Concentration curve for single-pass cell set-up.

Although the absorption line strength at this wavelength is approximately 45 times
greater than the methane line targeted in the near infrared, the limit of detection is
only approximately four times smaller. This can likely be attributed to the increased
noise of the detectors and lasers available in the mid-infrared over those in the near

infrared.

5.4.2 Integrating Sphere

To attempt to improve the limit of detection of the system, the single-pass gas cell

was replaced with a 4 inch diameter integrating sphere with Infragold [6] interior
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coating. A line diagram showing the adjusted experimental set-up can be observed in
Figure 5.21. The integrating sphere was adapted so that there were two ports for the
laser and detector, along with gas inlet and outlet ports. Thin blown polyethylene
was used for the windows on the ports for the detector and laser, as this was found to
be thin enough to reduce any interference fringes whilst having a high transmission

at this wavelength.

<~~~ Gas Inlet

and Outlet
» |ICL } ------------ )
\\. \Integratmg
: Sph
Detector and —— phere
Heatsink ——> »> Amp||f|er
Temperature ADC
Controller
PC
| | Laser | DAC .
Controller /M @ 1kHz

Electrical Connector: ——»
Laser Light: ------ >

Figure 5.21: Line diagram of experimental set-up using an integrating sphere.

Using Equation 3.12 in Chapter 3, the integrating sphere was calculated to have
a theoretical pathlength of 1.079m=+0.008m, using a port fraction of 0.0440.005
and reflectivity of 0.9540.005. However when initial absorbance calculations were
performed, it was noted that the absorbance value was significantly lower than
expected. As the dark current was already being accounted for, it was likely that the
issue this time was that the actual pathlength did not match up with the calculated

pathlength. When compared with the absorbance values obtained for the single-pass
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cell, a pathlength of 54.5cm was calculated. This equates to a coating reflectivity of

0.88, calculated using equations 3.12 and 3.13.

Attempts were made to clean the sphere using the manufacturers instructions
(spraying with acetone, rinsing with de-ioised water, then drying with clean, dry air),
however no increase was seen. It can therefore be assumed that the diffuse coating on
the inside of the sphere either: does not uniformly coat the surface, with a reduction
in the average reflectivity of the sphere being the result; the coating is less reflective

than stated in the datasheets; or a combination of the two.

A second sphere was purchased in an attempt to isolate the issue with the pathlength.
It was thought that perhaps over time the coating had become damaged in some
respect. On testing the new sphere, however, it was found to produce the same
pathlength as the old sphere. Although the pathlength of the sphere was not to the
level that was expected, it was still over twice as long as that of the single-pass cell,

potentially providing a improvement in the limit of detection.

To confirm this, measurements of the methane absorption line were performed at
concentrations between 0 and 250ppm using the same procedure as for the single-
pass cell. A graph displaying the calculated absorbances against their respective
concentrations can be seen in Figure 5.22. A calculation for the NEA was then
performed, resulting in a standard deviation of 1.6x1072 AU. Using this value, a
single-point limit of detection of 1.0ppm could be calculated by comparing it against

the absorbance strength seen at 50ppm.
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Figure 5.22: Concentration curve for integrating sphere set-up.

5.4.3 Allan Variance

As discussed in chapter 3, to determine the optimum averaging time of the system
an Allan variance analysis needed to be performed. To achieve this, the integrating
sphere needed to contain a (relatively) constant methane concentration over a period
of 1 hour. The best way to achieve this was to feed a constant low flow of a set
methane concentration to the integrating sphere from a cylinder. As such, the 0.1%

methane cylinder previously used was swapped for a 50ppm methane in air cylinder.

In an attempt to provide higher quality measurements at both short and long time
intervals, the data acquisition card was replaced by one with the ability to record at
a higher number of samples per second (NI USB 6366) at a 16 bit resolution. Using
this new acquisition card, the maximum rate that could be reliably recorded was
found to be 1MS/s; above this value buffer overflow errors were being triggered on
the computer being utilised. The current modulation amplitude was also increased
slightly (from 0.1Vpp to 0.15Vpp) to make use of the non-absorbing region next to
the methane line, allowing a more accurate baseline to be provided. An example of

the resultant measured absorbance can be observed in Figure 5.23.
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Figure 5.23: Fzample of 1 second averaged absorbance detected with increased
acquisition rate for 50ppm methane concentration.

A measurement of a flow of 100 scc/min from the synthetic air cylinder was made
before the mass flow controllers were set to provide a constant flow rate of 100
scc/min from the 50ppm methane cylinder. The Labview code was then set to
record for 1 hour to provide the time series data for the Allan deviation. One second
averages were then made throughout the data series, providing 3600 absorbance
values for this time period. A graph of the peak absorbance values can be observed
in Figure 5.24. It can be seen that although there is some fluctuation in the peak

absorbance level over time, it remained reasonably well centred around 0.07 AU.
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Figure 5.24: Variation in detected absorbance over a one hour time period.

Using the equations discussed in Chapter 3, an Allan deviation of the absorbance
data could be calculated. A plot of the resultant calculated Allan deviation values
can be seen in Figure 5.25. The plot follows the expected form of an Allan deviation,
with an initial drop for the white noise before increasing due to drift in the recorded
signal. Although there are points towards the end of the graph that drop below
the initial minimum, these are likely to be unstable as they fluctuate widely at that
point. Therefore it should be stated that an optimum averaging period occurs at

approximately 25 seconds.

5.4.4 Absorption line fitting

To make full use of the knowledge gained from performing the Allan deviation,
an absorption line fit of data obtained over this averaging time (25 seconds) was
performed using a MATLAB script provided by Dr. Daniel Francis. The Levenberg-
Marquardt fitting algorithm, as discussed in Chapter 3, was utilised to perform this

task.
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Figure 5.25: Allan deviation for one hour of detected absorbance data.

