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Abstract

With the ever increasing spectral resolution novwhi@wble with modern
spectrometers we do not just observe dark linesnany but molecular absorption
features at very high resolution. These featuresgawverned by the kinematics of the
molecules and can be examined carefully by usimgh hesolution spectroscopy. A
detailed description of the setup and performarideeotunable diode laser spectrometer
(TDL) system used in my research is presented. limable laser system has been used
to complete several high resolution line shape istudn thev;+v,+vs+vs and vit+vs
combination bands of acetylene. The major focubh@fpresented results has been on the
temperature dependence of the retrieved paramatetsthe identification of the best
fitting line shape profile used in the present stigation.

Improved spectral resolution also requires betteteustanding of its effects on
the recorded data that could not have been observeldta obtained with low resolution
instruments. One of these effects is known as Im&ing and it occurs when
neighbouring transitions interfere with each otkausing a slight asymmetry in the
spectral profile. In this Thesis | have examineel lthe mixing effect in C@spectra and
the temperature dependence of these line mixinfficeats. The analysis is performed
by using two common line mixing models; (1) the rgryecorrect sudden approximation
and (2) the exponential power gap law.

Finally I will present a project based on the apgion of high resolution
spectroscopy that involves monitoring@Iconcentration at remote locations through the
use of a long path gas cell and a tunable dioder Isgectrometer system. The initial

testing and setup of this monitoring system willgpesented and discussed.
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CHAPTER 1 INTRODUCTION

Chapter 1: Introduction
1.1. Overview

This chapter will discuss the benefits of usingtaspectroscopy to perform high
resolution spectroscopic studies on line shapenpetiexs. A discussion will be given on
the presence of acetylene in planetary atmosplargéshow the use of a tunable diode
laser spectrometer can help improve our understgnafi the temperature dependant line
shape parameters of acetylene. A brief introductionCQ will also be given with the
main focus being on improving accuracy of retrieeedcentrations. A discussion on the
need for a device to monitor terrestrigiNlevels will be given. Finally an outline of the

thesis will be presented.

1.2. Spectroscopy

1.2.1. Introduction

It all began with the sun. Newton was the firshtdice the dispersion of light by
a prism in 1666. From this Newton coined the tegpettrum” to describe the resulting
colors that originated from a white light sourcée$e properties of light were not fully
realized until the 1800’s. In 1800 it was shownWy Herschel that the sun’s spectrum
identified by Newton also contained non-visiblehlign the infrared region. Furthermore,

in 1801 J.W. Ritter observed non-visible light e tultraviolet region.

One of the largest contributions to the study a Holar spectrum came from

Joseph Fraunhofer. He was able to show that ifigim from the sun was sufficiently

1
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dispersed, you could see dark lines present insgieetrum. Even though Fraunhofer
could not attach any significance to this discovdryvas the beginning of modern
spectroscopy. From his study of dispersion andrfertence, Fraunhofer was able to

create a grating with many slits which were useslame of the earliest spectrometers.

It was not until shortly after these lines werecdigered (1859) that G. Kirchhoff
realized that each element and compound has itswwque spectrum or fingerprint.
Shortly after this realisation around 1885, J. Balrdeveloped a simple mathematical
formula to predict the wavelength of atomic traiosis in hydrogen. Just a few years
later, J. Rydberg showed that the Blamer equatien @& special case of what is now
known as the Rydberg equation. The Rydberg equatifaned a mathematical method
for determining the wavelength of atomic transifon not only hydrogen but other

atoms as well.

Even though the development of the Rydberg equatas pivotal in predicting
the atomic finger prints, it did not offer any eaphtion as to how these transitions were
possible and what made them occur. In 1913, NedbrBroposed the “solar system”
model, which described the atom as having statjosia@tes that the electrons would orbit
in. The change in allowed stationary states woekllt in the emission or absorption of
light. This quantization of the allowed stationatates fueled the works of Schrédinger,
Heisenberg and others, and has been a fundamaerli@ih block for modern quantum

theory.

From this modest early beginning spectroscopy &erie an essential tool for

examining the universe around us. It allows us rabe the depths of the observable
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universe and identify the development of stars aothr systems. It creates an
opportunity for us to monitor the impact we have amw own environment. Finally it
gives us tools for examining the kinematics andadiyics of the quantum world. All of
these developments require a very rigorous undetistg of the atomic and molecular
finger prints that are observed. These observatians only continued to improve in the
last century with the development of laser systeam&l improved experimental

techniques.

1.2.2. Laser Spectrometer

With the invention of the laser in the early 196@idight source that is relatively
coherent was found. The laser in comparison to eotienal black body sources offers
the advantage of having a high spectral brightr{#ss power emitted per unit line
width), and a narrower line width which results improved wavelength resolution.

These features make the laser ideal for performigig-resolution measurements.

In 1962, Hall et al. [1] developed the first sobthte laser system. Those laser
systems are now common place and offer the advesitalgbeing small in size, having
excellent power conversion efficiencies, great hiiitg and the ability to be modulated.
Applications of these laser systems range fronctglenunications to airborne imaging

systems.

The work presented in this thesis is mainly conedmwith the use of an extended
cavity diode laser (ECDL) system and its implemgotawith a spectrometer setup (see
Chapter 3). Through the use of such a laser sydtsyh,resolution measurements can be

made by examining absorption spectroscopy.
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1.3. Acetylene as a constituent of planetary atmospheres

1.3.1. Introduction

In the past decade, numerous acetylene transitiams been used as frequency
standards for fiber optic communications ([2] aeférences therein). Most spectroscopic
studies are dedicated to the astrophysical andefdan applications of acetylene line
parameters. For example, spectra of Titan's atmagphrecorded by the Cassini
instrument reported that acetylene is one of thetmabundant trace constituents after
methane [3]. A study by Brooke et al. [4] identifiacetylene in the infrared spectrum of
the comet Hyakutake. They concluded from the abocel@resent that the formation of
the comet was from ice covered interstellar grathsis indicating acetylene as an

important marker for interstellar processes.
1.3.2. Summary of studies

The first study on record that focused on measwsglfy and H-broadened line
parameters in acetylene was by Varanasi and Barjg§ari'hose authors have studied
acetylene transitions in the 1.525 micron regioar@a/wide range of temperatures below
room temperature. Laser spectroscopy was used bggWe] to measure the self-
broadening coefficients for acetylene transitiamghe range of his dye laser. The self-
broadening parameters of acetylene in¥hédand for 27 R- and P-branch transitions
were first studied by Lambot et al. [7] using ad#daser spectrometer. Those authors
also reported calculated self-broadening coeffisiesbtained using two semi-classical
impact models by applying a simple intermoleculateptial. A follow-up study reported

low temperature measurements of 21 transitionshér dame band [8]. Semiclassical
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theoretical calculations were used to model the tiemvperature broadening coefficients.
The authors noted the agreement with experimerdaleg as satisfactory when the
electrostatic contributions due to the hexadecapmment were taken into account. Pine
[9] used a difference frequency laser system tosoneathe self-, N and Ar-broadening

coefficients for acetylene transitions in the+ vs band. The author quantified the line
mixing effects in the Q-branches using scaling lalascchesini et al. [10] used diode
laser spectroscopy to measure self-broadening elhgtsfts for several weak acetylene
transitions belonging to overtone bands locatedhs 12700 to 11800 cmspectral

range. Laser spectroscopy was also used by Geetge#s[11] to measure Ar- and self-

broadening for a single transition of the;5and of acetylene.

Biswas et al. [12] have studied self- and nitrogemadening for transitions in the
v; + 3v3 band using spectra recorded with a diode lasestispeeter operating near 782
cm®. The measured line profiles were well reproducgdHhe Voigt model. The authors
commented that they did not notice evidence of efffects of velocity changing
collisions on the measured line shapes. Transitionthe same band were studied by
Herregodts et al. [13] using a titanium saphireoacén laser spectrometer. The authors
reported seeing the effects of Dicke narrowing heirt low pressure spectra due to
molecular confinement. The authors used severa profiles to model their data
according to the pressure regime. Diode laser spmipy was used by Yelleswarapu
and Sharma [14] to measure the self-broadeningpeessure-induced self- shifts for
several transitions in the; + 3vz band. The spectra were modelled using the Voigt

profile.
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Minutolo et al. [15] measured self- N\ O,- and CQ-broadening and pressure
shifts for transitions of g4, and H3C**CH in 4 combination bands located in the 1.54
micron range. Twenty acetylene transitions beloggm thev; + 3v; band have been
studied in detail by Valipour and Zimmerman [16]hel authors have studied the
acetylene profiles with numerous broadeners: aeetylN, O,, air, He, Ne, Ar, Kr, Xe
and modeled them using Galatry and Rautian profA@sextensive study of cold bands
located in the 5 micron range was performed by Jaoagrt et al. [17]. Fourier transform
spectra and a multispectrum fit procedure were usedretrieve self-broadening

coefficients for over 120 transitions and aboup&ssure shifts.

Thirty absorption lines in thes+vs band of acetylene were recorded and studied
by Lepere et al. [18]. The authors used the RawtrahVoigt models to retrieve the line
intensities and self-broadening coefficients. Thk@eegimental broadening coefficients
were in good agreement with calculated values nbthusing a semiclassical model that
took into account the main electrostatic interaticand an anisotropic dispersion

contribution.

Lyulin et al. [19] measured line parameters for Sbtes belonging to 13
acetylene bands located between 1.7 and 1.9 micfomsultispectrum procedure was
used to retrieve the line parameters from FTIR pegsing the Voigt model. Self-
broadening coefficients have also been measuretiOfét-branch transitions located near
1.533 microns. The diode laser spectra were andlymseng both Voigt and Rautian
models to account for line narrowing effects. Teti-eroadened P-branch transitions in

the vi+tvz band of acetylene have been studied by Li et 20] using diode laser
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spectroscopy. The measured line profiles were neddeking the Voigt and Rautian

profiles and the results were compared with cooedmg literature values.
1.4. Improving CO, Concentration Retrievals

In the context of global carbon cycle research, Hagth’s atmosphere is both
easily accessible and directly affected by humdluences, making it one of the most
studied systems. Carbon dioxide is a minor, chdiyigaactive and relatively well mixed
atmospheric constituent with a long lifetime somewehin the neighbourhood of 100
years. The accurate detection and predictions afidpand temporal patterns in the
global carbon cycle rely on the results of longrtenonitoring efforts of atmospheric

carbon dioxide.

Although they are very different in composition quemed to the Earth’s
atmosphere, planetary atmospheres such as thdgarsfand Venus have a high content
of carbon dioxide. On Mars, the pressures and testyres of carbon dioxide are such
that during the Martian wintethe atmospheric carbon dioxide turns to dry iceenghs
in the summers the dry ice evaporates and thgi€€leased back into the atmosphere.
Venus has a dense, g@ich atmosphere, with an atmospheric pressuréeatptanet’s
level that is about 92 times that of our own atnhesfe pressure. The high content of
carbon dioxide and thick clouds of $€bntribute to a very strong greenhouse effect and

very high surface temperatures.

Today many complex spectra are being recorded \mriaty of high-resolution
instruments, mounted on everything from ground-tideespace-based platforms. These
instruments have been used to measure not jusEdnih’s atmosphere but also the

7
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atmospheres of other planets and the satellites dHat them. In order to better
understand the complex spectra obtained from tlesteuments large datasets like
HITRAN [21] and GEISA [22] have been compiled. Th@ormation within these
datasets has allowed for a more complete undeistamd global carbon cycle science,
global warming, climate change, and even of whéd@gtary systems besides that of the

Earth.

Accurate predictions of the spectral propertiesarbon dioxide are fundamental
in furthering our understanding of the radiativegerties of planetary atmospheres that
contain CQ. As emphasized by several research groups [23a88]jrate spectroscopic
remote sensing retrievals rely on highly accuratieutated or experimental results for
spectral line parameters over the range of tempemtand pressures relevant to the
atmosphere or source in question and for all atimasp constituents that absorb in the

spectral range of interest.
1.5. Monitoring N ,O Levels in Agricultural Areas

Our understanding of XD as a greenhouse gas has become very important in
recent years. The main reasons for this are itar@pp constant increase of about 0.26%
per year. It is also one of the main long-livedegreouse gases with a life span estimated
to be 114 years [36]. D has been determined to be 300 times more powtidnl CQ
as a greenhouse gas [37]. It is important in s$gteric chemistry asJ® is destroyed by
photolysis and forms NO by reaction with D). This means that D contributes to the
concentration and distribution of ozone in the teBphere. The main sources ofON

have been found to be human related activities sscfertilizer use, fossil fuel burning
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and natural events that happen in soil and océahsrge scale study started in 2007 of
the European grassland system [38] has been ungdéowaeveral years now to monitor

these influences. The importance of similar relatedies in Canada is very important as
agriculture is a key component to our economy. &toee, an instrument designed to
monitor concentration of D in remote locations will certainly improve ourdmledge

of the anthropogenic impact on the production gdN

1.6. Thesis Outline

Chapter 2 will present the important underlyingnpiples of rotation-vibration
for polyatomic linear molecules. This chapter valso present the guiding principles
behind absorption spectroscopy and give a detaitedunt of various line shape models

used to describe the molecular motion in a gas.

Chapters 3 and 4 will present an overview of theahble laser spectrometer setup
developed in our laboratory, at the University @tthbridge. Chapter 3 will discuss the
physical setup and performance of the system, w@itapter 4 will discuss the

acquisition and the processing of spectra obtained.

In Chapter 5, two approaches for calculating linéximg coefficients are
implemented for the COmolecule. The retrieved broadening coefficients @mpared
to the currently available values. The temperatependence for these line mixing

coefficients are also carefully analysed.

Chapter 6 is a compilation of three published ssdielated to the bandstvs

andvit+votvatvs of acetylene. In this chapter the analysis ofabetylene line parameters



CHAPTER 1 INTRODUCTION

for thevi+vz andvi+votvatvs bands of acetylene will be presented in detaikcBpl line-
shape analyses with the major focus of temperategendence for the retrieved
parameters are presented and discussed. Of speigedst is the behaviour of these

molecules in the Dicke pressure regime.

In Chapter 7 the setup and preliminary testing @reenhouse gas monitoring
system is presented. The system has been desigmeéasure thev4+2v, band of NO
using a long path (200 m) gas cell. A detailed dpson of the control software and
analysis software written in Labview, are present€dreful attention is paid to the

proper alignment of the system and the result$yneg this will also be presented.

Finally Chapter 8 will summarize the conclusions arork presented throughout

the thesis. A brief discussion on what can be deitle future work will also be given.
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Chapter 2: Theoretical Aspects
2.1. Introduction

A complete understanding of molecular spectrosdepy very difficult thing to
achieve. However in this chapter, | will presene tundamentals of rovibrational
spectroscopy for linear polyatomic molecules, amscuss the vibrational bands of
interest contained in this thesis. This chaptel ai$o cover the topic of absorption
spectroscopy and present some possible line shafilep that can be used to describe
the nature of experimentally observed absorpti@ufes. Finally a description of the
line mixing process will be given showing expligitiow line mixing coefficients can be

obtained using several different theoretical apginea.

2.2. Fundamentals of Spectroscopy

2.2.1. Interaction of electromagnetic radiation with atomsand molecules

Light or electromagnetic radiation is a transvewseve that has an amplitude
directly related to its constituent parts, the ®lecfield E and the magnetic field.
These two fields will always propagate in the di@t of the travelling wave but will
remain perpendicular with respect to each othesindple plane wave propagating in the

x-direction can be described by the following egure:

E, = Ey,sin(2rft — kx) and 2-1

H, = E,,sin(2rft — kx) , 2-2

11
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Here E,, andE,, are the maximum electric field strength in theapd z-directionst is

time, x is position,f is the frequency of the light arkl is the wavenumber. These
equations show that the simple electromagnetic vieeriodic in both space and time
and the electric and magnetic components are alwayshase with each other. The
frequencyf of the light can fall into many different regiomd the electromagnetic
spectrum. Figure 2-1 shows the complete electroetagspectrum and indicates the

various wavelength/frequency regimes commonly used.

102 meters 107 10 10° 10° 10°
1 nanometer 1000 nanometer 1 millimeter 1 meter 1 kilometer

I O e O e S (O AU IO

Cosmic X-rays Microwaves Broadcast

rays band
Gamma Ultraviolet Infrared Radar

rays (uv) (IR)

Short Wavelenghts -~ Long Wavelengths

Visible Light

Ultraviolet Infrared
(UV) (IR)

400 nanometers 500 nanometers 600 nanometers 700 nanometers

Figure 2-1: Example of the full electromagnetic pen of light.
[http://www.widen.com/premediablog/call-me-mr-bitjv

In order to use light as a probe an understandingow it will interact with
matter is needed. Using a simple two-state quargystem with upper eigenstateand
lower eigenstaten we know that it will have eigenenergies Bf and E,. This simple

system can undergo a change in energy equ#t that can be written as:

AE = Ep — Ep = hfy , 2-3

12
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where f, is the frequency of the light either absorbed onitted depending on the
process taken artdis the Plank constant. The process by which tleeggnof this system

changes can be any of the three following possiases:

1. Spontaneous emissiofhe system spontaneously drops from state n and in

doing so produces a photon of light with frequefgy(the frequencymn is the
direct result of the conservation of energy fos thystem).

2. Stimulated emissionA photon of frequencymn interacts with an excited system

and de-excites it fronm to n releasing another photon of frequerfgy. This
second photon remains coherent with the originabtgin This process in
conjunction with population inversion is fundamerntalaser systems.

3. Induced absorptiomn incident photon is absorbed by the system cauisito go

from the lower state to the upper state.

Figure 2-2 gives a graphical representation ofalbsee possible processes. When light

interacts with atoms or molecules all three of ¢heiocesses are important.

Y ]
g’u .E”

M\

L]
w

‘pm Jl-‘f“\'h. X m

Figure 2-2: Three possible results in a two levehrgum system: (1) Spontaneous
emission, (2) Stimulated emission and (3) Indudesbeption. Here?, and ¥, represent the two
guantum states andm defined above.
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When dealing with light interacting with atomicwstture only the excitations of
electrons around the nucleus are considered, wioichhe most part is quite straight
forward. The discussion of how light interacts witlelecules is more complex due to the
shape and structure of the molecules under studthd case of atoms, the electrons are
outside the nucleus and arranged on orbitals, leménergy of the system is related to the
electrons’ angular momentum and spin. Moleculesdéferent in that the energy of the
system is dependent on vibration (motion of thenatoelative to each other) and rotation
of the molecule as a whole (molecules of certaimmagtry types may also contain
internal angular momentum as well). This complextiomo of molecules will be

discussed in the Sections 2.2.2, 2.2.3 and 2.2.4.

2.2.2. Pure vibration

The understanding of the molecular motion is dgwedbby first identifying the
degrees of freedom that a polyatomic molecularesyswill have. The fundamental
number of degrees of freedom for any polyatomicetwle is 3N, now knowing that
there are 3 of those degrees associated with @hslational motion of the molecule and
another 2 to 3 degrees associated with the rotaifothe molecule (3 for non-linear
molecules and 2 for linear molecules). This me&aas polyatomic molecules have 3N-5
(linear molecules) or 3N-6 (non-linear moleculesyikes of freedom. These remaining
degrees of freedom correspond to vibrations ofnieéecule and are also referred to as
the normal modes of vibration. Each of these normadles is an independent mode of
vibration and can be described by a single nornwairdinate. The use of normal
coordinates to describe a vibrational mode of tlwbeoule is the direct result of having

all the atoms vibrating at the same frequency amab@ with respect to each other. It is

14
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also possible for two or more modes to be degemevdh each other meaning they will
appear to vibrate at the same frequency. This dgen in the modes is the direct result
of the symmetry of the molecule and is usually esded with bending type modes of

vibration for linear molecules.

The energies and thus the frequencies of the nommoales are solutions of the

time-independent Schrddinger equation,

HIp) = E|p), 2.4
whereH is the Hamiltonian with corresponding eigenenex@ieand wavefunctiongp).
In general, the solution to this equation will giee complete description of the
spectroscopic system. However, in practice the d¢et@solution to this equation is not
generally possible. Therefore, in order to makegpss with this expression, the Born-
Oppenheimer approximation must be considered. Beeodi this approximation allows
for the electronic energyE,; = H|y,;)) to be separated from the vibration energy
(Ey = H|yy)) of the system by making the assumption that teetins within the
system are moving far faster than the nuclei thatpaesent. This separation allows for
the wavefunction to be written as a product ofdletronic state and the nuclear state as

follows.

) = [We) ). -

This separation, although only an approximatioil| atlows for the analysis of the

nuclear motion.
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For diatomic molecules, in a first approximatiore tmolecule vibrates like a
simple harmonic oscillator. We can then solve Suhirédinger equation for a simple

harmonic oscillator and obtain the allowed energighe system as follows.

1
E, = hf (v+§) 2-6
Heref is the vibrational frequency andis the vibrational quantum number (number of

guanta in that mode of vibration i.e.= 0,1,2...). This approximation shows that the

energy distribution has equidistant levels in it.

The vibrational transitionR, are connected to a change in the dipole moment and

can be examined using the transition moment asvisll

Ry = [ nlidlp"n)dx, 2-7
whereji is the dipole moment andrefers to the displacement from equilibriuxn=(r —
re, Whererg is the equilibrium distance andis the new displacement). The dipole
moment can be written in the form of a Taylor exan about the equilibrium position

as follows.

L du 1 (d%*u
A=t (), %+ 5 (), ¢+ 28
where the derivatives are taken with respect tethelibrium configuration. Substituting

equation 2-8 into 2-7 we get the following.

Ry = fie [0 " )dx + (55) [@'ulxl,)dx + - 2-9
In this expression the first term will be equal tero because the two
wavefunctions are orthogonal to each other (ig,|y",) = 0). Therefore, if the higher
order terms are neglected and only the second ieroonsidered in equation 2-9, a
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restriction on allowed transitions results in tlidldwing selection ruleAv = +1. This
means that for a harmonic oscillator only transsiathat satisfy this condition are

allowed, and that all allowed transitions will be the same frequencl It is also
important to note that the ter@%) indicates that the molecule must have a changing

dipole moment in order to have an observable tti@nsand its magnitude or intensity is
dependent on the size of this term. If this termzéso, as is the case with most

homogenous diatomic molecules, no vibrational iteomswill be observed.

Typically, a diatomic molecule will behave muchdila harmonic oscillator only
when the internuclear distance is close to thelibguim distance. At a certain position,
far away from the equilibrium position, the molezwlill dissociate into its individual
atoms. Thus, the typical harmonic oscillator doetsdescribe real molecules. In order to
include this dissociation an anharmonic oscillat@an be used to describe the vibrational
structure of the molecule. Figure 2-3 shows thé&mhce between the potential energy
of a harmonic oscillator and that of an anharmasicillator. There are two fundamental

consequences that result from using an anharmauiltator approximation.

Potential energy, V

fe Internuclear distance, r

Figure 2-3: Potential energy curve and energy fewéla diatomic molecule. The curved
solid lines depict the anharmonic case. The dakheslindicate the classical harmonic oscillator.
HereD, is the dissociation energy measured relativegatijuilibrium potential energy, ay is
the dissociation energy relative to the actual gdostate level [39].
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The first consequence results from the conditiat v = +1 is no longer the
only valid observable transition. The anharmonieiltpws for new transitions that follow
the selection ruldv = +2, 43 ... where the intensities of these new overtoneselated
to the anharmonicity of the electronic structurel @ the mechanical motion of the
molecule. The second consequence is a change irerteegy spacing that is now
dependent on the vibrational quantum numbérhe following expression describes the
energiesG(v), for the anharmonic case (in terms of the moreveoient units of

wavenumber).

2
6 =T (v+3) =T (v+2) 40, 2-10
where ¥, is the vibrational wavenumber for a classical lksor with a small

displacement from equilibrium, anxdis the first order anharmonicity constant.

Using the energy structure of a diatomic molechkedystem can be expanded to
describe polyatomic molecules. By identifying thia wavefunction|{))) that describes
the vibrational nuclear motion is the product oé tBN-5 or 3N-6 normal vibtrational
modes @), to which the wavefunction (for a linear molequtan be written in the

following form;

[¥) = [$1(Q)Y2(Q2)) - [¥W3n-5(Q3n-5)) - 2-11

The energy for this system will then be the sunthef energy of each normal
mode. Therefore for the case of the harmonic @doil] the vibrational energy of the

molecule will be given by:

e . d;
G(v1,Vp . V3y_s) = 2?51 SVi (Vi + ;), 2-12
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where the ternt as the degeneracy of tHemode. Once again, this result will only be
true for the case when the internuclear distanadoise to the equilibrium distance. In
order to get a better approximation of the systeemsrgy an anharmonic description is
therefore required. The energy of an anharmonidesyscan be expressed in the

following way:

G(V1,Vy . Vay_g) = Yol =59, (vl- + %) + U Y Yesi Xik (vl- + %) (vk + %) 2-13
where xy is the anharmonicty constant associated wittamd K' vibrational modes.
When the anharmonicity is taken into account thes@nce of the constants from
equation 2-13 gives rise to what are called contlwnabands. These bands are the
simultaneous excitation of more than one fundantentale at a time. Though they are

weaker than the fundamental transitions, they tiebservable.
2.2.3. Pure rotation

As previously discussed, we can use the Born-Opgiamdr approximation to
separate the electronic states from the nuclealomstates, and the rotational states from
the vibrational states. Hence, the wavefunction lmamwritten as a product of the three

components (electroni¢y,;)), rotation (y)) and vibration |g,))) as follows:

1Y) = [Ye) YR y). 2-14

Writing the wavefunction in this way means that tb&al energy of the system will be

given by the following summation of energies:

E=E, +Ex+E,, 2-15
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where Eq , Egr and E, are the energies associated with electronic, iooiat and
vibrational states respectively. The vibrationaérgry has been discussed in the previous

section. Next the energy associated with the xtatf a molecule will be discussed.

To begin, consider a diatomic molecule (a dumbiséhped molecule) that
behaves like a rigid rotor. Using this assumptiba Schrédinger equation for a rigid

rotor can be written in the following way.

52

) = Egly), 2-16
wherej is the total angular momentum operator for a rgir | is the moment of inertia
for the rigid rotor molecule. Solving equation 2446 obtain the following energies (in

wavenumbers) for the rigid rotor as follows:

F() =22 =BJ( +1), 2-17
where h is the Planck’s constamrt is the rotational quantum number and can be any

positive integer including 0, and B is the rotaiboonstant defined by:

B=-—"_ 2-18

~ gm2cl’

herec is the speed of light.

From this the selection rule for the rigid rotorAg= +1 and is the required
condition for observable transitions. The frequemfythe observable transitions can

therefore be calculated by the following expression

AFy, o =F(")—F(") =2B(J + 1), 2-19
where J’ is the rotational quantum number of the uppertiatal state and” is the

rotational quantum number of the lower rotationtdtes It is easily seen from this
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expression that for the case of a rigid rotor tleeeequidistant transitions with a spacing

of 2B.

To explain what is observed in reality a carefudmination of what happens to a
diatomic molecule ag increases must be considered. As the moleculenbegirotate
with a higher angular momentum, it will experieraantrifugal forces causing the bond
length to alter slightly. This change in the boeddth will then cause the moment of
inertia to become slightly different. The net réafl this motion is a dependence of the
rotational constanB on the vibrational state. Now by incorporating entcifugal
distortion constant¥) into equation 2-19 to account for these smalhgea in transition

spacing we get the following:

FJ)=BJJ+1)-D[J(J + D)% 2-20
Using this new expression the transition frequesicen be determined in the same way

as before, but now with more accurate results é®e:

AF,,p=2B(J +1) —4D(J + 1)3. 2-21
GenerallyB > D and therefore it is expected that for small valoke$there will be very
little difference between the spacing of transiioHowever ag starts to get larger, the

spacing between the transitions will rapidly deseea
2.2.4. Vibration-rotation

All experimental spectra correspond to physicalestaf rotation and vibration.
This coupling of excitations requires a slight nfmdition to be made to equation 2-20
obtained in Section 2.2.3. For example, for stietghvibrations the internuclear
separation will increase with If the spacing is increased, the moment of inexiil also
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increase and it will lead to a decrease in both riftational constanB, and in the

centrifugal distortion constait. This change can be expressed in the following way:

By = B, — i (v; + %) and 2-22
2-23
D, =D, - % B (Vi +%),
whereq; andg; are small compared # andD.. The subscript “e” in the above equations
refers to the constant values at equilibrium dndnce again refers to the degeneracy of
the " mode. Using equations 2-22 and 2-23 the rotatieerrgy of a molecule

undergoing vibration is given by:

F()=BJ(U+1) -Ds[JJ + DI, 2-24

Here s is the vibrational label of the physical state.idtimportant to note that the

centrifugal distortion constant is a small effecbegin with, thud = D.
2.2.5. Vibrational angular momentum

As mentioned earlier in Section 2.2.2, linear moles with bending modes will
have a degeneracy associated with them. The deggnierthe result of two fundamental
modes vibrating with the same energy but in twopeedicular planes. Figure 2-4A
shows a linear molecule with the red and blue Jimedicating the two planes in which
the molecule can vibrate. The net result of theerulke vibrating in both planes with
some associated phase gives the appearance of ubkei rrotating about the
intermolecular axis. This rotation is labelled alrational angular momentum and the
degeneracy of the system can be viewed as a motatieither the clockwise or the

counter clockwise direction.
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IR
N

Figure 2-4: Simplified example of a molecule vilongtin a degenerate bending mode. A)
shows the two possible planes where the moleculdand while B) shows the circular path the
nuclei trace out along the inter molecular axise Hmgle in B represents the angular speed at
which it rotates around the axis.

The angular momentum must be quantized in orddyetancorporated into the
current description of vibration and rotation. Tidrational angular momentum is

guantized in packets gfla andl can have the following values:

l=vi,vi—2,vi—4...—vi, 2-25
wherev; is the vibrational quantum number for the normeding mode. Specific labeling is

given to designate the vibrational angular momenalnout the inter-nuclear axis (i.e.—~ [ =
0, 1-1=1, A»1l=2..etc).
To determine the total angular momentum of the mwéethe contributions from

vibration (T) and rotation 1@) need to be considered. The total angular momentilim

then be.

J=1+M. 2-26
For each value aoff there are two possible valuesfofresulting in a splitting of

rotational levels calletitype doubling. The magnitude of the doubling igegi by:
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Av=gqJ(J + 1), 2-27
where g is the I-type doubling constant. This doubling will resuit a restriction of
observable transitions ascan only take the values ¢, |I| + 1, |l| + 2, ... Therefore,
transitions that do not meet this requirement dlforbidden. A new expression for the

rotational energy can be written to include theational angular momentum as follows:

FJ,D=B,[JJ+1)—1?1—-D,[J(J + 1) — I?]% 2-28

2.2.6. Vibration-rotation bands

The total energy of the ro-vibrational system Wi given by writing the energy
in terms of both the rotational and vibrational rgye Combining equations 2-13 and

2-28 an expression for the total energy can bemddaas follows:

2 :3N_5 d; 2 :2 : d; dy
T = w;j (Vi + —> + (O] Xik (Vl' + —) (Vk + _)
i=1 2 ~ £ 2 2

L =1

+Xegulf +BJU +1) =D, JJ + DI

2-29

The subscriptt® denotes the degenerate modes with vibrational angnbmentun,.
This expression indicates that for a single vilor@ai mode there is a series of allowed
rotational energy levels. The spacing for thesatmtal transitions will vary with the

vibrational mode and, thus, it will not be constant

Polyatomic linear molecules whose spectra are etuand reported in this Thesis
have two types of vibrational-rotational bands. Gofethe two types is known as
perpendicular bands. These bands have a dipole miarhange that is perpendicular to

the molecular axis and are associated with a changehe vibrational angular

24



CHAPTER 2 THEORETICAL ASPECTS

momentum. That idl = +1 or transitions of the typf « X,A« I, .... These types of
transitions allow forA] = 0,+1 thus giving rise to PA] = —-1), R (AJ =1) and Q

(A] = 0) branches in the spectra.