Due to the complex nature of the target absorption feature, a brief test to determine
how many peaks the algorithm should fit to was required. The suitability of the
individual fits was determined by comparing their residuals, with a lower residual
meaning a better fit. As the number of peaks was increased, the residual produced
continued to decrease up to ten individual peaks. However, on inspecting the curves
produced by the higher peak number attempts, and comparing them against the
HITRAN data for this region, it suggested that the algorithm was attempting to fit to
absorption lines outside of the target area. It was therefore found that a Lorentzian fit
of 7 evenly spaced peaks provided the best result, matching the number of absorption
lines present according to the HITRAN database. An example of the fit produced

can be seen in Figure 5.26.

To gain a limit of detection from this fitting process, the absorption line fits were
divided by the HITRAN data for the absorption feature. A standard deviation was
then taken to provide the limit of detection. Using this technique, a limit of detection

of 0.3ppm was estimated.
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Figure 5.26: Ezample of absorption line fit using the Levenberg-Marquardt algorithm
for a concentration of 50ppm, using 7 overlapping individual lines.

5.5 Conclusions

In this chapter, investigations were performed into the viability of using an interband
cascade laser, coupled with an integrating sphere, for use in methane detection. A
full characterisation of the laser and detector set-up was performed. It was found that
at low modulation frequencies, the signal recorded on the detectors had a noticeable
curvature. To correct this, an injection current modulation frequency of 1kHz was
employed for all future measurements. A full noise analysis of the experimental
set-up was performed, with a maximum noise value of 2.2x10~% VHz /2 recorded

for the laser, corresponding to 1.5x1073 AU.

Measurements of methane were performed with the ICL using both a 25cm pathlength
single-pass gas cell and an integrating sphere with an effective pathlength of 54.5cm.
Concentration curves were produced using each gas cell, with single point limit of

detections of 2.2ppm and 1.0ppm found for the single-pass cell and integrating sphere
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respectively. It is thought that the performance of the integrating sphere is limited
by the reflectivity of the Infragold coating which has a manufacturer-quoted value
between 94 and 95% in the mid infrared. Calculations showed, however, that a shorter

pathlength than expected was achieved, with a mean reflectivity of approximately

0.88.

Improvements to the limit of detection were sought through the use of an Allan
deviation plot to find the optimum averaging period and utilisation of absorption
line fitting techniques. It was found that the optimum averaging time for this system
was 25 seconds. Using this knowledge, an absorption line fit was performed for this

duration, providing a limit of detection of 0.3ppm.

It can be concluded from the work carried out in this chapter that the combination
of ICL and integrating sphere would be beneficial for use in the detection of
methane on light aircraft. As such, investigations into the design and development

of instrumentation for this purpose are described in Chapter 6.
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Chapter 6

Development of instrumentation
for the detection of atmospheric

methane on a light aircraft

Laboratory measurements of methane using an interband cascade laser and integrating
sphere were undertaken in Chapter 5. Having shown a limit of detection below that of
the background atmospheric methane level, it was decided to use this combination for
the instrument. This chapter covers the work undertaken in designing and developing
this instrument, with a laboratory test taking place before being installed in the

aircraft and an initial flight test.

6.1 Background

Light aircraft hold a number of advantages over other forms of aviation with
regards to measuring in situ. These include being able to fly closer to (and slower
through) any potential sources/plumes of methane, allowing for longer, more accurate

measurements of the source to take place.

To facilitate measurements of atmospheric methane in situ, a Scottish Aviation
Bulldog light aircraft owned by Cranfield University (as seen in Figure 6.1) was
proposed. This aircraft is a two-seater training aircraft with a maximum speed of

130 knots, stall speed of 54 knots, and range of 540 nautical miles [1]. Within this

113



Chapter 6 CH4 sensing instrumentation Section 6.1

aircraft, a certified mounting box is present (as shown in Figure 6.2) that allowed
instrumentation to be secured inside the aircraft. By utilising the mounting points
within the box that were already installed, it was thought that the process of flight
certification could be simplified. This did, however, present a number of design
restrictions on the size, weight, and power requirements of the instrument. These

can be seen laid out in Table 6.1.

To reduce the need for the additional complication of certification, components
chosen to be used within the instrument would need to be CE marked (as required).
This particularly applied to electrical components. Important mechanical fixings,
such as the bolts to secure the instrument to the aircraft, had to be traceable. By
doing so, the need to have any assessment done on individual components is removed.

As such, only off-the-shelf components could be utilised in the instrument.

The main potential risks that need to be addressed in the development of instrumentation
for measurements in-flight are fire hazards, mechanical instability, and power drain.
By using CE marked components in the operating range as stated by the manufacturer
reduces the potential fire risk involved. To mitigate any mechanical hazards, such as
a bolt coming loose mid-flight, anti-vibration washers and nuts will be utilised, whilst
the instrument itself will be contained within a sealed box. Finally, to mitigate for
a power drain from the instrument potentially causing the aircraft to malfunction,
the power to the instrument is required to have a fuse that will trip when too much

power is drawn.

Table 6.1: Design restrictions for instrumentation, making use of previously certified
modification to the Bulldog.

Parameter Constraint
Size (mm) 300x167x270
Power (Watts) | 140

Weight (kg) 5
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Figure 6.1: The Cranfield Scottish Aviation Bulldog aeroplane in flight.

Figure 6.2: Mounting box inside Scottish Aviation Bulldog, with internal dimensions
of 300X167X270mm.
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6.2 Choice of Components

To meet these criteria for the design restrictions, careful consideration was required in
the choice of components to replace the laboratory equipment utilised in the previous
chapter, with the set-up still matching that seen in Figure 5.21. These components
would have to be relatively small and lightweight, have low power consumption, yet
still be able to provide sufficient performance for reliable measurements to be made.
As mentioned previously, electrical components had to be CE marked, ruling out the

use of any custom designed electronics.

Due to the higher compliance voltage (6V) of the ICL compared with other laser
diodes, the range of available laser controllers was quite limited. The controller
chosen (Thorlabs ITC102) provides both current and temperature control that covers
the operating range of the ICL, whilst also being relatively compact. Its large
heatsink would also prevent it from overheating in the enclosed environment. The
choice of thermal controller for the detector (Wavelength Electronics HT'C3000 &
HTCEVALPCB) followed a similar reasoning, with a large current output capability

and a reasonable sized heatsink for cooling.

Due to their small size, low power requirements, and reasonable performance, the
amplifiers chosen were the switchable gain transimpedance amplifiers that come
connected to standard silicon detectors from Thorlabs (PDA36A-EC). The detectors
were removed from these amplifiers, with a BNC cable soldered to the input pins to
allow input from the Hamamatsu MCT detectors. These amplifiers have different
performance characteristics than the Femto amplifier used previously. The bandwidth
of the new amplifier is higher (5.5MHz compared with 400kHz), however the gain
setting utilised is lower, 4.75x10°V /A against 1x10°V/A. The data acquisition card
(National Instruments USB-6212 OEM) was chosen due to its known high performance

capabilities and its compact nature.

The choice of PC to control the instrument was more complicated. The chosen
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PC would have to be small, like the other components, whilst also being able
to run the Labview code previously produced, and powerful enough to not limit
measurements. This is a combination that does not usually occur, as powerful PCs
are often larger and require significantly more power. The PC eventually chosen
(Zotac ZBOX-PI320) was approximately the same size as many of the alternative
miniature computers on the market (such as the Raspberry Pi), however it had a
more powerful processor and larger RAM capacity. The expandability of the PC is
limited (with only USB, micro SD, and ethernet ports available) however this was
sufficient for use in this project. The memory used in this PC was entirely solid

state, making it more robust than a computer utilising a conventional hard disk drive.

Two different voltage regulators (RS Pro SD-15B-5 and Murata Power Solutions UEI-
12/5-Q48N-C) were used due to the need for both 5V and 12V supplies for different
components. Finally the pump (Sensidyne AA120CNSN) was chosen primarily for
its small size, however it still has a reasonable maximum flow rate, approximately

2.4 litres/min. A full list of the components can be seen in Table 6.2.

6.3 Development of instrument

6.3.1 Design progression

To determine how the selected components would be arranged inside the instrument,
3D computer aided design (CAD) block diagrams of the possible internal layout were
produced. Each block in these diagrams represents the total space that an individual
component takes up, with the wire frame around the outside of the instrument
representing its maximum size. Figure 6.3 shows the initial design made using
this technique. It was originally thought that a cuboid integrating cavity could be
fabricated for use within the instrument to reduce the space required, however it was
decided for later designs that this would be unnecessary. At this stage the design
was also incomplete, as components such as the voltage regulators and pump had

not yet been included.
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Table 6.2: List of components in the instrument.

Component Make/model '.I‘humbnall
image

Laser Nanoplus ICL

Laser controller Thorlabs ITC102

Detector and heatsink Hamamatsu  P3981  and

A3179-01
Wavelength Electronics
cDo(;t’:r (E;T;temperature HTC3000 and
HTCEVALPCB
. Switchable gain amplifier
Amplifi
HIPRACE from Thorlabs PDA36A-EC
Labsphere Infragold coated
Gas cell . .
integrating sphere
National Instruments USB-
ADC/DA
C/DAC 6212 OEM
Pump Sensidyne AA120CNSN
[5]
RS Pro SD-15B-5 ‘and .
Voltage regulators Murata Power Solutions e o 6. 7
UEI-12/5-Q48N-C 6, 7]
PC Zotac ZBOX-PI320 A )
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Figure 6.3: Initial 3D block diagram of instrument, with blocks representing the
main components to be used. The dimensions of this design are 299X167X132mm.
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Figure 6.4: FEvolution of initial 3D block diagram, now including all components
with close approrimations to positioning inside instrument. Dimensions of this design
are 299X167X230mm.

Figure 6.4 displays an evolution of the initial design, including all the components

119



Chapter 6 CH4 sensing instrumentation Section 6.3

that were omitted previously whilst also arranging them slightly differently to make
more efficient use of the space available. The cubic integrating cavity has also now

been replaced by an integrating sphere.

During the initial design process, it was thought that additional optics would be
required to direct light from the laser to the sphere, including both collimating
optics and optical fibre. This is displayed clearly in Figure 6.3 and, although this
is not shown in Figure 6.4, it was still expected to be the case at this stage. The
additional optics were thought to be needed as a result of previous experience of
other researchers in the laboratory. When using near infrared DFB lasers, optical
feedback from an integrating sphere caused large noise in the laser output if the laser
was butt-coupled to the sphere. These designs were produced before it was found

that this feedback was not an issue with this configuration.

Detectors with
ICL and heatsinks Integrating sphere

heatsink

Miniature PC

" Detector thermal

Amplifiers ICL controller  \p~ 214 Voltage regulators  controller

Figure 6.5: 3D CAD block drawing (left and right views) of the internal components
of the instrument in its final form. Dimensions of this design are 295X165X250mm.