The second type of bands are called parallel bahusse bands arise due to the
dipole moment changing parallel with the molecwdars. For these transitiond = 0,
however this does not mean thmad. Whenl=0, the parallel band will be of the « ¥
type withAJ = +1. Therefore, these bands will have bothAP € —1) and R(A] = 1)
branches where the transition wavenumbers can berndeed by the following

expressions:

Vp =V, — (B', + B",)] + (B', — B",)J? and 2-30
Vp =¥, +2B', — (3B', + B",)] + (B', — B",)/]?, 2-31
where 7, is the pure vibration-rotation transition wavenumh®’,, is the upper state
rotational constantB", is the lower state rotational constapt=1,2,3, ... for the P
branch (eq. 2-30) and =0,1,2,... for the R branch (eq. 2-31). Whdn# 0 the
transitions are of the typ@ « I1,4 « 4, .... For these transitiona] = 0, +1 will give
rise to the same B[ = —1), R(AJ = 1) and Q(AJ = 0) branches as seen in the case of

perpendicular bands. However, for this case thea@dh is significantly weaker.

2.2.7. Rovibrational bands reported in this thesis

Spectra of three important linear polyatomic molesuare investigated in this
work. Acetylene (@H,) molecule belongs to the point grod,, and possesses five
fundamental vibrational bands with theandvs being doubly degenerate. In the present

work two combination bands are examined and tls¢ dine is the1+vo+va+vs band. This
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is a parallel band with vibrational angular momemti O, thus, distinguishing it as a
X2 « X band with only the P and R branches. The secordothev;+v; band which is
also a¥ « X parallel band with=0 as thev, andvs bands are not excited and, therefore,

there is no vibrational angular momentum present.

In the case of thei+v,+vs+vs band only the R branch was measured, as the P
branch was hard to observe due to the presende @ittongetw,+vs band. For the;+vs
band both P and R branches were studied. Howevau)aions were done to determine
which lines would be suitable as the lowaralued line are quite intense inside the 1.5 m

path length chamber.

The second polyatomic linear molecule examined @.'he carbon dioxide
molecule also belongs to thg,, point group thus has similar symmetry properties a
those observed for acetylene. @wever only has three fundamental vibrational esod
with thev, mode being doubly degenerate. The{33),; (30012—00001) and (B+v3)
(30013—00001) bands are both < X bands thus only having observable P and R
branches. Another important feature of these twadbais the selection rule that
transitions withJ” that are “even” are only allowed. This selectiolelis the result of the
symmetry generated from nuclear spin statistics thkos molecule (indistinguishable

oxygen atoms present).

The third molecule whose infrared spectrum is gdidin this investigation is JO
which belongs to the symmetry point gro€ig,. NO has the same number of atoms as
CO, and also possesses three fundamental modes with fandamental mode being

doubly degenerate much like @O’he band of interest in this Thesis is tivet+2v, and
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has a vibrational angular momentum=0. This band is therefore a parallek- > band

and thus only exhibits P and R transitions.
2.3. Absorption Spectroscopy

2.3.1. Introduction

Over the last 100 years spectrometers have becomefothe most important
recording instruments used to probe the univerdecan be used to examine what makes
up the interstellar medium and identify the compaseof many atmospheres. With the
continued growth of the satellites in orbit arougarth and planetary bodies, more and
more high-resolution devices are being deployestudy atmospheric chemistry, weather
and other physical processes. Understanding thestamentals gives insight into the
physical processes and the type of environmentttieste gases are exposed to. In the

following section, a detailed description of absmnp spectroscopy will be presented.
2.3.2. Beer Lambert law

In order to examine the spectral properties of a gaveral experimental
components are required. These components comsigaurce, an absorption cell where
the gas under study can be introduced during the azquisition period and a suitable
detector. By measuring the radiation that travéi®ugh the cell, one can obtain a
spectral fingerprint for the gas inside the celheTBeer-Lambert law quantifies the

properties of the gas that absorbs the radiatidolisvs:

I = 1,e” %L, 2-32
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wherel; is the transmitted intensity of the ligh,is the incident intensity of the lighg
is the concentration of the gds,is the path length of the absorption cell and the

absorption coefficient of the sample gas.

Equation 2-32 can be altered to describe the tresssom of a monochromatic

source through a medium of lendtticm) as follows:

() =e 2-33

The variablea; is the spectral absorbance as a function of wawmeeu and it can be

further decomposed into the following form:

ay = PXabsS(T) L, 2-34
wherep is the pressure in atmospherggs is the mole fraction of the absorbing species,
T is the gas temperature in Kelvijs the line strength in units of &atm®, andgy is

the line shape function.

For an ideal spectrometer the source of the radiatill have no effect on the
line shape function and can be assumed to be osevefal functions. The choice of the
function depends on the physical conditions ofgas being examined, i.e., temperature,
pressure, and also on the practical applicatioth@fparticular measurement. Figure 2-5
shows the three most commonly used line shape itunsct The different line shape

functions commonly used will be described in gredtgail in Section 2.4.
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Figure 2-5: Three commonly used line shape funstion

In practice, the finite instrumental line shapeS]Jlcan alter the overall line shape
by adding its own contribution to the measured aiighihe result is a small change in the
expression of the line shape functign; ) where it is the convolution of both the natural

line shape functiony) and the ILS.

@y = Qo *ILS = [*_ @, (DILS(t —7)dx, 2-35
\In order to deal with this phenomenon, the linamhfunction of the instrument
must be determined. The instrumental line shapectiiim can be determined by
completing a nonlinear least squares fit on mealsapectra at low gas pressures. The
details of these measurements for the spectra nagatawith a tunable diode laser

spectrometer used in this work are discussed itide@.
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2.4. Spectral Line Shape Functions

2.4.1. Introduction

In order to understand the mechanisms that infleehe line shape functions
used in Equation 2-34, a basic understanding opthesical system is needed. To start
with consider a systenX which describes a gas or mixture of gases withciwtan
electromagnetic field can interact. The syst€man be decomposed into two separate
parts. The first labeled;, is the portion of the system associated withransition (i.e
molecules with rotation-vibration matching thisrséion) andX,, which is associated
with the remaining possible states. From this tremHtonian of the system can be

written in the following form:

H = Hp, + Hj + Hj_pm, 2-36
whereH; is the Hamiltonian describing the transition ofergst associated with
X, Hm is the Hamiltonian describing th¥, portion of the system, which contains
information about the colliding molecules and theteractions with the electromagnetic
field as well as other spectral transitions atyg, is the interaction Hamiltonian that

describes how; andX, influence each other.

In order to examinélj., closer the system is examined as it evolves in.tithat
is at timet = 0 the system is turned on and at titme 7 the system is turned off. The
result of this is the determination of the averagergy of the systenx;, att = 0 andt =
7. These average energies can then be used to twetabsorption coefficient in the

following way:
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a(w7) = i Mo (5 (0)) = 5 ()] 237
whereV is the system volume arfsiw;) is the intensity of the™ mode. Therefore by

determiningE;(0) andEj(z), a proper expression for the absorption coefficieamt be

obtained.

(Ej(1)) — (E;(0)) = Trx{H;[p(x) — p(0)]}, 2-38
where Trx is the trace over all the states within the syst¢mandp is the density
operator. This allows for a solution of the absomptcoefficient that depends solely on
evolution of the density operator from O to The evolution ofp(z) is given by the

Liouville-Von Neumann equation [40] as follows:

in5p(t) = [H,p(®)], 239
where[H, p(t)] denotes the commutator of the Hamiltonian givereqyation 2-36 and
the density operatgr(t) at timet. Using the assumption that the system can be etivid
into individual small cells each with one radiaitwside, and a large number of perturbers,

then we can define the interaction Hamiltonian gsire dipolar approximation [40]:

Him = —ii- E@), 2-40
wherej is the dipole moment (permanent or induced) wilcenter of mass located at
and EJ(F) is the operator used to describe the incidentstranse electric field. Now
writing p(0) = p;(0)p,(0) and applying a second order iteratiori#a,, the absorption

coefficient takes on the following form [40]:

20
47'[0.)]

a(w;) =ng e (1- e‘h“’f/KT)F(wj), 2-41
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ng = % is the number densityNg) per unit volumeY) of the radiators preserK,is the

Boltzmann constant andis Planck’s constant divided byt2The functionF (w;) is the

spectral density function and it is the Fouriemsfarm of the dipole autocorrelation

function®(t), (the subscript has been dropped for generality) as follows:

[oe]

F(w) = e“to(t)dt. 2-42
The form that the dipole autocorrelation functicakes will depend on the
molecular motion of the gas. That is, different @byl conditions within the gas will
give rise to various effects that are observed gmsared spectra, and are ultimately
defined by the various line shape profiles. Théofeing sections will describe these line

shape functions and their impact on the physicatuigtion of the system.
2.4.2. Doppler Profile

As a first step, consider the case of a free stirmgmolecule. This means that the
molecule is undergoing no collisions and is tramgllin an unrestricted manner with
velocity v. The position of the molecule can easily be olggiat timet through the
expressiorr(t) = vt. This change in position with time will result anDoppler shift of
the frequency for any scattered or absorbed photdhs amount of shift can be

described by the expression as follows:

Doppler shift = % 2-43
In this expressionwy; is the transition frequency amg is the component of the velocity

parallel to the direction of propagation for theident electromagnetic wave vector

32



CHAPTER 2 THEORETICAL ASPECTS

(Uz = %) The Doppler shift in frequency is therefore degemt onv, through the

Maxwell-Boltzmann equilibrium distribution as folkes:

Fuo) = (20) 7 ) 244

where M is the mass of the radiator ang is the most probable speed defined by

1/
v, = (%) ?. The distribution of velocities described by edumt2-44 results in an

inhomogenous broadening of the transition thatyimrsetrical about the transitions
frequency wg;. This allows for a description of the classicapale autocorrelation

function for a free streaming molecule in the faling form:

Coxt(t) = (e_i(]?ﬁ)t)- 2-45
Based on equation 2-44, the thermal equilibriunraye of equation 2-45 can be

determined resulting in the following expression:

Awpt)2
Cext(t) = e_( ZD ) ) 2-46
whereAwp = wa‘v” the Laplace transform of this autocorrelation tior will give the

desired Doppler line shape profile as follows:

~ 2
~ 1 —(@
ID ((l)) = \/EA(DD € ( /AwD) ’ 2-47

wherew = w — wy; is the detuning angular frequenayy,, is thel/e Doppler width. The
resulting line shape is a Gaussian function that &ahalf width at half maximum

(HWHM) y, defined as
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Awp

yp = +/In (2) 2-48

2mc’
This line shape therefore describes the averagen#tenotion of the molecules
with the exclusion of collisional effects. Theredothe Doppler profile is only applicable

when pressures (at room temperature) are low en@legh than 16 atm) so that the

collisional effects within the gas become negligibl
2.4.3. Lorentz Profile

Now neglecting the thermal motion discussed in iBec2.4.2 the effects of
collisions between radiators and perturbers is éxath When collisions occur between
radiator and perturber, a phase shiftt) will be observed in the radiator's dipole
moment. These types of collisions are referredstale@phasing collisions. By using an
average of the phase shift to describe the comeldtinction tied to the rovibrational

internal degrees of freedom we get the following:

Cine (t) = /0O, 2-49
where, (@(t)) is the classical average of the phase shift tbatains both a real part and an
imaginary part. The real paftdescribes the shift in frequency that is obsehael to collisions
and the imaginary pait’ describes the decay rate of the oscillation radidipole moment.

Substituting this change into equat@9the following correlation function is obtained:

Cint (t) = e~ AL, 2-50

The Laplace transform of equation 2-50 gives theehtz profile.

~_1_ ]
L) = G smerame 2-51
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whereyp = I' is the collisional HWHM, andp = A is the collisional shift at pressupe
The Lorentz profile is most accurate at higher guess where the main mechanism for

broadening is due to inter-molecular collisions.

2.4.4. Voigt Profile

Now that there is a way to describe both the thémmation and the collisional
motion of a gas using two different line shape igef These effects can be combined
into one line shape profile by multiplying the tdipole autocorrelations functions given
by equations 2-46 and 2-50. This multiplicationepuivalent to a convolution in the
reciprocal space. Therefore, the Voigt profile éendefined as the convolution of the

Doppler profile and the Lorentz profile as follows:

Iy Goy) = [ 1@ (x — &, y)d¥, 2-52
where the following dimensionless parameters haaenbusedX =§, X =%, and
D D

y = ﬁ. Equation2-52 can then be written in terms of the complex prolggifiunction
D

w(x,y) as follows:

Iy(x,y) = =Re[w(x,)] 2-53
with
i co0 et 2-54
w(x,y) = %f—oo xit+iy t.

The resulting Voigt profile will contain both théfects of thermal motion and of
collisional motion. For intermediate pressuresilt represent reasonably well the actual
line shape observed for absorption transitiongshénupper and lower pressure limits the

Voigt profile will behave as the Lorentz or Doppjepfiles respectively, thus making it a
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very useful line shape to analyse spectra. Overydas, several fast computational

algorithms for the Voigt function have been pubtigh
2.4.5. Speed Dependant Voigt Profile

The thermal motion of the molecules within a gasegally follows the Maxwell-
Boltzmann distribution as discussed in Section22.Zherefore, it is known that not all
the molecules travel at the most probable speed ams assumed until this point.
Therefore, to improve the agreement between exgeaitiah and modelled line shapes, it
is important to consider how the spectral linetstifd broadening will be affected by the
velocity of the molecules. Figure 2-6 shows how bineadening (v) and the shiftd(v)
are influenced by the velocity used in calculatihg line shape. It can be seen that the
speed dependence is going to introduce an asymmetoy the line shape. This
asymmetry has been observed in high-resolution uneasents and, therefore, must be

considered when analysing high-resolution spectra.

Intensity (a.u.)
Intensity (a.u.)

<>
i

0.00 i
line shifting (cm™)

0.00

-0.10 —0.05
line shifting (cm™)

Figure 2-6: Example of the speed dependence efbectise spectral line shape whiEw)
is considered (shown on the left), af@) is considered (shown on the right) [40, 41].
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The formulation of the speed dependant Voigt peofias introduced by Berman

[42], where the function can be expressed in tHeviing way.

B £ ) - 2-55
Isqy = nRe {f [r()-i(@-Av))-k-D] d U},

where F,, (V) is defined in equation 2-44, addv) and 4(v) are the speed dependant
broadening and shift, respectively. Most oftgw) is expressed in the semi-empirical

guadratic form of Rohart et al. [43]

2 2-56
rv)=r, + rzl(lJ —§],
A 2

wherev is the radiators speed, is the most probable spedd,= (I'(v)) is the mean
relaxation rate, anfl; characterizes the speed dependence of the relaxate. Both;

and/% vary linearly with pressure.

Equation 2-55 is the Maxwell-Boltzmann average bé tspeed dependent
broadening and shift and describes the absorptidigltt in the direction ofk for the

ensemble of radiators. It is important to note ttathe termk - o is dropped, this

expression will reduce to a weighted sum of Lordaixtions.
2.4.6. Galatry Profile

When fitting recorded laboratory spectra, it becemery important to choose the
appropriate line shape function that will mimic thieysical conditions of the gas under
examination. Typically, for remote sensing purposasoigt line shape function is used.
The Voigt profile is a fast and reliable way to exae spectra of this nature. However,

with the ever improving advances in signal-to-naigtos for the new remote sensing
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instruments being developed, the more subtle effénat were not noticeable in the past

are now influencing the errors in the obtained ltssu

One such effect is known as “Dicke narrowing” ogeneral terms the collisional
narrowing. This narrowing effect occurs at intermésl pressures when the mean free
path of the molecules becomes equal to or less thanwvavelength of the incident
radiation. When this condition is met, a simple §tqrofile will result in the retrieval of
broadening coefficients that are smaller than waild be expected. In order to account
for this narrowing, a line shape function that ut#s the mechanisms of the Dicke

narrowing effect needs to be adopted.