Where the changes between the first and second designs were quite significant, the
final design of the instrument (Figure 6.5) can be seen as more of an evolution on the
previous design, with only a few subtle alterations. The ICL has been positioned so

that it emits directly into the integrating sphere, rather than relying on bulk optics
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previously. This would allow the light intensity in the sphere to be higher due to
no losses being incurred through coupling to the fibre. The positions of the other
components, especially the laser controller and ADC card, have also shifted slightly
to allow more room for mounting (discussed in section 6.3.2) and for any connections

needed.

6.3.2 Assembly of instrumentation

To contain the selected components, an aluminium base “tray” and lid were fabricated,
with the lid to be connected to the tray by four support struts, one in each corner
(see Figure 6.7 later). To secure the individual components to the base tray, a 3D
printer (Ultimaker 2+) was used to create bespoke fixtures made from polylactic
acid (PLA) that could be bolted to both the components and the base plate. An
example of one of the 3D printed mounts can be seen in Figure 6.6, this one used
to secure the detector thermal controller. A portfolio of 3D CAD diagrams and

photographs of all of the mounts used is available in Appendix C.

Figure 6.6: Ezample of mounting used to secure components to the base tray. This
example was used to mount the detector thermal controller.

Individual mounts were created for the detector thermal controller (as seen) along
with the 5V voltage regulator. Both amplifiers shared a single frame, whilst the laser

controller, ADC card and 12V voltage regulators shared a mount, with the miniature
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PC and pump attached to a lid that provided additional support to the three boards.
The ICL and detectors used 3D printed adaptors to be secured to the integrating

sphere ports.

Each mount was designed using 3D CAD software, with multiple versions of each
mount required in order to fine tune how each component was to be secured. This
was a time consuming process, with each version potentially taking multiple hours
to be developed. A list of all the mounts produced can be seen in Table 6.3, with
the times needed to print each of them displayed alongside. It can be seen that for
the majority of the prints, a significant amount of time was required for them to
be completed. This meant that, with multiple versions of each mount, a period of

several weeks was needed solely to finalise how to secure the components.

Table 6.3: List of 3D printed component mounts and respective print times.

3D printed mount Print time

ICL controller, ADC/DAC
card, & 12V  voltage | 35 Hours 29 minutes
regulator mount

Lid for ICL controller,
ADC/DAC card, & 12V | 21 Hours 23 minutes
voltage regulator

Amplifier mount 13 Hours 1 minute

Detector thermal controller
mount

5V voltage regulator mount | 5 Hours 6 minutes

7 Hours 59 minutes

ICL mount bar 3 Hours 54 minutes
ICL sphere port adaptor 3 Hours 44 minutes

Detector sphere port
adaptor

2 Hours & minutes

PC power button holder 48 minutes

With all the mount designs finalised and printed, the components and their mounts
were arranged on the tray so that they matched the design seen in Figure 6.5. Pictures

of the final internal arrangement can be seen in Figure 6.7.
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Figure 6.7: Photographs (front and rear view) of components assembled inside
istrument according to 3D model.

To provide air to the pump from outside the instrument, an elbow gas fitting
(Swagelok SS-400-9) was attached to the lid, with a length of flexible tubing running
from this to the pump. In a similar manner, to control the acquisition software on the
miniature PC, HDMI and USB ports were attached to the top of the lid with short
leads inside the instrument connecting them to the PC. These would allow a small
touchsreen (Waveshare 7 Inch HDMI LCD (C)) to be connected to the instrument

to control the software in-flight. Finally, to help with cooling inside the instrument,

123



Chapter 6 CH4 sensing instrumentation Section 6.4

a vent (taking the form of a grid of small holes) was drilled into the centre of the
lid, positioned so that it lined up with a vent of the same form in the mounting box
in the aircraft. The exhaust air from the sphere was also directed over the internal
components to assist with thermal management, removing the requirement for an
additional fan. A picture of the completed instrument can be observed in Figure 6.8,

with a list of its specifications in Table 6.4.

Table 6.4: Specifications of completed instrument.

Parameter Constraint Implementation
Size (mm) 300x167x270 295x165x250

Max rated power

(Watts) 140 90

Weight (kg) 5 4.7

USB and HDMI Gas inlet
connectors for
touchscreen ‘
B Ventilation
holes

Figure 6.8: Photograph of completed enclosed instrument.

6.4 Laboratory Testing

To determine how the instrument performed relative to the experimental set-up
used in the previous chapter, noise measurements alongside some basic methane
readings were performed. When setting the temperature of the detector, it was noted

that it would not stabilise at the same value previously used (-20°C). This is likely
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due to the enclosed nature of the instrument putting slightly more strain on the
detector heatsink. As such, a higher temperature of -15°C would need to be utilised.
Based on the manufacturers datasheet for this detector, the theoretical minimum
noise level at this temperature for this wavelength would be approximately 1x10~"
VHz /2, providing an noise equivalent absorbance of 7.1x10~> AU. The rest of the
components, however, seemed to be operating in a similar manner to the previous
benchtop set-up. Measurements of the background, detector, and laser noise of the
instrument were then taken using a network signal analyser (SRS SR780) using
the same process undertaken in Chapter 5. A list of the resultant measurements,
alongside measurements made of the set-up used in Chapter 5, can be observed in
Table 6.5. Following the same procedure used in Chapter 5 Section 5.3, these were
converted into AU by multiplying by the square root of the NEBW and dividing
through by the signal strength.

Table 6.5: Individual noise values for components in the instrument compared with
values of laboratory set-up in Chapter 5.

Noise Source | Level Equivalent Comparison with
level in AU lab instrument
(Table 5.2)
Laser on 3.3x107% VHz /2 | 2.3x1073 AU 1.5x107% AU
Detector only | 2.4x107% VHz='/2 | 1.7x10~% AU 1.3x107% AU
Background 8.7x1079 VHz /2 | 6.2x107% AU 6.0x107% AU

The noise measurements seen are slightly higher than those made of the laboratory
set-up previously used. It was thought this could be attributed to a combination
of the higher detector temperatures, new laser controller, and new amplifiers. To
ascertain how this might affect the performance of the instrument in regards to any
atmospheric measurements made in the aircraft, a measurement of a known methane
concentration was performed. Gas from a synthetic air cylinder was pumped into
the instrument with a measurement made, before the same was done with a 50ppm
in air cylinder. Figure 6.9(a) shows the calculated absorbance made from the two

measurements. It shows that, although the peak position and form of the graph
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follows what has previously been observed (Figure 6.9(b)), the peaks are much less

well defined.
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Figure 6.9: (a) Ezample of 50ppm methane measurement taken using instrument.
(b) Example of 50ppm methane measurement taken using setup utilised in Chapter 5.
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A calculation of the NEA was performed from two measurements of synthetic air,
resulting in a standard deviation of 2.5x107% AU. From this, a single point limit
of detection of 1.6ppm could be calculated by comparing it against the absorbance
strength seen with the 50ppm measurement. This LOD is higher than the single-point
LOD seen with the laboratory experimental set-up (1.0ppm), matching the increased

noise measurements.

The decreased definition in the peak structure and increased noise levels could likely
be attributed to a combination of different sources: the different amplifiers now used,
the higher temperature of the detector and interference from the close proximity of
the other components. It is expected that the LOD will see an improvement through
the use of averaging and line-fitting techniques, as seen in the previous chapter,

where and improvement of more than 3X was seen in the limit of detection.

6.5 Flight Testing

6.5.1 Installation of instrument

Before installation of the instrument commenced, the components inside the device
were swapped for operational but out-of-spec, like-for-like replacements. The
components swapped were the detectors, laser, and detector thermal controller. This
would allow testing of the instrumentation to occur without potentially damaging

crucial components, such as the laser.

To secure the instrument to the mounting holes in the aircraft, an adaptor plate was
used as the position of the components inside the instrument prevented it from being
attached directly. This plate connected to the original mounting holes and had small
threaded posts that were positioned so that the instrument could be bolted to them.
The installation of the plate in the aircraft had to be performed by an approved

organisation, with all of the components having to be traceable and logged.
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6.5.2 Aircraft modification and certification

To allow the instrument to sample air in-flight, further modifications would need
to be made to the aircraft. The first modification required was the introduction
of an inlet plate on the outside of the aircraft (shown in Figure 6.11). This was a
modification of an existing plate that would allow air to be channelled from outside to
the instrument. Following this, tubing (FEP, 1/4” internal diameter) was required to
be run from this plate, along the inside of the aircraft to the mounting box. Finally,
a small notch made in the lid of the mounting box was made to allow the tubing
to be fastened to the elbow gas fitting on the instrument. A diagram showing the

layout of the aircraft with these modifications can be observed in Figure 6.10.

For the instrument to be granted permission to be flown, the size, weight, power
and centre of gravity specifications of the instrument needed to be signed off and
certified. An EMC check of the instrument running in the aircraft on the ground was

also performed, to ensure that it would not interfere with the operation of the plane.

Instrument behind seats,
close to centre of gravity

Passenger holds touch
screen display (carry-on —
equipment)

.y

Figure 6.10: Diagram of Bulldog aircraft showing locations of instrument, inlet
plate, and tubing (taken from [9]).
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3.23 [82.0]

— 7 T

1.42 [36.0]

Figure 6.11: Schematic drawing of the inlet plate on the Bulldog.

The process of certifying the modifications and instrument was lengthy, with the
first meeting with the certification company (STC Twenty One Limited) to start
the process occurring in December 2015, before the modifications were finally signed
off for flight testing by a Civil Aviation Authority (CAA) approved organisation
(Airworthiness Assured Limited) in August 2017. The airworthiness checks tested
a number of different factors to determine that the instrument posed no risk to
either the aircraft or pilot. The first test was fire safety. The second check was of
mechanical safety, making sure no part would come loose during flight. The final
check was of the avionics, ensuring the device does not draw too much power (even
accidentally) causing the aircraft to stop operating, and that it does not interfere
with the communications. A portfolio of key certification documents can be found in

Appendix D.

6.5.3 Flight campaign

Once installation of the instrument in the aircraft had been completed and certified, a
plan for the flight testing was assembled. An initial shakedown flight of approximately
10 minutes was scheduled to check if any part of the instrument would break during

take-off, landing or in-flight. The out-of-spec components were then planned to be
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replaced by their fully functioning counterparts ready for the main test flights.

Two main flights were scheduled. The first involved filling the integrating sphere
with a fixed gas concentration and sealing all the ports. The instrument would then
be flown in this configuration to produce an Allan deviation plot to determine if any
additional noise sources will impact on the limit of detection of the system. Once
complete, the sphere would then be flushed out with air in preparation for the second
flight. This flight would be to allow an attempt at detection of the background

atmospheric methane concentration level to take place.

With the flight plan in place, the first shakedown flight went ahead as planned.
The instrument was then removed from the aircraft and taken to the laboratory
for assessment and component replacement. Upon inspection of the instrument
components, an obvious failure had occurred. As shown in Figure 6.12, a capacitor
on the ADC card had been dislodged. Although a minor fault, this forced the flight

plan to be postponed slightly whilst the card was repaired.

Figure 6.12: Photograph of ADC card after shakedown flight. The red circle
indicates the capacitor that became dislodged.

This failure was attributed to the ADC card rocking slightly in its mounting, causing

the capacitor to be knocked off. To combat this, small silicon pads were placed on
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the corners of the card to prevent it from moving in its mounting and to help absorb
any vibrations from the aircraft. These pads were also placed on the other cards to

prevent the same issue occurring with them.