Starting from the model of Brownian motion [44] thelocity of the molecule can

be defined using the following equation:

L B+ A, 2-57

wherev is the velocity, thefv term represents the dynamic friction experiencedhiey
molecule andd(t) is the characteristic random fluctuating porti@ssociated with the
Brownian motion. In the Doppler pressure regimes tlelocity of the molecules is
defined strictly in terms of a Maxwellian distrilmrt. However, from equation 2-57 it
can be seen that outside the Doppler regime, theeitye is dependent on the frictional
coefficient. This dampening effect is the result of velocityanging collisions inside
the gas sample. Statistically, it is more likelgttithe velocity changing collisions inside
the gas sample will result in a lower velocity afthe collision has taken place.
Therefore, the distribution of velocities will beamower than what is obtained for the

Doppler profile.
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The Galatry [45] (soft collision model) line shageofile incorporates the
Brownian motion model [44] thus allowing for thdlfaving expression to describe the

velocity changing collision portion of the dipolatacorrelation function.

2

Cre(8) = exp {—%(AV‘;’D) Vet —1+ e—Vvsct]}, 2-58
vc

whereVi is the velocity changing collision rate for a softllision model.Vy is also

referred to as the dynamic friction coefficieli{¢ ~ p from equation 2-57) and can be

linked to the diffusion coefficient through thelfmling expression:

Vic = 2-59
whereD is the diffusion coefficient. It is important t@te thatD is the optical diffusion
coefficient as it does not always have the sameevas the more commonly known mass

diffusion coefficient.

Now, by taking the product of equations 2-49 anBi82the effects due to soft
velocity changing collisions can be included, adlws the effects due to dephasing
collisions introduced in Section 2.4.3. Taking thaplace transform of the resulting

function gives the following Galatry Profile.

Ie(x,y) = %Re {ffooo exp [—(ix + )t + i (1-zt- e‘ZE)] df}, 2-60

wherex andy are the same as defined in Section 224?4,%, andt = Awpt.
D

A simple expression can be used to justify theaighe Galatry profile. The type
of collisions present (hard or soft) can be estaddiy examining what is known as the

mean persistence velocity ratio. This is a ratiotled mean velocity of the radiator
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measured post collision and the mean velocity efreidiator measured pre-collision. The

mean persistence velocity ratio is expressed irfidlf@ving way [40]:

1( mgy
rn,=-|—"%
v Z(map)

Above, m, is the radiator massy, is the perturber mass and,,=ma,+m,. Whenr, ~ 1

2-61

- ] 1)+ 1] (2]

(mp Map )E

(this is equivalent to saying the radiator is heagynpared to the perturber) the bulk of
the velocity changing collisions can be considesefi, and therefore the Galatry profile

can be used. The case whege» 0 will be discussed in the next section.
2.4.7. Hard collision Rautian-Sobelman Profile

When r, —» 0 in equation 2-61, the type of collisions that ateserved will
randomize the velocity of the molecules becauserdises the pre-collision velocity
information. These types of collisions are usuaflferred to as hard collisions and are
described by/L , which is the hard velocity changing collisiomate. Generally, the
hard collisional rate is equal to the kinetic tinal rate. Using this hard collisional rate,
Nelkin and Ghatak [46] and independently, Rautiad &obel’'man [47], were able to

model a hard collision line shape profile of thikdwing form:
Ing(x,y) = - Re {29} 262

T 1+/mw(x,y+¢)

H
wheree = %, and the parametexsy andw are the same as defined in Section 2.4.4.
D
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2.5. Temperature Dependence of Line Parameters

To understand how temperature will affect line ghpprameters the first thing to
do is consider a simple kinetic case where theitleakthe gas and the mean molecular
velocity are examined. To start a simple assumptormade about the collisional
frequency. That assumption is that it will incredsesarly with density and mean
molecular velocity. This means that density wilirwas T+ and the mean molecular
velocity will vary asT"2 As a first approximation this would suggest thaemperature

dependence of the form will result:

o (5)—"’ 2-63

02 T;

wheren=0.5 for this simple case andis the line shape parameter of interest.

The termn, however, is rarely actually found to be 0.5. Thame a more
rigorous approach must be made. The Anderson-Tsawe@e Theory [48, 49] gives a
more complete picture of the molecular dynamicsisTimeory was simplified by
Birnbaum [50] by making assumption about the fowhshe collisional efficiency and
the partial collision cross sections. These assiomptiead to a value af = 0.75[51]

when quadrapole-quadrapole interactions are thardorfactor.

The use of equation 2-63 needs to be handled \aith as it has been shown [52]
to not only have a rotational dependentav{ll vary with the quantum numb@gj but can
also depend on the temperature range of interestamyet al. [53] showed that the
assumptions made by Birnbaum begin to break dowmghter temperatures when the

molecules begin to collide in less than ideal wayswever, for the temperature ranges
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considered in the Earth’s lower atmosphere the &zatpre dependence shown in

equation 2-63 has been found to work quite wel| (1.
2.6. Line-mixing

2.6.1. Introduction

The next thing to consider is what happens whemsitians interfere with each
other. The two adjacent lines as depicted in FiQ4ve(a) have the same initial and final
vibrational states and have overlapping profilégs Ipossible that the rotational states
become perturbed through inelastic collisions. Tgesturbation then makes it possible
for any of the two coincidental paths (horizontakkded lines in the Figure 2-7 (b)) to
result in the transitional frequency, This creates an interference effect between
neighboring features that must be included in fecsal line shape models in order to

improve the overall retrieval of line shape pararet

Y

i
/
-

- . . - -

(b)

=

Figure 2-7: Example of the line mixing effect. Pla@® shows how the two transition
profiles overlap. Panel (b) shows the energy lewsld how they can be perturbed (dashed
horizontal lines) through collisions.

To examine when the effects of line-mixing are megligible, further

examination of the arguments presented in Sectidrl 2s required. By starting with

42



CHAPTER 2 THEORETICAL ASPECTS

equation 2-42 the autocorrelation function can eknéd in terms of the dipole moment

and the density operator to get the following egpien:

Mot et
O(t) =Try,| P (O " e™"f'e ! ﬁe'k] 2-64

Here, X, andHp, are the system and Hamiltonian introduced in Seid.1. Assuming
that the gas is in local thermal equilibrium and wiefj the canonical density operator we

have,

-H

0 e 2-65
pm()_ 7 .

m

“Hm
with Z,, =Tr, {e KT } the autocorrelation function becomes

1 iH o (t+i7/ KT) —iH ot

¢(t)=Z—Tme[pm(0)e roe e’ /?Ieik'] 2-66

m

From Section 2.4.1 is was shown thit describes the system of one absorbing molecule
andN collisional partners. The perturbers can be considesestadistically independent
and the interactions between them will not influertbe absorption or emission

processes. Hence, we can wkig as:

N
Hp =Vop +HL +K 3 TH () + Ko (0], 2-67
i=1

whereH, is the Hamiltonian of the unperturbed radiator desugilthe internal energy of
the systemK, is the kinetic energy of the perturber associated w#htranslational

motion, Hy(i) andK(i) are the Hamiltonian and Kinetic energy of tfeperturber, and
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Vayp is the interaction potential between the radiatorahgerturbersVa.p,can be defined

as the sum of all binary interactiovig; as follows:

N
V., = zllv . 2-68

Now, separatiny/a.p into V, andV’,, whereV, describes the portion of the interactions
that will commute with the internal coordinates of thelecules and/’ ., contains the

remaining contributions. This decomposition allowstfa following Hamiltonian:

Ho=H,+V', 2-69
and withH, given by
N
Ho =V, +H, + K, + 3 [H, () + K, ()] 2-70
i=1

Now, using the “interaction picture” (as defined inapter 2 of [40]) we are able to

derive the time evolution operator for this system givgn

U (z0) = ex;{—%i\ﬁ_p (Z) dz'} . 2-71

HoZ' - Hyz .
. - , o=, e 1h
In the previous equationy,_,(Z') =g 7 Va_peI " andz= _t_ﬁ'

The autocorrelation functio®(t) can now be written in terms of the time

evolution operator to give the following expression:

iH,t i
pH)e"U(-t—-—=0)
d(t) =VTry, KT , 2.72
—iHt

o —

e“Rm[/*U*(—t,O)e h [Ieikm
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-iH,
e v . 4
where p (H,) = Z, =Trg,|e " | andV==2,

o

Z

(0] m

Next, separatingl, into two parts, namelif, and I:|0. Ha describes the internal
states of the radiator, anI(;]0 describes the remaining states. The density operator c

now be written ap(H,) = p(H,)p(H,) = p,o(H,).

By introducing the eigenstat§is and|f> with corresponding eigenvalu&s and
E; (that are the eigenfunctions &f;), we can write the correlation function in the
following form:

W =T Y & i, i) 1|12 )

it

_ " 2-73
xTrﬁo[p (H )iU (-t —% 0)i% flU"(-t0) f'ﬂ

To go further, the matrix elements @f need to be solved. This can be done by
defining the eigenstates Bif, as|ajm> whergj is the rotational quantum numberjs the
magnetic quantum number aadepresents the other necessary quantum numbers for the
radiators states (vibration, electronic, ect ...). Witlis thasis the Wigner-Eckhart

Theorem can be used to find the matrix elemenis a$ follows:

(a,3,m; |oladm)(qm|a|a Iim; )=
(@97 | w49 (a9 | e [[ads) ,
()7 + 123, +) 274

x > 9 (3 1 3 NI o1
g=-101 | X| ,
m q —-mjm q —-m
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j is a 3J symbol.

Substituting equation 2-74 into equation 2-73, #wtocorrelation function can
then be written in the following way:
ot)=v > e (23, +1)(ad |a|ad )(a I} ||d][ad)

ifif' ) _ ’ 2_75
x(a,3, |1d1/a3)Tr; [p (A)C,p. )

with
§ Mg+ +mig 2‘Ji'-i-:l'
Cra= 3 (-ppPrmeemt (I

4=-101 (23, +))

m,mg ,nf,mj
J 1 J J 1 J
X
m o q -m \m q -m ' 2-76

ih

x(admU (-t=- —0)g3n)
x(a Jym; JU” (-t.0)|a, I, m;)

The termTrﬁD [,0 (H~0)C(t)J from equation 2-75 can be simplified by makingethr

simple assumptions: (1) that the perturbers atesstally independent of each other; (2)
there is a large numb& of perturbers; (3) strong collisions that will noterlap. The

combination of these three assumptions leads tiotluaving simplification:

Trﬁo lp (HO)C(I)] = exp, |._ nv XTrﬁlo lp (|'~|1°)(| da Q(t))”, 2-77
where HY, is the Hamiltonian of a single perturbéy,is the identity matrix, and(t)

contains the information generatedQit) .

46



CHAPTER 2 THEORETICAL ASPECTS

Next consider only small deviations from the linenter defined by
|w-w; |1, <<1 wherer, is a collisional relaxation time. By defining theerage time
between collisions ag, and assuming that, <7, then equation 2-77 can be simplified

to the following [40] expression:

exp[-nV xTr., [,0 (HY)(1, —q(t))]] - e_(""w*”La)‘eiLa, 2-78
whereL, is a Liouville operator created froby, andW is the impact density normalized
relaxation matrix operator. This simplificationadls the spectral density function to be
written in the following way:

Fl@)=Y py(ad|Izllad) > (a3;|1alq3)

g.J; :v‘];

2y 3 , 2-79
L ml (a3 9 ety ~L =i w1, 3,29,

DD

where p, , is the population od J states and the Liouville operators have the falthgw

definitions.

(V]| fi)) = wx g, 8, ,.and 2-80

<<f i'|La| ﬁ>> = <f |Ha| f>h_<l |Ha|l> 00 ¢ =Wy X4 ;:0; ¢ 2-81

The relaxation matrix that shows up in equatior®2and 2-79 contains within it
properties of the spectral transitions. The diag@d@ments of this matrix define the
collisional broadening in the real domain and thaligional induced shift in the
imaginary domain. The off-diagonal elements contaitthin them the interference

effects between the various transitions. This fatence effect is known as line-mixing
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as it adds an asymmetry to the line shape proEkoa@ated with interaction between

neighbouring transitions.

Methods for the calculation of the relaxation mat will be discussed in
Sections 2.6.2 and 2.6.3. In Section 2.6.2 theggneorrected sudden approximation
(ECS) method used to find the relaxation matrixl Wwé discussed. In Section 2.6.3 a
second approach named the exponential power gap(E®@) will be presented. In
Section 2.6.4 a brief discussion of how line mixisgcalculated and included in the

fitting software will be given.
2.6.2. The Energy Corrected Sudden Approximation (ECS)

The Energy Corrected Sudden (EG&pression is a dynamically-based fitting
law in which the main variable is the angular motmen transferred during molecular
collisions. Hence, the collisional rates and beais constants depend on the total angular
momentumL of the active molecules. The Energy Corrected 8nditting law is an
extension of the Infinite-Order sudden law (IOSp][30 the case where molecular
collisions are not sudden anymore [27, 40, 55héf molecular collisions are not sudden,

then the wings of isolated lines are not Lorentzigine off-diagonal relaxation matrix

elements that connect two “downward” transitiods (- J; (J, <J;)and J, « J,)

of thev,, v, v, « V, \," \; vibrational band at a given temperature T are:
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(3131 W3, 13,1,)) = (29, +D)
x\[@3, +D@3; +1) (-)"™"
X Z (

3L 3 Y3, L | .
lever0 Ii 0 _li _lf 0 If

S de Q(J;,T)
{J} s L}(ZL”))—Q(L,T) Q(L,T)

where [. ) .j and {. ) .} are 3J and 6J coefficients. The corresponding off-

diagonal relaxation matrix elements that conneat typward transitions are obtained
from the detailed balance equation. The expres&iothe adiabaticity factor at a given

temperature T is [40]:
AE,,,d. T~
QUJ,T)= 142 —"hel , 2-83
24| v(T)
where AE, ,_,, V, d_ are the energy difference between le\led®dJ-2 in wavenumber

units, the mean relative velocity, and the scalemgth, respectively. The basic rates are

expressed through an exponential power law depeedd0]:

2-84

KT

Q(J,T) = AM[L(L +]"™ ex{_ AT hcE, }

where E; is the rotational energy of levdl This type of scaling law depends on the

adjustable parameteds, A, A, andp.

Once the off-diagonal elements of the relaxatioririxare calculated using the
ECS implementation, the diagonal elements can hmileéded using the expression [37]

as follows:
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dj
Wkk = _Zd_wik' 2-85
jzk Uy

whereuy is the dipole matrix element of the optical tréiosi k.
2.6.3. Exponential Power Gap Law (EPG)

The EPG law describes the relaxation matrix throatgte to state collisional
transfer rates. By introducing a probability rat@mely the collisional transfer raig
from the lower rotational leved to a higher rotational levg¢la description of the system
can be givenxj is assumed to be independent of the vibrationedlleFollowing
observations from isotropic Raman spectra [56fas$ been shown that the off-diagonal

elements of the relaxation matrix can be expreased

ij = _ﬁKjk ) 2'86
wherepf is a constant. The work presented within in thiedis useg = 0.56. This was
verified by making sure that the relaxation magigments obey a sum rule: the sum of

the relaxation elements from any column adds to.zer

Because the gas is in thermodynamic equilibriura,réite of transfer from stake
to ] must be equal to the rate of transfer frotm k. This is referred to as detailed balance

and as with the relaxation matrix can be expreasdallows:

Pk = PjKy, 2-87

wherepy is the population of the rotational level

The equations 2-86 and 2-87 and the sum rule nreediabove are not sufficient

to determine the relaxation matrix elements. Or@r@geh to finding these elements is to
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determine the collisional transfer rateg, using a parameterized gap or scaling law to
calculate the rates as a function of the differenteenergy levels [33, 34]. The
Exponential Power gap (EPG) law calculates thasiohial transfer rates from the lower

rotational levek to a higher rotational levglas follows:

Ky = a[@r ex{—_c‘AE‘k‘J, 2-88
B, B,

where AEjy is the energy gap between the two rotational stde is the rotational

constant and, b, andc are the parameters to be optimized.