Further to this failure, it was noted that several of the PLA component mounts had
warped during testing. The mounts were still securing the individual components as
required, however they were misshapen in non-structural locations. It is thought that
this deformation can either be attributed to the heat generated by the components,

to moisture being drawn in from outside the aircraft, or to a combination of the two.

Once the ADC card had been repaired, and with no other serious physical damage
evident in the rest of the instrument, the components were then checked to see if
they were still performing correctly. It was then observed that there was an issue
with the output of the laser controller. The current output of the controller was
not increasing above approximately 2mA, whereas normally around 40mA would be
expected. With no physical damage to the device evident, it is as yet unclear as to
why this controller is not operating correctly, however it was thought that one of the
mechanical trim pots on the board had failed. Although likely that the cause of the
malfunction was some physical damage to the controller, it was decided that until a
definitive solution to this problem could be found, the rest of the flight campaign

should be postponed.

Despite the fact that the instrument stopped operating due to some minor damage to
some of the electronic components, the remaining components, including the optics
and laser, performed well in the shakedown test, with no further damage having
been caused. This demonstrated that, once the issues with the laser controller are

corrected, the instrument should function as intended.
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6.6 Conclusions

In this chapter, the design and development of instrumentation to detect atmospheric
methane on a light aircraft was demonstrated. The restrictions on the design were
covered before the reasoning behind the choice of individual components was discussed,
with a list provided. The evolution of the instrument design was then shown through
the use of 3D block diagrams. The process of assembling the instrument was described
along with how the components were to be mounted and secured within the enclosed

instrument.

Basic laboratory testing of the instrument was performed in the form of a noise
analysis and 50ppm methane concentration detection. It was found that the noise
levels were slightly higher than those experienced in the laboratory set-up used
in the previous chapter, with a maximum noise level of 2.3x107* AU recorded for
the laser noise, compared to 1.5x107% AU for the laboratory instrumentation. A
single-point limit of detection of 1.6ppm was estimated compared with 1.0ppm seen
for the laboratory set-up. This increase is of the same proportions as that seen
with the change in noise levels. It is thought that this can be attributed to the
higher operating temperature of the detector used in the instrumentation coupled
with the different amplifiers used and the close proximity to other components.
The absorbance graph generated was also of a lower quality than that experienced

previously, with the absorption peaks being less well defined.

The process of modifying the aircraft and having it certified, along with the instrument,
was discussed. Several modifications to the aircraft were needed in order for the
instrument to operate. An inlet plate was attached to the side of the aircraft with
flexible tubing running from this plate along the inside of the plane to the instrument.
Two modifications were then made to the mounting box inside the aircraft: a notch
both in the lid and side of the box, with a raised cover to the notch on the lid
added. The certification process was lengthy, taking 20 months to complete between

December 2015 and August 2017.
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A flight campaign for testing the instrument was devised, with a shakedown flight
alongside two measurement flights scheduled. The shakedown flight took place as
scheduled, however damage to two of the electronic components was incurred during
this flight. The damage incurred to one of the components was obvious and was
quickly rectified, however the issue with the second component was less obvious.
With the device malfunctioning and no obvious physical damage evident, it was
decided to postpone further flight testing until a definitive reason for the problem
could be found. The laser, optics and remaining electronic components, however,
operated as expected, demonstrating that the instrument should function as intended

once the issues with the controller are rectified.
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Chapter 7

Conclusions and Future Work

7.1 Thesis summary and conclusions

The development of instrumentation to acquire measurements of the background

atmospheric methane concentration level was presented in this thesis.

An investigation was carried out into the suitability of utilising a new external cavity
Bragg-stabilised laser for use in methane detection, with comparisons made between
this laser and a fibre-coupled DFB laser, both operating at 1651nm. It was found
that, although the ECBSL had a single-point limit of detection for methane similar
to that of the DFB laser (both at approximately 8.3ppm), there are a number of
drawbacks that limit its potential use. Alignment stability of the laser prevented
reliable measurements below a methane concentration level of 100ppm being taken,
whilst its tuning range was significantly smaller than that of the DFB. It was
concluded that, although the laser showed promise for future use in gas detection,
it would not be possible to utilise this laser for the purpose of detecting methane

outside the laboratory (especially in a light aircraft) in its current configuration.

Experiments into detecting methane were then carried out using an interband
cascade laser in the mid-infrared, centred around an absorption line at 3313nm.
A characterisation of the laser and detector were performed, finding that at a
modulation frequency of 1kHz was required to reduce a distortion in the detected

signal present. Measurements of methane were made using an integrating sphere with
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effective pathlength 54.5cm and with a 25c¢m pathlength single-pass cell. Single-point
limit of detections of 2.2ppm and 1.0ppm were measured for the single-pass cell and

integrating sphere respectively.

Improvements to the limit of detection were sought through the use of an Allan
deviation plot and line-fitting techniques. An optimum averaging time of 25 seconds
was found using the Allan deviation, with a line-fit for this period producing a
limit of detection of 0.3ppm using the integrating sphere. It was thought that the
performance of the integrating sphere is ultimately limited by the reflectivity of the

infragold coating, which itself is limited to between 94 and 95% in the mid-infrared.

Chapter 6 details the design and development of the instrumentation produced to
detect atmospheric methane on light aircraft. The reasoning behind the selection
of the individual components in the instrument was explained, followed by a
demonstration of the evolution of the instrument design through the use of 3D
block diagrams. The instrument was then assembled following the final design that
was produced using 3D printed mounting devices to secure the components to the

aluminium base.

Laboratory tests of the instrument found that the noise levels were slightly higher
than those seen in the experimental work previously undertaken, as detailed in
chapter 5. A single-point limit of detection of 1.6ppm was determined for the
instrument, an increase seemingly matching the increased noise levels measured at
the detector compared with the previous experimental set-up. The peaks of the
detected absorption feature also less well-defined than those observed previously in
the laboratory. It was thought that this could be attributed to the higher operating
temperature of the detector required in the instrument (-15°C versus -20°C), coupled
with the different amplifiers used and the close proximity to other components. The
observed peaks, however, were sufficiently distinguishable that reliable measurements

could be made.
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The aircraft was then modified, with both it and the instrument certified for for flight
testing. Several modifications to the aircraft were required, including the installation
of an inlet plate and flexible tubing, and cut-outs made on the mounting box for the
tubing. The process of certifying the instrument took 20 months to complete between
December 2015 and August 2017, limiting the time available for flight testing to take

place.

A flight campaign to test the instrument was planned, with a shakedown flight
along with two measurement flights scheduled. During the shakedown flight, damage
was incurred to two of the components within the instrument. The damage to one
component was easily rectified, whilst it is as yet unclear where the issue with the
second component resides. It was thought that this problem was likely the result
of physical damage caused to the component by vibrations within the instrument.
Further work to isolate the instrument was therefore required before any further
testing could take place. The flight campaign was therefore postponed until the

modifications to the instrument have been made.

7.2 Future Research

The output of the research and work carried out during this thesis indicated a number
of areas that could gain from further study. In this section, an outline of the potential

areas of future research that builds on the work carried out in this thesis is presented.

Following the issues had with the shakedown flight, adding vibration isolation to
the instrument to assist in preventing additional damage would be the first major
improvement required going forward. This would also have a potential secondary
effect of reducing the background (acoustic) noise level whilst flying. A number of
anti-vibration mounts are available that could replace the mounting posts on the
adaptor plate. This would ensure that the entire instrument, not just the individual

components are isolated from the aircraft.
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Several non-essential improvements could also be made to the instrument to potentially
improve the limit of detection. Larger heatsinks could be introduced to the detectors,
reducing the temperature to which the detectors can be cooled. This will reduce the
noise equivalent absorbance of the detectors, thus lowering the limit of detection.
Replacing the amplifiers with alternatives that have a lower specified noise equivalent
power may also have a positive impact in the same manner. Improvements to the
cooling of the device could also be explored. This could be achieved by: introducing
a number of small fans within the instrument to increase circulation, upgrading the
pump to one with a higher flow rate and directing the air flow over the components,

and adding air holes to the 3D printed mounts.

Investigations could be made into utilising alternative gas cells to replace the
integrating sphere within the instrument. Custom integrating cavities could be
investigated, determining a size and form that would more optimally fit within the
confines of the instrument. Due to the inherently rough surface that is produced
when 3D-printing objects, an integrating cavity could be designed that utilises this
fact. With the rough surface needed for diffuse reflections to occur potentially already
being present, the surface would only need to be coated (e.g. in gold) for it to be

utilised.

Alternative coatings for the cavities could also be investigated, for example copper
or aluminium as investigated by Bane et al [1], in an effort to find one that would
provide a higher reflectance in the mid-infrared and therefore a longer effective
pathlength. Another gas cell to investigate could be one made from hollow core
waveguides, as discussed in chapter 2, section 2.6.5. These cells have shown the
ability in laboratory conditions to detect methane down to sub-ppm levels [2] with
a fast response time (0.8 seconds) and a pathlength of 5 metres. This low volume,
long pathlength gas cell could potentially be an ideal replacement for the integrating

sphere.
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Another avenue could be to design and develop custom electronics to replace some
or all of the components in the instrument. Several of the components currently
utilised, such as the laser controller, take up a significant proportion of the internal
volume whilst having functionality that is not required. Custom electronics would
potentially be smaller and more power efficient compared with their off-the-shelf
equivalents, however the process of getting these components certified for use in-flight

would require additional time and money.

As discussed in Chapter 6, section 6.5.3, a flight plan was established to test the
instrument. This included: performing an Allan deviation by sealing the integrating
sphere with a known methane concentration inside; flushing the sphere out with
air so an attempt at detecting background methane concentrations could be made;
performing ground tests of the noise levels of the instrument whilst running off the
aircraft power supply. As these tests were unable to be completed due to the damage
sustained, undertaking this flight plan would be an obvious choice for any future

work undertaken with the instrument.

Finally, investigations into alternative wavelengths and target gas species could
be performed. Currently, the instrument is set up to only take measurements of
methane, however there are a number of alternative gas species that have strong
absorption lines in the mid-infrared that could be targeted. This is potentially a
relatively simple change, as all that would need to be done is to replace the current
laser with one of the same model that operates at an alternative wavelength. A
second ICL has already been purchased with this intent. This ICL has a typical
wavelength of 3335nm which will allow it to measure both an ethane absorption line
and weaker methane absorption line simultaneously. A plot of these lines can be

seen in Figure 7.1.
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Figure 7.1: Comparison between absorption lines for ethane and methane, centred
around 3335nm (taken from HITRAN database [3]).
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ICL datasheets