The line widths (which are the assumed diagonameids of the relaxation

matrix W) are calculated as follows:

weH

2.6.4. Calculating Line-mixing coefficients

+ %|:ZK]I<:| : 2-89
upper J lower

The elements of the relaxation matrix describepygsical state of the molecule
at any given time. However, the main obstacle ® iticlusion of line mixing in line
shape calculations is a lack of knowledge abouté¢haxation matrix itself. The real part
of the diagonal elementg; are the broadening coefficients, whereas their insay

parts are the pressure-induced line shift coefiisié:

W, =a, +id . 2-90
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The off-diagonal matrix element#j, and the components of the dipole matrix
element of the optical transitiqn are used to express the weak line mixing coefiisie

for transitions between any pgiandk of energy levels as follows:

7’ W.
v, M=y W 291
iwk M Vi TV

Therefore, experimentally line mixing coefficientsan be obtained by
incorporating equation 2-91 into the line shapefifgof choice. These experimental
results can then be compared to theoretical residtained through calculating line-
mixing coefficients using either of the two appre@s described in Sections 2.6.2 and

2.6.3 to obtain the relaxation matrix from the kmolroadening coefficients.

2.7. Conclusion

To complete the analysis of any high-resolutionctjescopic data a firm grasp
on the concepts presented in this chapter is requin Chapters 5, 6 and 7 it will be seen
that every attempt to utilize this knowledge hasrbé&aken, and that a careful analysis

with these concepts in mind has been performed.
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Chapter 3: Experimental Setup of a Tunable

Diode Laser Spectrometer (TDLS)
3.1. Overview

As mentioned in section 1.2.1 spectroscopy alloarstfie examination of the
fingerprints of molecules. However, with the advements in detection techniques and
the quest to understand stars and atmospheresy betirmation is required to develop
understanding of the physical principles of thee Ishapes that are measured. It is not
enough to just know where lines from a certain wdkappear, accurate predictions of
what the width of the line is going to be, as vedlother features like intensity or mixing
effects that alter the symmetry of the line needbéounderstood as well. This becomes
even more complex when considering gases in thesghere as the consideration of
how temperature, pressure and concentration areygoi change the profile of the line
being examined is important. It is therefore vitat quality spectra be recorded in the
laboratory for many of these unique conditions lsat better models may be developed
for future analysis. It is with this goal in mintat the following tunable diode laser
spectrometer system was developed. In this Chdpeesetup and performance of the
tunable diode laser spectrometer system that hes Heveloped at the University of

Lethbridge and used in the present measuremeritbemvliscussed.
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3.2. Diode Laser Spectroscopy

3.2.1. Introduction

Since the development of the first functioning fase May 16, 1960 by Theodore
H. Maiman [57], the laser and its applicationséawntinued to grow in size. Used now
for telecommunications, data storage, and indusaipalications as well as in research,
the laser has evolved into an invaluable tool. €hare many different types of lasers
available in the current market place. Examplesth#fse lasers include dye lasers,
chemical lasers and solid state lasers, but threrenany other unique systems also in use
today. In order to choose the laser that will lmeset the needs of the application, several
key properties of the laser system must be coresidérhe first of these properties is the
line width of the laser emission itself. The linadtln determines how narrow in the
frequency domain the laser appears. The restridbothe line width arises from the
Heisenberg uncertainty principle. Lasers with veayrow line widths offer high quality
frequency references and can allow accurate measuts and standards. Another
important feature of a laser system is its tungbilfunability refers to the laser’s ability
to tune over large wavelength regions, howeveratlotasers are able to provide such
large tunability. Lasers with large tuning range ¢e useful for many applications and
come in a variety of styles. Some of these lasansbe tuned mode hop free while others
can be tuned through multiple modes. The powerapetating frequency are also very
important properties for a laser system. Most Bs@mn only operate in certain narrow

spectral regions, however with the number of mateteing used today, there are many
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to choose from depending on the spectral regidntefest. The output power of the laser
is also important when it comes to its particulpplecation. The lasers must be able to

function properly without losses affecting the dediend results.

To perform high resolution spectroscopy experimentsneed a laser system that
has a moderately high power output. The systemldhago provide a wide mode hop
free tuning range and offer a narrow stable lingpgh That is why for our system a New
Focus™ Velocity laser system has been incorpordte. system offers a tunable range
from 1500 to 1570 nm with an output power of appreately 9 mW. The system has a
very narrow line width on the order of only a fewHK The details of the laser’s

performance and operation will be discussed irfalewing Section 3.2.2.

3.2.2. The tunable diode laser

The semiconductor laser was first demonstratedhan g@arly 1960s by many
groups [1, 58-61]. These first diode lasers werethat practical due to the need for a
high injection current and a very low operating pemature (77 K). With the
advancements in solid state technology and newicition procedures most diodes
created today no longer need to be cooled or redugh injection currents. Table 3-1

presents an example of several different typeas#rl systems.
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Table 3-1: Comparison of tunable diode laser teldgies [62]. The following are the
acronyms from the table: Distributed Bragg ReflefdBR), Distributed Feedback (DFB),
Vertical Cavity Surface Emitting (VCSEL) and ExtexldCavity Diode (ECDV)

Devices Tuning Spectral Mode Tuning Modulation
Range Purity Control Speed Speed

DBR 8~80nm >40dB Fair Fast (us) Fast (GHz)

DFB Array 3~4nm X| >55dB Very Good Slow (ms) Fast (Multi-
#of DFBs GHz)

VCSEL >12nm ~45dB Hard Fast (us) Slow (<GHz)

ECDL >32nm >50dB Fair Slow (ms) Slow (<GH2z)

The tunable diode laser offers a very fine linepghand is optimal for creating a
coherent source that can be used to measure sp&beaNew Focus Veloctiy laser
system has been designed with a modified Littmanekle cavity that is based on
previously published studies [63-69]. The cavityideed in Figure 3-1 offers a wide

range of tunability.

DC Motor —|

Power
Monitor

Angle
Sensor
T
- - Output
Diffraction Beam
AR Grating
ControlIn > Coating

Figure 3-1: Schematic of Velocity Laser cavity. PH the Piezo electric actuator
mounted on the back of the HR (High Reflectivityhing mirror. Finally AR refers to the anti-
reflection coating placed on the diode laser cavity

The laser system works by expanding the diode lasam onto a diffraction
grating at a near grazing incidence angle. The liggtat is then diffracted off the grating

onto the tuning mirror which reflects the light kao the grating. A small portion of the
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light from the tuning mirror is then reflected frothe grating surface and forms the
output beam. This design acts as a narrow spefiierl and only allows for single

longitudinal mode to form inside the cavity.

The selectivity of the wavelength results from thiedamental fact that resonance
of the cavity will only be achieved by light withveavelength that is perpendicular to the
tuning mirror. This wavelength is therefore detered by the angle of the tuning mirror
relative to the diffraction grating. However in erdo avoid any mode hops during the
tuning of the laser, the laser cavity must mainthi same number of waves within it as

the mirror is rotated.

HR oy Normal to grating

I 4

Diode —— /
laser [ﬂ

Grating
&
) L

Pivot Point

Figure 3-2: Drawing of important angles and disencesulting in the optimal pivot
point. Once again HR refers to the High Reflegiat the mirror.

To maintain the laser mode while tuning the wavglbritherefore requires the
rotation of the mirror about a special pivot poiftis pivot point generates a relationship
between the cavity length and the wavelength of ligbt inside the cavity. The

wavelength of the laser is given by the law ofdiftion as follows:

A = A[siné; + sinf,], 3-1
where 4 is the grating spacingd, and 6y are the incident and diffracted angles,
respectively (Figure 3-2).
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The total length of the cavity is given By= I1+l, as shown in Figure 3-2. Using
this Figure the length can be written in termshaf &ngles of diffraction and reflection to

get the following expression:

D = L [sinf; + sinf,]. 3-2
Now taking the cavity length and dividing it by thevelength of the laser light
within the cavity it is clear thak/4 which is a constant. This result shows that by
selecting a special pivot point at a distabhckom the diffraction grating the rotation of

the mirror can achieve mode hop free tuning ofléisers wavelength.

3.2.3. Process of scanning the laser system

Using the Labview programming language (describe&ection 4.3) to control
the laser system, scans of the piezoelectric dengide of the laser are completed in the
following way. First, the general purpose interfdnes (GPIB) communication port is
used to tell the laser system to adjust the cefrieguency of the laser to a wavelength
that is close to the transition of interest (ndtattthe laser’'s piezo is maintained at its
central position). Once the central frequency is & NI-DAQ card starts to send an
incremented voltage to the back of the laser cdetraelling the laser to adjust the
piezo’s voltage and, thus, tune the output wavdlengigh resolution is achieved by
ramping the voltage from -3 to 2.7 V in incremeats0.001 V. The voltage increment
size can be changed; however, 0.001 V providespiienal scan time with high enough

resolution.
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3.3. Layout of The Tunable Diode Laser Spectrometer

3.3.1. Schematic and overview

The overall design of the system is presented gurei 3-3. The first channel
contains the temperature and pressure controlléd Tdee second channel contains a
room temperature reference cell of similar pathglen The third channel records the
background of the laser system. By measuring edletithannels simultaneously accurate

line shape analysis including pressure-induceddhi#t measurements can be performed.

59



CHAPTER 3 EXPERIMENTAL SETUP OF A TDLS

"ql} 8y) Jo soirel Njds ay) Bunousp
Bejuadiad syl yum Jed ondo Jaql moys saull paaind usdull palt ayl Ag umoys si yred Jase] ‘an|q ul Umoys
2 S3UI| JUR|00D "SaUI| 3Je|q YOIyl UMOYs aJse saull wnrdIsIaNlds Jaqid S ‘€S ‘2S ‘TS :sloyewl|jod ¥ ‘€D
D ‘IO ‘slo)da18psyenu] €42 zAa ‘TA sJouw Bbundsn@EmA sasug| buisnoo4 €1 ‘ 21 ‘T ‘sabneb ainssaud
olleleg SHMIN GANU0D pue peay Jase| apolp AID0OBA 6 ‘§ :191d@wAem O4X3T 00ST-M L :sanddns tamod
ue sdwe-1010919Q 9 :19]||0JU0D pue JalawolaudIuBPAiqed G B  aidwes se9 € 9IYyD 08 11N ge1seN
sAs Buljoo) g ‘waisAs wnnoeA T :pusbarpgimiawol)dads Jualing Jo weibelp 20|q [elauas) g-¢ ainbi4

# < T

L

(1)
'3 =
i
E
£
o]
il
L1
=

60



CHAPTER 3 EXPERIMENTAL SETUP OF TDLS

The pathlength of the variable temperature celé@néd here is 1.54 m. The 3
layout of the temperature controlled cell is preednn Figure 3-4.Two main design
featureshave been employed: i) the absorption is centered inside a vacuum jacke
minimize the thermal conduve/convective coupling to the outside cell ancheating/
cooling is handled by flowing temperaturesontrolled fluid around and contact with
almost the wholeell body, ensuring that the temperature gradients are miithiZThe
mechanical and optt components have been seleto accommodate both stable &

flammable gas samples.

Figure 3-4: Threedimensional view of the temperature controlled gel. Legend: -
MKS Baratron pressure gauge- enhanced pirani pressure gaugey&uum feed throughs-
CaF2 windows positioned at Brewster angl- CaF2 windows for the inner cell- platinum
resistor thermometers, ner cell body, - gas inlet, 9- vacuum valves, 1@as outlet and 11-
port for depressuring the vacuum jackt

The inner chamber shown Figure 3-5 and Figure 346 a singl-pass cell and is
made up of a nominal 4” schedule 40 stainless gipelthat is 5’ long. Both endsve a
welded custom designedainless steel flange, which has faquorts each where bo
flanges have the same diameter as the pipe. Ornleeofianges has two temperati

ports, one pressure port, and a gas inlet (Figure 3-6 left side) The otherlange has
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three temperature ports and one gas outle (Figure 3-6 right side)Platinum resistc
thermometers are mounted on rods and attachedetaeth flanges by 1/8” diamet
fittings. The 6”, 18”, and 30” long rods are mouwhses shown ilFigure3-4 (legend -4) to
ensure that we are able to monitor the temperatukarious depths of the cell with

additional sensor being mounted within the vacuacket.

J2a./ 2/ [

1Y

Vd

147

RETURN, N\

Figure 3-5: &le view of the temperature controlled cell. Leget- vacuum port, 2- gas
inlet, 2b- vacuum fieldhrough for platinum resistors- vacuum valve, 4temperature sensc
using platinum resistors,- £aF2 windows mounted at Brewster anglefits for drecting the
coolant through the coolant jacke- coolant jacket, 8- outer cell body, &ell support anc10-
valve for depressuring of the outer jacl.

Left side Section of Right side
cell body

Figure 3-6 Left and right side views of the int chamber. Legend:- platinum resistor
thermometers, 2azoolant inlet, 2- coolant outlet, 3- CaF2 window, #ft side flange, - fins
for directing the coolant, Gight side flange and Trounting rings for window

The gas pressure inside the inneell is measured using a MKpressure

measuring uniwith a signal conditioneModel 670which is monitored via LabVIEV
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software. The center counterbore in the end flargese crystal windows that can be
interchanged for the desired spectral range. Attbenent the cell is provided with CaF
windows that are anti-reflection coated. To supprasannel spectra caused by multiple
reflections of the sample beam between the surfateése windows, the windows are
also wedged. Fluorosilicone O-rings are used onirther sides of the crystal to seal the
CaF, windows to the inner test chamber. The chambeawompletely sealed from the
outside. A stainless steel compression ring idiegpo the outer side of each window to

hold the window and O-ring assembly together.

The coolant fluid is supplied through a second dbhemof 6” diameter shown in
Figure 3-4, Figure 3-5 and Figure 3-6. This chambeaonfigured with 6 fins positioned
as shown in Figure 3-5 (legend -6) and Figure B@end -5) that allow the fluid to flow
uniformly across the length of the cell. The hegticooling of the gas inside the
temperature controlled cell is provided by a NedJ&ad-80 thermal bath using ethanol or
methanol as coolant. The thermal bath is neededaty the temperature of the gas
between 193 and 353 K inside the temperature-clbedraell. The entire inner chamber
rests on adjustable support stands to provide rakgn of the inner chamber once placed

inside the outer chamber.

The outer chamber is made up of nominal 8” schetiQlstainless steel pipe that
is 8 long. This larger chamber houses the infeantber and is held under constant
vacuum. Weld stubs have been specifically placedltow points of entry for the
temperature sensors, sample gas inlet and outiessgre monitoring lines, heated or
cooled fluid inlet and outlet, and for pressureaiing. Both ends of the outer chamber

are removable to allow access to the inner changaer supply/outlet valves and
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thermocouples. The center of the end flanges hasterchangeable piece, which houses
an additional crystal and is set at a desired angldis outer chamber is pressure

monitored to ensure an adequate seal has formed.

3.3.2. Vibrational isolation

Early experiments indicated the need to vibratignakolate the optical
components of the system from the pumps and mecdlawibrations within the
laboratory. Figure 3-7 and Figure 3-8 show spec&eorded with and without the
vacuum pump running. It is very clear from the tfigures that there is a vibrational
dependence with the noise. The formation of the patiern within the noise is the direct

result of the diaphragm pump, which is used asckibg pump for the turbo molecular

pump.

-2 —Pump Off

=——Pump On

Detector Voltage (V)

'
(]

=15 -1 -0.5 0 0.5 1 1.5 2
Piezo Voltage (V)

Figure 3-7: Example of vibrational noise added toeaorded spectra of the Rlle
transition in ther;+v; band of acetylene.
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Figure 3-8: Fine structure of the noise depicteHigure 3-7.

In order to isolate the system from this mechanighrtation noise, a Kinetic
Systems 5100H series optical table with active sugpwas purchased and setup. The
dimensions of the table are 48” wide by 144" lomgl 42" thick. This is a slightly thicker
table than the standard 8, and was purchasedrtbefuminimize any low frequency
vibrations along the table top itself. The tablp tbreadboard” pattern was selected to be
a ¥4-20 tapped holes with 1" spacing between themaJlow for the proper mounting of

optical components.

3.3.3. Detector configuration and testing

The optical design of the tunable diode laser spewter uses three InGaAs
(indium gallium arsenide) photodiode detectors wteamps and power control boxes.
Figure 3-9 shows the two detectors setup to retwdight coming from the temperature

controlled cell (on the left) and the reference ¢mh the right). A third detector is used to
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monitor the laser’'s output power. Several experitmemere performed to ascertain the

repeatability and performance of these detectoiis thie tunable diode laser system.

Figure 3-9: Image of two of the three InGaAs datecused to measure the signals for
the tunable diode laser spectrometer. The detectorde seen just opposite the focusing lenses.

In an effort to determine the consistency betwdetheee photodiodes, a set of
spectra were recorded with the three detectorgheiated around their locations on the
optical table. The three locations are: the optitennel containing the reference cell, the
optical channel containing the temperature corddltell and the channel for the
background signal. Figure 3-10 shows the spectarded by each detector. It is very
clear from the figure that there is almost no w#oiain the quality or repeatability of
recorded spectra using any one of the three phadediin any of the three locations. This

observation indicates that the photodiodes perfihersame, regardless of the location.
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Figure 3-10: Comparison of the P(21) transitionttod vi+v; band of acetylene using
three different detector setups.

The signal-to-noise ratio (SNR) of the data recdrtg the detectors was also
examined. For this purpose, the average signalafalata subset of the spectra was
calculated and then divided by the RMS noise fa slame subset of data using the

following equation:

SNR = —2avg 3-3

A %lev(Xi_Xavg)z

whereXaq is the average signal adis thei™ data point.

The upper graph of Figure 3-11 shows an exampleawf spectrum recorded
using the temperature controlled cell channel. Toweer graph in the figure shows the
data subset used to calculate the SNR. For thigpkar spectrum, the SNR of the signal

on the temperature controlled cell channel is riygh5:1.
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-4,303 g
6666.4 666645 6666.5 6666.55 6666.6 6666.65 6666.7 6666.75 6666.8 6666.85 66669

Figure 3-11 Signa-to-noise ratio ér the raw signal obtained on the tempera
controlled cell. The upper panel shows the recoispectrumand the bottom panel shows -
baseline region used to determine the signal teenasing equatio3-3.

This SNR is actuly quite low, however @ackground chann was recorded
simultaneously wth the other signals. When used to correc raw spectr there is a
large improvement to the SNRorrection of the spectra is discussed in detaSection
4.4.3). Figure 3-13hows the corrected transmission spectra and tbaelaged SNR fo
the same baseline region. From the fii it is easy to see that there a large
improvement in the SNR from 4:1 to 2338:1. By measing the background signal wi
an identical phtmdetecto the same physical noisan be recorded on each channel
when performinghe correction of the spectra to create the trassiomspectrum, there

is an elimination omostof the mechanical noise present in the spectra
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Figure 3-12 Signa-to-noise ratio for the corrected spectra obtained filmentemperatur
controlled cell and the background signal. Thepapel shows the transmissispectrum and the
bottom panel shows thmase line region of ttrsame spectrum used in Figurd Bto calculate the
signal to noise usingquation3-3.

A summary of the average SNR for a subset of speetrordd is presented in
Table 3-2with the inten to show the general quality of the recorded speclitse
averages presented are the average of 2 to 4 spksgiending othe availability of good
recorded data. For each calculatioithe SNRa region of the baseline correspondint
approximately 0.3 cihwas selected for the subset. This correspondsdota8D00 dat:
points at a resolution of 0.0001 * and represents about 15 % of the baseline ir
recorded spectrd&rom theTable it can be noticetthat at lower temperatures the aver
SNR is lower. This result is not surprising as twenpressors in ththermal bath are

working hard producing@dditionalmechanical vibration at lovemperaturesOverall, the
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results presented in Table 3-2 allow for the caaritdstatement that the instrument can

measure spectra with a SNR over 1000:1.

Table 3-2: Example of average SNRs for a set afroed spectra based on pressure and
temperature.

Pressure | Temperature | Average Star.lda?rd
(Torr) (K) SNR Deviation
of SNR
100 213 1221 154
500 213 1070 206
700 213 1240 117
100 293 1492 126
500 293 1725 8
700 293 1336 80

3.3.4. The Fabry-Perot cavity

The tunable diode laser spectrometer incorporafdsoa Labs SA200-14A Fabry
Perot interferometer to allow for wavelength catioon. The Fabry Perot cavity offers a
1.5 GHz (0.05 cil) free spectral range and has a high finesse. Ameie of the fringe
pattern produced during a laser scan is shown gurEi3-13. Two important aspects
went into testing the Fabry Perot cavity: (1) waaraining the fringe spacing to confirm
the free spectral range of 0.05 &mand (2) was to compare our measurements of line
positions to other published studies to confirm #ueuracy of the wavelength scale
obtained using the Fabry Perot cavity. Details réigg the wavelength scale and

accuracy testing will be discussed in Section 3.5.2
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Figure 3-13: Example of the fringe pattern produbgdhe Fabry Perot interferometer
during a laser scan.

In order to confirm the size of the free specteaige of the Fabry Perot cavity, a
small experiment was setup. For the test, the laiggo voltage was scanned from -2 to 2
V in a very slow manner with 3 s between sampldsis Wwas done to enable the
measurement of three wavelengths from the WA1506@&Xvavemeter. The sampling
time was very important as the wavemeter can caypde in 1 s intervals. The average
and standard deviation of the wavelengths was lztul for each laser piezo voltage
recorded. The average error in the position recbndas approximately 0.0006 &m
After a complete laser piezo scan had been recditegositions associated with each
peak were found and subtracted from each othandotiie average free spectra range for
that scan. Table 3-3 shows the results of five rs#pascans that were completed and the
overall average spacing as determined from thedoans. From Table 3-3 it can be seen

that the free spectral range for the Fabry Pergitycas 0.0496 + 0.0007 cth This
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experiment confirms that the Fabry Perot cavitwyiihin the stated free spectral range of
0.05 cm. This result confirms the use of 0.05 tms the correct fringe spacing for any
analysis completed with this system (0.05'chas been chosen since the manufacturer

has confirmed this value to a higher degree ofipi@t than what is presented here).

Table 3-3: Average fringe spacing from 5 sepaiader piezo scans.

Fringe
Spacing
Error (cm?)

Calibration | Average Fringe
Test Spacing (crif)

Test 1 0.0484 0.0015
Test 2 0.0500 0.0010
Test 3 0.0499 0.0012
Test 4 0.0499 0.0012
Test5 0.0499 0.0010
Average 0.0496
Sé‘f‘/?a‘ifg g 6.6381x10

3.4. Pressure and Temperature Controlled Gas Cell

3.4.1. Introduction

For atmospheric research, long pathlengths arereshjfor absorption cells opera
ting at various temperaturdg0] and pressures that are relevant to atmospheric
conditions. White type cells typically meet the neisite for path length due to their
multi-pass configurations [71]. Ref. [17] reporta @ long path cell (16-96 m) that
operates between 215 and 470 K at gas pressurgsgafiom vacuum to 10 atm. A
temperature controlled White type long path cel§\wailt by McKellar [72, 73] to enable

studies of weakly bound complexes at low tempeeatuiThe cell has a base path of 5 m
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and allows the users to achieve up to 100 m pagtherAnother example of a variable
temperature absorption cell (White design) that @aecommodate path lengths up to 512
m and pressures up to 5 atm was built for laboyatpectroscopic studies of gases found
in terrestrial and planetary atmospheres [74-78farge fraction of the published results
are restricted to temperatures near room temperaRef. [79] provides a good example
at the other end of the temperature range usingdheept of collisional cooling in the

cell. The minimum temperature that can be mainthinghe cell is reported as 10-12 K.

Over the last few decades many papers featuringigbeof variable temperature
cells have been published, but the key concerharoperation of such cells has been the
temperature gradient along the length of the &kbrt-term stability is necessary for the
efficient use of any cell as it reduces the timeegperiments in the laboratory. In 2004,
Valentin et al. [80] reported on a stabilized loemperature infrared absorption cell
cooled by an open cycle refrigerator, which canwith liquid nitrogen from 250 to 80
K or with liquid helium from 80 K to only a few Keh. The authors have reported
temperature stability better than 0.1K over 4 hdarsa 300 to 4.5 K temperature spread.
Three years later, Mondelain et[&l0] achieved temperature stability better thar0b.&
for their long path cell with a transition from 286 20 K taking approximately an hour.
The long path cell had a Herriott design and waslan@ompletely from copper. Other
absorption cells reported in the literature devidgtee from this range of temperatures

and stability values.

Thermal gradients are often impossible to compjeteinove from the design of
absorption cells but improvements have been madbisnarea. Multiple temperature

sensors are often used to monitor the temperataniability of the cells over their base
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length. Smith et al81] mounted six thermocouples in contact with thaiolant along
the length of their cell and have measured an aggae of £2 K between them. Eight
thermocouples are distributed evenly along anatbBbuilt by Canrj82] and three were
employed in Schaeffer et al. [83] multipass higperature cell with an accuracy of *1
K. Temperature gradients less than 0.1 K/m hawe la¢en shown by the authors of Ref.
[84]. The presence of thermal gradients is obviaus is highly dependent upon the base
length of the cell. Accordingly, a compromise betwea desired optical pathlength and

thermal congruence is often necessary.

A 147.5 cm long variable-temperature absorption gdswas designe[85] and
built for spectroscopic measurements of gases mbsgpheric interest using a Bomem
DAB8.3 Fourier transform spectrometer. The heatimgilog system enveloping the cell
allows spectroscopic studies of gas samples atdmtyres ranging from 205 to 350 K
and up to atmospheric pressure. The temperatupditsténside the cell are withir0.31

K, highlighting the very good performance of thystem.

A short coolable gas cell designed for lineshapdiss was presented by Lambot
et al. [8]. The temperature can be stabilized tiniwit 2 K for temperatures between 120
K and room temperature and accommodates any almofmthlength between 0 and 3
cm. An experimental setup that integrates a lowperature optical cell working in the
UV-visible (UV-Vis) with a liquid X-ray absorptiospectroscopy (XAS) cell is reported
in Ref. [86]. The proposed gas cell is suitable tfe¥r measurement of gases at variable

temperatures from room temperature to 195 K.
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3.4.2. Vacuum performance of the cell

When completing high accuracy spectroscopic measemes it is important to
maintain a pure known sample within the chambers Tequires the system to be
vigorously tested for any potential leaks. Thesdksewill lead to drifts in concentrations
of the gas samples with time. Therefore, the teatpee controlled cell used in present

measurements has been tested to ensure its captbhiold high vacuum.

In order to assess the quality of the vacuum ptesihin the system several tests
were completed at room temperature (296 K) and®atk3to monitor the changes in the
base pressure with time. For this purpose the systas pumped down for 3 days with a
turbo molecular pump while the Neslab ULT 80 chilkeaintained a temperature of 323

K. Figure 3-14 shows a plot of the base pressurmglthis initial pump down phase.

0.7
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0.5 -

04 -
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0 10 20 30 40 50 60 70
Time (hrs)

Figure 3-14: Base pressure of the temperature atadrcell over a 3-day period.
Once the base pressure was obtained, the vacuamwias shut off and the

pressure monitored over time to determine the kadd of the system. Two leak rates

were determined and are shown in Figure 3-15 agdr€i3-16. With the system being
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maintained at 323 K, a leak rate of approximatelyl@ mTorr /min or 1.8610° Torr/ s
and when maintained at 296 K there is a leak raspproximately 0.09 mTorr/ min or
1.50x10° Torr/ s were observed. It is believed that tlsigHe outgassing limit of the
system as the chamber has a large surface areis antl made from a highly polished
stainless steel. Further baking of the chamberdcpotentially improve this result, but
this is hazardous as our cooling liquid is ethafblerefore, any temperatures above 348
K could cause ethanol vapours to form in the capjacket which could pose a serious

safety hazard.
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< e o e o
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Figure 3-15: Leak rate of the temperature contdodlell at 323 K. The equation shows a
leak rate of 0.112 mTorr per min.
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Figure 3-16: Leak rate of the temperature contdodlell at 296 K. The equation indicates
a leak rate of 0.09 mTorr per min.

3.4.3. Temperature performance and gradients inside the t@mperature controlled

cell

The overall performance of the system had to benexed to estimate what kind
of errors and tolerances were present for the presand temperature of the temperature
controlled cell. When recording spectra, the systaetively monitors both the gas
pressure and temperature. Normally, a set of 1Gsurements of both temperature and
pressure of the gas are obtained for each moletmalasition scanned. Five are recorded
before the transition is scanned and another fiter dhe scan is completed. During
analysis an average of these 10 measurementsedeWshin this section several sets of
complete experimental measurements are examingubte the pressure and temperature
stability of the system with time. A diagram of tteamperature sensor setup is given in

Figure 3-17.
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Figure 3-17: Schematic of the temperature contiadlell showing the assigned locations
of the temperature sensors. 1, 2, 3, 4 and 5 a&epldtinum resistance temperature sensors
mounted within the gas chamber.

The lowest operating temperature used to date Herslystem is 213 K. This
temperature is most ideal for examining the stibilif the system as it is the most
extreme operating temperature used in the labt® dlamost cases, the system is left for
several hours until it reaches thermal equilibriwhich is evident from Figure 3-19. This
Figure and Figure 3-18 show the pressure and teatyrer stability of the system for
three separate experiments carried out at 213 K.oMerall stability of the temperature
for the system is really good. However, it is olbsdrin Figure 3-18 that there is still
some drift in the overall pressure with time. Inghoases this drift is the result of local
temperature instability in the laboratory itselfdainsufficient long-scale wait times (on

the order of a day or two to obtain the optimaltha& equilibrium).
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Figure 3-18: Pressure within the temperature ctiattaell maintained at a temperature
of 213 K. The pressure changes over the scan timigglires A, B and C are 0.09, 0.04, and 0.21
%, respectively.
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Figure 3-19: Recorded values of temperature fobatermo resistor sensors with the
temperature controlled cell. The pressures of glefar scans A, B and C are those presented in
Figure 3-18. The sensor locations are given intfleid417.
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The results for two other temperatures were alsongxed to see how they relate
to the low temperature case. Shown in Figure 3420 Rigure 3-21 we see that the
stability of the system at 293 and 333 K is alsoyvgood with only small drifts in
pressure and very consistent temperatures. A caenplenmary of all the experiments
performed is given in Table 3-4. The values ligtethis table show the average pressure
and temperature of the system during the measurtetim@ along with the associated
errors. The arrangement of the sensors as shoviigiure 3-17 also allowed for the
calculation of the thermal gradient inside the.detid 1 refers to the end of the cell with
the three sensors 1, 2 and 3, and End 2 is thesdpmide where the sensors 4 and 5 are
located. From Table 3-4 it is clear that largerdigats are formed at the lower
temperatures, but the pressure inside the celliafegences the degree of change across
the length of the chamber. From the values listethé table below, the largest gradient
observed is 2.42x10°K/cm. This means that for the 1.54 m length & gell, there is a
0.37 K change in the temperature which is quitelis(approximately a 0.62 % change
across the length of the chamber), and it is thé nsantributor to the error in the

temperature measurement.
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Figure 3-20: Pressure within the temperature ciattaell maintained at a temperature

of 333 K for A and 293 K for B. The pressures clemgver the scan time for figures A and B are
0.02 and 0.06 %, respectively.
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Figure 3-21: Recorded values of temperature fobatermo resistor sensors with the

temperature controlled cell. The pressures of #iefor scans A and B are those presented in
Figure 3-20. The sensor locations are given infieid417.
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Table 3-4: Summary of the temperature and prestabdlity of the temperature
controlled cell for several different experimentahditions.