S/N: 1418/19-31

Nanosystems and
Technologies

GmbH

nano

Datasheet for 3311nm DFB Laser

Current-Output-Power Spectrum
Sy — — o — —
25 5 -
= 10 —
t 2 @ 10 ]
e 2 -15
o
= ]
315 - 3 20 1
— @
g 1 - i £ -25 ]
g 5 30°C -30
.5 35
0 - ‘ 4 T -40 T i
0 5 10 15 20 25 30 35 40 45 3290 3300 3310 3320 3330
current (mA) wavelength (nm)
The laser is mounted on: TO66 with TEC and cap. Electrical connection as shown: Bottom View
/ .
T Peltier (+) . Parameter ___Smbin) VAWe Hel .
2 " Thermistor Max. temperature difl. _ATmax 67 K |= - 7.8 L
3 Thermistor Max. current Imax 1.4 A t5 Y © @9 \\
“1 NC Max. wltage Umax 38 V C @ Cﬁ )
; wg Max. power Qmax 3.0 W & ® @@, /
7 TD(5) ThermistorRo @ 25°C  Ro 10000 Q 3 2
8 LD (-) Thermistor b b 3930
9 Peltier (-)
Caution: Before operating the cooler: TO66 has to be connected to a heat sink. Characteristics
Parameter Symbol Unit min typical max
Operation voltage U \ 6.0
Max. Current |max mA 45
Threshold current hn mA 18
Slope efficiency e mW/mA 0.17
Operation conditions
Parameter Symbol Unit min typical max
Operation temperature T °C 25 30 35
Wawelength A am 3311.3
Operation current | mA 37 45
Output power Popt mwW 2.3
Device protected by US patent no. 6,671,306; 6,846,689
Caution:
High veltage, high temperature, and mechanical forces may cause WARNING!

CLASS 1M LASER PRODUCT
(DIN EN 60825-1:2001-11)
DO NOT VIEW DIRECTLY WITH
OPTICAL INSTRUMENTS

nanoplus GmbH
Oberer Kirschberg 4
97218 Gerbrunn

irreversible damage to the laser. When handling the laser diode

proper ESD (el
to avoid performance degradation or loss of functionality.

ic discharge) p

ions are ended

Tel: +49 (0)937 90827-0
Fax: +49 (0)931 50827-19
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ICL datasheets

Nanosystems and
Technologies
GmbH

Nano

S/N: 1418/19-31

Package option: TO66 with collimating lens

handling instructions beam profile

Thermal image of the collimated laser beam

Nanoplus cube with X-Y collimator at 3.0 m distance from the laser facet.

Laser temperature: 30°C
Laser current: 37 mA

Polarization direction of
electric field (transverse electric - TE)

Do not touch the screws! Turning or touching
of the screws will harm the beam collimation.

Apply protective cap when laser is not in use
to avoid dust deposition on lens.

Note: The collimation may reduce the laser output power by up to 20%.

CLASS 3B LASER PRODUCT
(DIN EN 60825-1:2001-11)
AVOID EXPOSURE TO BEAM

.Caution:

High voltage, high temperature, and mechanical forces may cause
ireversible damage to the laser. When handling the laser diode
proper ESD (electrostatic discharge) precautions are recommended

&I WARNING!
to avoid performance degradation or loss of functionality.

ESD - SENSITIVE DEVICE

nanoplus GmbH
Gleimershéuser Str. 10

98617 Meiningen

Tal: +49 (0)3693 505000-0
Fax: +49 (0)3693 505000-19
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Labview code
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Labview code

CHDATA inst

Mame of Instrurment

Location

Path

H

| cranfield-university

oy

b _36v%m %ed %H M35

l Conventions,G,BADC-CSV, 1 f
ltitle, G, My Data File [~

Icreator,G,N Davis, Cranfield University

llong_name time time [~

Ilong_name,cell,reading from cell detectorl—t

llong_name reference reading from reference detector frrmmnamne)

Ilong name,modulation, laser modulation 1.-'alu».=_-|‘J -
= data

ooooooooon

PR IR IR I I I A A )

Icoordinate_ura riable 1,X% }"‘"

Ilocation_name,G, Cranfield University
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Appendix C

3D printed mounting designs

Figure C.1: Mount for laser controller, ADC board and 12V wvoltage regulators.
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3D Print designs

Figure C.2: “Lid” mount for laser controller, ADC board and 12V voltage regulators.

Figure C.3: Mount for 5V voltage regulator.
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3D Print designs

Figure C.4: Mount for detector amplifiers.

152



3D Print designs

Figure C.6: Bar to support and position Laser.
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3D Print designs

" 1

;

0 24mm

N

22.3mm 7

. N
o N

Figure C.7: Adaptor to attach laser to the integrating sphere.

Figure C.8: Mount for PC power button

154



3D Print designs

Figure C.9: Adaptor to attach detectors to integrating sphere.
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Aeroplane modification and

certification documents
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Flight certification documents

SUPPLEMENT MANUAL AAL.TEC-0003
Bulldog Series 120 Model 122

INTRODUCTION OF A STAND ALONE
ATMOSPHERIC SENSING DEVICE

Airworthiness Assured Limited Design Change
Reference Number AAL.25-116-0003

Issue 1
Document Compiled By: M. Hubbard Date: 21/08/17
CVE Name: Signature: A=D (‘;a}:zgory(s) =
Check Approval Verification
A. Pimblott 12K Al 35 B| 35 |C| 35
P. Gaughan %’ A 1,2 B 1,2 C 1,2
Categories Key
Ayinie | 2| glaven | o | deonanen | 4 | iarors | 5| sworss | & | Fotemaree! | 7 s
The technical content of this document is approved under the authority of CAA Approval
No. DAI/9952/12
%Zi?gﬂf Name: J. Dent Signature: /W Date: 21/08/17

Revisions to this manual will be made as a complete new issue and recorded in the record of

re-issues.

Revisions or amendments by other approved organisations must be separately certified and
recorded on separate record sheets.

Airworthiness Assurance Limited

CAA Approval No. DAI/9952/12 [ Form Number: L.2.47.REP.042 |

The copyrights of this document are reserved by Airworthiness Assured Ltd. It is issued on the condition that it is not
copied, reproduced or disclosed either wholly or in part, without the consent, in writing, of Airworthiness Assured Ltd.

[ Al
| 2
I

Form Issue:
Date:

2015 |
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