Chiller Cell
Average Average Average | Average | Gradient
Set % %
Point Pressure Error Temp. Error Temp. Temp. (Endl -
o (Torr) (K) Endl (K)| End2 (K)| End2)
(°C)
(K/cm)
-60 441.86 | 0.014 213.46 | 0.594 | 213.612| 213.239 2 4P0°3
-60 645.48 | 0.020 213.35 | 0.559 | 213.428 | 213.232 1.2810°
-60 90.09 0.064 213.07 | 0.661| 213.049| 213.107 -3%80*
60 527.15 | 0.006 332.69 | 0.399 | 332.691| 332.690 1.06x10°
20 264.71 | 0.017 292.99 | 0.820| 293.033| 292.927 6.880"

3.5. Spectrometer Testing and Calibration

3.5.1. Introduction

With the integration of all these parts, the cortgalesystem needed to be tested to
ensure the high quality of the spectroscopic resalitained. Several important aspects of
these tests are presented in the following sectibirstly, it will be shown that the
calibration procedure completed using the FabrptPeavity highly agrees with results
found in both HITRAN and other sources in the #&tere. Secondly, a careful
examination of the instrumental line shape of thecsrometer will be shown. Finally, a
discussion of the errors associated with all theous fit parameters that are determined

will be given to justify the quality of the datallsted with this instrument.
3.5.2. Wavelength calibration and measurements of line pasons

As stated in the introduction, the ability to cadite the wavelength scale of the
spectra is extremely important, even more so becausiultispectal fitting software is

used in the analysis of the spectroscopic data,tleckfore the reproducibility of line
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positions is a key component to obtaining high-fsiea results. Therefore, a short but
careful study was performed to ensure the accuoldlie frequency scale produced by

the wavemeter and Fabry Perot cavity.

For this study, 23 room temperature (296 K) speatrthe P(21) transition in the
vi+vs band of acetylene were recorded at pressures o Torr (low pressures were
used in order to minimize the influence of pressiiés). For each fit, only the intensity
and line position were the floated parameters, avtlile remaining parameters such as

pressure broadening and shift coefficients weredito the HITRANOS8 [21] values.

The values obtained for line positions have beenpared to those in HITRANOS
[21] and to those reported by Madsjal. [2] and are presented in Table 3-5. The table
shows an average error of 0.002288'cmhen compared to HITRANO8 [21] and
0.002275 cnit when compared to the results of Madegl[2]. This level of agreement is
very good as it is within the combined error asatad with both the wavemeter (0.001

cm™) and the Fabry Perot cavity (0.0013289m

The dual chamber sep allowed for the simultaneous measurement of line
positions inside both the reference cell and timeperature controlled cell. In Table 3-5
the column “Physical Channel” notes in which chambe spectra were recorded, CH1
refers to the results obtained on the temperaton¢ralled cell and CH2 refers to results
obtained for the reference chamber. After recordimg spectra simultaneously, each
spectrum was fit separately as discussed aboveder do find if there were any time
delay or sampling issues that may cause a notieahlit in the line positions measured

using spectra recorded by both channels. Aftentakie difference between each of the
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retrieved line positions in Table 3-5 it was fouhat the line position between the two
channels differs by an average of 0.00001645 .chmis difference is in the limit of the
fitting software error (as can be seen in Table) 2#8d therefore indicates that both

spectra are indeed recorded simultaneously.

Table 3-5: Comparison of retrieved line positions the P(21) transition in the+vs
band of acetylene. All spectra were recorded asones below 50 mTorr.

HITRAN Difference

Laser Center Phvsical Measured Fitting [21] From Madej [2] Difference
Wavelength Chy | Line Position Error Positi HITRAN Position From Madej
(nm) anne (cm?) (x10°) osition 1on et (cm?) (cmix10%
(cm”) (cm™x10%)

1537.877818 CH1 6501.700696 4.96 6501.7047 40.037 6501.70458 38.810

1537.877818 CH2 6501.700704 5.60 6501.7047 39.961 6501.70458 38.733

1537.927818 CH1 6501.704561 3.37 6501.7047 1.3868 6501.70458 0.1593

1537.927818] CH2 6501.704544 4.44 6501.7047 1.5568 6501.70458 0.3293

1537.977818 CH1 6501.704486 3.07 6501.7047 2.1406 6501.70458 0.9131

1537.977818 CH2 6501.704471 4.35 6501.7047 2.2861 6501.70458 1.0585

1538.027818] CH1 6501.699425 4.52 6501.7047 52.750 6501.70458 51.522

1538.027818 CH2 6501.699450 5.42 6501.7047 52.498 6501.70458 51.270

1537.927273] CH1 6501.705515 3.65 6501.7047 8.1533 6501.70458 9.3808

1537.927273 CH2 6501.705518 4.90 6501.7047 8.1808 6501.70458 9.4083

1537977273 CH1 6501.705404 3.65 6501.7047 7.0424 6501.70458 8.2699

1537.977273 CH2 6501.705394 4.96 6501.7047 6.9433 6501.70458 8.1708

1538.027273 CH1 6501.705158 9.26 6501.7047 4.5820 6501.70458 5.8095

1538.027273 CH2 6501.705150 6.03 6501.7047 4.5021 6501.70458 5.7296

1537.876291] CH1 6501.699756 1.74 6501.7047 49.442 6501.70458 48.214

1537.876291] CH2 6501.699793 1.81 6501.7047 49.069 6501.70458 47.841

1537.877982 CH1 6501.701715 3.99 6501.7047 29.848 6501.70458 28.620

1537.877982 CH2 6501.701728 4.88 6501.7047 29.721 6501.70458 28.493

1537.927982 CH1 6501.704663 3.20 6501.7047 0.3710 6501.70458 0.8565

1537.927982 CH2 6501.704677 4.47 6501.7047 0.2288 6501.70458 0.9987

1537.977982] CH1 6501.703665 2.74 6501.7047 10.345 6501.70458 9.1175

1537.977982 CH2 6501.703684 4.25 6501.7047 10.160 6501.70458 8.9321

1538.027982 CH1 6501.702459 8.59 6501.7047 22.415 6501.70458 21.187

1538.027982 CH2 6501.702486 9.27 6501.7047 22.136 6501.70458 20.908

1537.865294 CH1 6501.701452 7.86 6501.7047 32.483 6501.70458 31.255

1537.865294] CH2 6501.701454 8.67 6501.7047 32.456 6501.70458 31.228

1537.915294 CH1 6501.702267 3.70 6501.7047 24.332 6501.70458 23.104
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HITRAN Difference

Laser Cente Physical Measured Fitting [21] From Madej [2] Difference
Wavelength Chy | Line Position Error Positi HITRAN Position From Madej
(nm) anne (cm?) (x109) osition AN, cmy) | (cmix10%)
(cn?) (cm“x107)

1537.915294 CH2 6501.702261 4.81 6501.7047 24.391 6501.70458 23.163

1537.965294 CH1 6501.708331 7.22 6501.7047 36.312 6501.70458 37.540

1537.965294 CH2 6501.708312 7.30 6501.7047 36.120 6501.70458 37.347

1538.015294] CH1 6501.706157 4.85 6501.7047 14.569 6501.70458 15.796

1538.015294 CH2 6501.706134 5.28 6501.7047 14.338 6501.70458 15.565

1537.862376| CH1 6501.705545 4.55 6501.7047 8.4537 6501.70458 9.6812

1537.862376] CH2 6501.705556 5.09 6501.7047 8.5570 6501.70458 9.7845

1537.912376| CH1 6501.702522 3.98 6501.7047 21.777 6501.70458 20.549

1537.912376) CH2 6501.702524 4.54 6501.7047 21.755 6501.70458 20.527

1537.962376] CH1 6501.707482 6.20 6501.7047 27.816 6501.70458 29.043

1537.962376 CH2 6501.707526 6.47 6501.7047 28.257 6501.70458 29.485

1538.012376) CH1 6501.710246 6.81 6501.7047 55.456 6501.70458 56.683

1538.012376] CH2 6501.710305 7.16 6501.7047 56.055 6501.70458 57.282

1537.8449920 CH1 6501.701675 5.37 6501.7047 30.250 6501.70458 29.022

1537.844992 CH2 6501.701679 12.90 6501.7047 30.211 6501.70458 28.983

1537.894992 CH1 6501.708498 7.83 6501.7047 37.983 6501.70458 39.210

1537.894992 CH2 6501.708496 7.93 6501.7047 37.962 6501.70458 39.189

1537.944992] CH1 6501.704747 4.22 6501.7047 46.790 6501.70458 1.6954

1537.944992 CH2 6501.704735 4.35 6501.7047 35.220 6501.70458 1.5797

1537.994992 CH1 6501.701578 4.99 6501.7047 31.221 6501.70458 29.993

1537.994992 CH2 6501.701592 5.59 6501.7047 31.079 6501.70458 29.851

Average 22.884 22.756

3.5.3. Instrumental line shape function

In order to optimize the quality of future line pareters measurements, a careful
analysis of the spectrometer’s instrumental lingpeh(ILS) function was carried out. To
examine the ILS, several transitions in thev; band of acetylene were used and are
listed in Table 3-6. The choice to use severalsiteoms was made to rule out any
frequency dependence that might exist for the lagstem. The spectral features were
measured at very low pressures (around 30 mTou)veere fit with Doppler profile

holding all other line parameters constant excéygt LS and intensity. The fitting
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software also allowed different ILS functions tous®d and, therefore, both the Gaussian

and Lorentzian ILS functions were tested for edcthe recorded spectrum.

Table 3-6: Summary of the analysis completed terdgnhe the instrumental line shape
for the tunable diode laser spectrometer.

Laser Cente N Gaussian Fit Error Lorentzian Fit Error .
Wavelength| Transition ILS 5 ILS 6 Best Fit
(nm) 0xao? | 00 | (g | K107

1531.241616 P11 7.68 0.99 8.70 0.98 LORENTZ
1531.341616 P11 5.72 1.27 6.22 1.18 Either
1531.391616 P11 6.02 1.18 6.96 1.13 LORENTZ
1537.110569 P20 5.07 3.65 6.80 3.39 Either
1537.210569 P20 8.69 2.97 10.2 4.19 Either
1537.740660 P21 9.64 1.12 11.2 1.67 LORENTZ
1537.790660Q P21 7.60 1.12 8.32 1.36 Either
1537.840660Q P21 7.20 1.28 8.10 1.47 LORENTZ
1515.636027 R18 1.08 1.26 11.2 2.14 GAUSS
1515.736027 R18 3.13 3.99 1.85 3.23 Either
1515.275750 R19 8.47 0.89 10.4 1.14 LORENTZ

The results of these tests are shown in Table 36 the final column indicating
which ILS offered the best agreement with the gpedt was found that on average both
a Lorentzian and Gaussian function could work, h@ugethe Lorentzian function offered
a slight improvement of the residuals for some sa3éerefore, the ILS that has been
used in the analysis with this system is a LoremtZunction with a value of 8.167 X0

cm™.
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3.5.4. Errors in the fit parameters

For most of the work completed with this spectranethe focus is on the
retrieval of pressure independent line paramet@f'e most commonly examined
coefficients are the pressure broadenjggpressure induced shifi,, and the Dicke
narrowingf,. For these coefficients it was very important twilaute a relative error to
the values obtained using this instrument. Howedetermining the error in a fitted
parameter can be very difficult to calculate dingcind the errors reported back from the
fitting software are only statistical errors rethte the quality of the mathematical fit and
do not include any errors associated with presandetemperature variability. In order to
obtain a physical error associated with these paeameters, the pressure dependent

coefficients were examined closely.

The relationship of these parameters with pressutaear, therefore this was
exploited to examine how well the pressure indepahderm could be calculated by
performing individual fits on spectra recorded atigus pressures (all spectra analysed
here were recorded at 293 K). Figure 3-22, Figu3 &nd Figure 3-24 show the linear
relationships for the pressure broadeningpressure induced shiét, and the Dicke
narrowing parametef, respectively. The slopes generated from thesgdgycan be used
to determine the pressure independent coefficieatanore importantly, using a linear
regression model, the error in the slope can aésadiermined. The error in the slope
gives a much more physical representation of thergrassociated with each of these

parameters.
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Figure 3-22: The experimentally determined pressgemendent broadening coefficient
as it varies with the cell pressure.
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Figure 3-23: The experimentally determined pressiggendent shift coefficiert as it
varies with the cell pressure.
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Figure 3-24: The experimentally determined pressi@@endent narrowing coefficiepit
as it varies with the cell pressure.

Table 3-7: Summary of the errors found for the gues independent coefficients

Variable A\é?rrgrge
Yo 0.43%
0o 4.54%
Bo 3.15%

For each transition measured, the slope and errtirel slope were calculated for
each of the three pressure dependent parametdeswaAfds, an average of the relative
error in percentage was calculated and is showhalsle 3-7. The values in Table 3-7
indicate a very high precision in the retrieveddatening and a relatively good precision
in the shift and narrowing coefficients. It is inmpamt to note that the precision of these
parameters also depends on the presence of otterdpectral features which in some
cases may overlap and ultimately increase the taingr in the retrieved parameter

values.
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3.6. Conclusion

In this chapter the experimental design and sefube TDLS system has been
presented. The overall performance of the systedicates that it can achieve the
required accuracy needed to improve our undersignai the spectral parameters for
gases of interest. The system offers a high lefrebotrol and can generate high quality

spectra while maintaining the gas samples pressutdemperature stability.
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Chapter 4: Software Developed for a Tunable

Diode Laser Spectrometer (TDLS)
4.1. Introduction

In this chapter a detailed discussion of prograsegiito control the tunable diode
laser system will be presented. In Section 4.2\aview of the software used to control
the operation of the spectrometer will be preseritdidwed by a description of the
spectrometer control software currently being ugection 4.3). A detailed account of
the data that are produced using this software bv@lpresented with a discussion about
how the retrieved data are post processed to genéigh-quality spectra for final

analysis.
4.2. Overview of Labview Software

4.2.1. Introduction to Labview

The Labview software package provided by Natiomatruments is the core
programming language used to run and handle athefspectra recorded using the
TDLS. The software allows for an easy interfacehwimany different types of data
acquisition hardware such as R232, GBIP and dajaisition cards (DAQs). This ease
of communication and high-level programming langiagsily lends itself to a very high
level of instrumental control, thus making it ideal execute experiments in a very

precise and automated way.
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The programming language works through the creatfomhat are known as VI's
or Virtual Instruments. A single program may be sidered a VI; however, it may also
contain within it many sub-VIs that are selectivadyecuted. This development of
hierarchy allows for complex code to be packaged annice organized program with
easy to edit functionality. An example of Labviewigrarchy is shown in Figure 4-1.
The figure shows the simple first level structurfetlte main control software for the
TDLS spectrometer. By expanding each sub-VI withithe main VI
“VelocityController.vi”, one can then find a comelist of all the sub-VIs that are

contained within the main program.

Figure 4-1: Example of the Hierarchy produced bigpJiew VI's.
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4.2.2. Structure of the Labview language

To understand how the various sets of softwaretrgbrthe spectrometer
operation, some key terms must first be understéadt, Labview is broken into two
individual parts, namely the “Block Diagram” anceti~ront Panel”. The “Front Panel”
shown in Figure 4-2 is the main graphical userrfatee (GUI) that is operated by the
user to control the execution of a given VI whilésirunning. This view is what the user
will operate during execution of the program, afldves them to use “Controls” to input
data and then obtain output data through “Indicdtdn the figure the “Controls” are on
the right and are generally denoted with a whitekjeound, while the indicators (shown
here on the left) are generally denoted with a dragkground. Another key feature that
can be seen in Figure 4-2 is in the top right comiéh the coloured boxes. Each colour
denotes a connection to either a control or indicahown on the front panel. The boxes
with the thick black borders are outputs while temaining ones are inputs. This wiring
allows for the program to be easily inserted intotaer program to be executed as a sub-

VI; an example of this is shown in Figure 4-3.
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1 Ele Edit View Project Operste Tools Window Help Iﬁ.

Figure 4-2: Front panel of the program Resample.vi.

(AL

|Clrg '.“.'a\.rnumb&rl

B
transmission

Figure 4-3: Example of Resample.vi being used siaV| within another program. The
inputs and outputs correspond directly to the anasked in the upper right corner of Figure 4-2.
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The “Block Diagram” of the program Resample.vi lown in Figure 4-4. The
block diagram is the place where the program isebesl and edited to function properly.
In this view the user can wire up all the contrafsl indicators to perform the desired
operations. This view contains all the programngogimands and sequence of code that
tells the program what to do. When a program is the data will pass in the diagram
from left to right executing sub-VIs and programustures once they have received all

the necessary data to execute.

T o o o o T o T oo o o o o T o o o T o oo o o o o o s

Wavnumber In
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Ooo0oOoo0o0o0o0o000000000000000000000000000000000000070T€0«0TC0 70

Figure 4-4: Block diagram of the program Resample.v
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Another unique feature to Labview is the use of dra known as “Clusters”. A
cluster can either be an indicator or a control ead contain within it many different
data types. This means that it can contain arnasables, and Boolean data types. An
example of both an indicator and a control clugeshown in Figure 4-5. Clusters allow
for many controls and indicators to be wired obéopassed between other VIs, in a much

more efficient way, thus making the block diagramrenmanageable to work with.

ModeSeltings ' | | | | | 1 0L CopendSettings | | | | 0 0 D
Set Wavelength Set Wavelength ' Wavlength (nm)
Constant Current Set Current [ Current {md) Constant Current
it 1

- 39 In il
Constant Power Set Power ' Power [mW) : =

2 . | | Ceonstant Power
C.;. do | o o —am

Figure 4-5: Example cluster from VelocityContrlier.On the left “Mode Settings” is the
control cluster and on the right “Current Settingsthe indicator cluster.

4.3. Spectrometer Control Software

4.3.1. VelocityController.vi

The main VI used to operate and measure spectirathé tunable diode laser
system is labeled “VelocityController.vi”. A screshot of the front panel is shown in
Figure 4-6. This program contains four main conbtraes and two methods for scanning

spectral features.

The first control box “Laser Startup and Settingddows the user to turn on the
laser using the “Laser Head Power” button. Thedaggeen indicator remains lit while

the laser is working. The “Scan” button is usedecord spectra once an experiment has
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been setup and the system is ready. The “CheclaBigatton allows the user to read the
signal being measured on “Detector Input” locatetthiw the “I/O settings” cluster. This

feature allows for verification of the instrumerttignment prior to completing a scan.
The cluster “Mode Settings” allows the user to atlfhe current wavelength of the laser
system by typing a wavelength in the “Set Wavelehgbontrol then pressing the “Set
Wavelength” button once the lasers wavelength hesnbset. The cluster “Current
Settings” will update showing the set wavelengtlthia “Wavelength” indicator. In much

the same way, the user can choose to use eithemwtistant power or constant current
mode by first entering a current or power in thprapriate control box then pressing the
appropriate button. Upon pressing the button, tmeeat or power will be set and then
the readings from the laser will be displayed ia t@urrent Settings” cluster indicating

the wavelength, current, power and operating mode.

The second control box named “Temperature and esss used to tell the
system how many temperature and pressure readirrgeard before and after each scan
of the piezo device inside the laser head. By cimgntpe “Number of Samples”, the user
can alter how many readings are obtained beforeafted a piezo scan (piezo scans are
discussed in Section 3.2.3). The “MKS 2 Range”vedidhe user to properly scale the

readings produced by the MKS 270B signal conditi@amel Agilent voltmeter.

Next, the control box labeled “Wavelength Scan iBg#t’ is used to setup the
range and resolution of the piezo scans that véllpkerformed. The piezo settings are
determined by the cluster “Settings”. Within thlaster the control “Voltage Step Size”
is used to communicate to the laser system at wditgtge interval spacing the piezo will

be ramped. Next, the “Max Voltage” and “Min Voltdgmntrols define the range of the
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signal to output to the laser’s piezo controllene$e three controls together determine the
starting voltage of the piezo followed by the numbgksteps that will be taken to get to
the max voltage of the piezo inside the laser h&hd.end result will be a high precision
control over the spectral range and resolution obmpleted scan. The control labeled
“Fabry Cavity bias” is generally left at zero bt ised to make sure that the piezo
electric device within the Fabry Perot cavity ivays in the same position. Finally, the
two controls labeled “Max Wavelength” and “Min Waaegth” are only needed when

“Scan Type” is set to “Range” (See Section 4.3.2)

The cluster “I/O Settings” is a control used tothet input/ output channels for all
of the analog signals that are read and writteinduat scan of laser system. The cluster
“Channel Inputs” contains RS232 inputs for use with wavemeter and power meter

(though the power meter is very rarely used).

The final section “Wavemeter Settings” is used tmtool the settings of the
wavemeter. Before a scan is performed, the wavenisténitialized to the settings
contained within the “Wavemeter Settings” clust@fter initializing the settings, the
wavemeter is queried about its current status wiéchthen returned to the cluster

“Display LEDs".

4.3.2. How spectra are measured

The type of scan technique can be selected by t$kee wsing the front panel
control labeled “Scan Type” on the VelocityContesli. Two options are available with
this control, the first one is called “Range” (show Figure 4-6). When “Range” is

selected the laser will scan through the range afelengths bound between the user-
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defined Max and Min wavelength controls found witlihe settings cluster (shown in
Figure 4-6). A single piezo scan will be recordeddach center wavelength starting with
the “Min Wavelength”. Once the first scan is contpte the center wavelength of the
laser is shifted by 0.25 nm, then another scaripmed. This process is repeated until

the “Max Wavelength” has been reached.

The second scan type is called “Line by Line”. Bus scan type the user must
input a set of spectral lines that they wish to snea. These lines are input by selecting
the “Change Lines” button. Once this button hasnbesected, a sub-VI will open that
will allow the user to adjust what spectral linggldine positions are displayed in the
“Line Locations” cluster shown in Figure 4-6. Ontdee user defined lines have been
entered the scan button can be pressed. When dinebggins it starts a feedback loop
with the laser and the Wavemeter to find the fiirs¢ position in the list. Once the line
position is found, a user defined number of pieeans are performed. By default, the
program is set to complete four piezo scans forspeetral line (this is done with a “for”
loop and can be altered by changing the constamédwio the loop within the
“*SCANFP.vi"). Each one of the four piezo scanslighdly shifted from each other by 0.2
nm (this can also be altered within the “SCANFP.Mi6 guarantee that there is an
adequate amount of baseline within the recordedtspéthis feature is more important

when completing scans of higher pressure spectitzedses can become quite broad).
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Figure 4-6: Front panel of the VI “VelocityContretlvi”
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4.3.3. Data generated during scar

When the scan button is pres, the program will ask for a file name. The u
can specify thdile name they wish to u, i.e.,“user.txt” (the file name “user” will b
used throughout the rest of this section to descwhat the user has put in for a -
name). Most oftenthe file name will contain the information othe pressure ar
temperature of the experimethat is performed. After the user defined file name
been entered “Settings” file with the name “user_Settings.tfill be created. The us:
defined name is a prefiwith the tag“Settings”added to it. This technique is employ
to simplify file management during the analysis ggharhe “Settings” file will contai
information about the settings of the scan beingopmed, an example of the file

shown in Figure 4-7.

R se—_————————|
‘Flle Edit Format View Help

Intial Laser settings: R
4p0wer(mw) 1.80 Current(mn) 39.20

wave1ength(nm) 1500. 00 "

Laser Scan Settings:
Vo]tage Step Sizet 1. OOE 3 Max Piezo Voltage:
2

2in piazn un ags: - cahrvs favdre 8i3s

(=] N]
0~
o

|max wave1ength is10. 25 M1n wavelength: 1500. 00
I/0 settings:

Jwavemeter Channeli: CcoM7 Power Channei: Detector Input:Devl/aiz

Fabry Perot Input:Devl/ai3 Laser Piezo Out:Devl/ao0 Fabry Perot oOut:Devl/aol
petector Input?:Devl/ai4 Detector Input3:pevl/ais

wa\emeter Sett1ngs

rejative HLIITIICth Medium ATF7OFF Medium Vacuum? ON

wavemeter Units: cmh-1 Measureing wavelength? oON Measureing Deviation? OFF|
resolution: resolution Fixed? ON resolution Auto? OFF

Set Point:

Averaging on? OFF Number Averaged:

Figure 4-7 Example of the “Settings” file written after teean button has been pres
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Once the “Settings” file has been written, the paog will start the “SCANFP.vi”
sub VI. Inside this VI another file referred to ‘aser/TPfile.txt” is created to write the
pressure and temperature of each individual pieanscompleted (the “/” here denotes a
separation of how the name is written and doesippear in the actual name of the file).
Normally the program is setup to record 5 pressarastemperatures before the piezo
scan and 5 temperatures and pressures after the ptan is completed. If the default
value of 5 is changed, this may cause problem&eénanalysis software and should be
done with caution. In this file, the before anceaiineasurements are denoted as “Before:
center wavelength” and “After: center wavelengthiere the center wavelength refers to
the current central wavelength that the laser gysseset to. This step is very important
as the center wavelength is also used to definefithenames of the spectral files
recorded, thus providing a reference to the reabdida. An example of the “TPfile” is
shown in Table 4-1 (as a note the column for Pi@ntains no information as this
function is no longer used). In the table, the terafure sensors 1, 2 and 3 directly match
the sensors 1, 2 and 3 seen in Figure 3-17, ansbse® and 6 from the table match
sensors 4 and 5 respectively from Figure 3-17. Sdmesors 4, 7 and 8 from Table 4-1 are

not currently in use and the value of 22.46 °C s@esensor 7 is just the default value.

Table 4-1: Example of five measurements of pressne temperature as they are
recorded in the “TPfile”. The grey row indicatesatleach column denotes but these headings do
not actually appear in the written file.

Before: 1500.000000

Time stamp Prgasiure Temperature Sensors (°C) P(i\r/a;ni Pgﬁszure
(Torr) 1 2 3 4| 5 6 7 8 (Torr)
01/08/2010 16:12 90.93 -59.56 -60.58 -59.75 6954 -60.13 2246 0 -0.98 5.105
01/08/2010 16:12 90.93 -59.56 -60.57 -59.75 8954 -60.14 2246 0 -1.05 5.105
01/08/2010 16:12 90.93 -59.56 -60.57 -59.75 6954 -60.14 2246 0 -1.08 5.105
01/08/2010 16:12 90.93 -59.56 -60.58 -59.75 8954 -60.13 2246 0 -0.72 5.105
01/08/2010 16:12 90.93 -59.56 -60.57 -59.75 6954 -60.13 2246 0 -0.02 5.105
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Once the 5 values have been recorded for the peessud temperature of the
scan, the sub-VI “FabryPerot.vi” executes and gatesr two other files. The first
“user/linename/Peak/wavelengthcenter.txt” file melsothe peak positions observed with
the Fabry Perot cavity. For the very first Pealkeditd, the wavenumber is recorded. An
example of the “Peak” file is given in Table 4-2nl@the first wavenumber in the file is
correct and the remaining peaks have to be codedtging the analysis phase (see

Section 4.4.2).

The second file generated is the “user/linename®a/wavelengthcenter.txt”
file (the line name will only be added when therstge “line by line” is used). This file
contains the recorded signal for all the incomiignals recorded as the piezo is ramped.
Table 4-3 shows a small section of a “Spectra fildie errors that appear in the table are
the standard deviations of the recorded signalkD@smeasurements on each channel are

made, then they are averaged.

Using these four files allows a comprehensive aislio be completed. The next
section will discuss how these files are processaal transmission spectra that can be

analyzed with spectroscopic software.
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Table 4-2: Example of the “Peak” file created ie #ub VI “FabryPerot.vi”. Once again
the first row in grey indicates what each columpresents but is not present in the file when it is
written. The file name for this example is “test1P2ak1537_ 819415.txt".

Fabry Perot| Wavenumber| Wavenumber

Voltage (V) (cmh) error
0.545633 6502.96 0.0005
0.424167 6502.96 0
0.114282 6502.96 0
0.606192 6502.96 0
0.324634 6502.96 0
0.454532 6502.96 0
0.57236 6502.96 0
0.349399 6502.96 0
0.335056 6502.96 0
0.392093 6502.96 0
0.285577 6502.96 0
0.647052 6502.96 0
0.111749 6502.96 0

Table 4-3: Example of “Spectra” file created in thdb VI “FabryPerot.vi". The first row
in grey indicates what each column represents mot present in the file when it is written.
Here CH 1 refers to the voltage reading on the mblah photodiode, CH 2 refers to the voltage
reading on the channel 2 photodiode, FP is thegelof the Fabry Perot cavity, Piezo Voltage is
the voltage being applied to the back of the lagystem, and BG is the voltage reading from the
background photodiode. The name for this examfdadi“test2P21Peak1537_856453.txt”

V'Z'If;;e (Z\F/')l error FP (V) error CZ\F/')Z
-2.885 -6.795 0.012 -0.008 0.002 -5.549 0.011 5.76 0.012
-2.884 -6.798 0.015 -0.001 0.003 -5.548 0.013 H.76 0.013
-2.883 -6.791 0.014 0.002 0.003 -5.547 0.012 -5.7610.012
-2.882 -6.798 0.016 0.013 0.008 -5.550 0.013 -5.766 0.013
-2.881 -6.799 0.016 0.035 0.007 -5.551 0.013 -5.7670.014
-2.880 -6.797 0.018 0.050 0.005 -5.551 0.016 -5.7650.015
-2.879 -6.798 0.014 0.070 0.021 -5.549 0.013 -5.767 0.012
-2.878 -6.797 0.017 0.151 0.118 -5.552 0.014 -5.767 0.014
-2.877 -6.794 0.015 0.232 0.172 -5.547 0.014 -5.7630.014
-2.876 -6.801 0.015 0.510 0.168 -5.551 0.014 -5.7690.013
-2.875 -6.799 0.015 0.619 0.114 -5.552 0.013 -5.766 0.013
-2.874 -6.800 0.012 0.266 0.174 -5.549 0.011 -5.767 0.011
-2.873 -6.798 0.017 0.026 0.025 -5.553 0.015 -5.7670.014
-2.872 -6.800 0.014 -0.003 0.007 -5.552 0.013 %.76 0.013
-2.871 -6.796 0.017 -0.010 0.002 -5.549 0.015 %.76 0.015

error BG (V) error
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4.4. Preparing Transmission files

4.4.1. Introduction

Figure 4-8 showthe general process for recording and processpectra using
the tunable diode laser spectrometer. The uppéiopasf the figure was discussed in 1
previous section defining the four files “Peak” p&tra”, “TPfile” and “Settings”. In thit
section the focus will ben describing what takes place for the remaining sségsvn in

the figure and a discus® of the subsequent Vls that are useg@rucess the raw da

1

PeakFileCorrection.vi 1 L
[ ~ e
CH1 File CH2 File BG File i

gt

WoprofitFilewritervi
- ]
Woprofit.exe
Fitting procedure

Figure 4-8 Example of the file Hierarchy used to complete Hmalysis of recorde
transmission spectra. The purple boxes denotdilexthat are created during the proci

4.4.2. Generating thewavenumbel scale

There are two programs requiredgenerate avavenumber scale that can be u
to analyse the spectra. The 1 oneis the program “PeakFileCorrection.vi” and is shc

in Figure 4-8 This program will take the “Peak” file and corré@cby using the first pea
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recorded in it (The first peak is recorded from th@vemeter directly) along with the
known fringe spacing of the Fabry Perot cavitydsgm® Section 3.3.4) and will assign a

wavenumber to each peak in the file..

The second program, “WaveConverter.vi”, then ueescbrrected “Peak” file and
the “Spectra” file to create three new files calf€@bnverted CH1", “Converted_CH2"
and “Converted BG” for the spectra recorded on nkanl, channel 2 and the
background, respectively. For each file, the progises the information in the “Peak”
file and the Fabry Perot signal from the “Spectiié¢ to identify the number of data
points between successive peaks. Once the numbeéatafpoints is known, then the
fringe spacing divided by the number of points wille the resolution for that portion of
the file. Knowing the wavenumber spacing betweechedata point and the starting
wavenumber, the program then generates all the mumbkers for that region of the
spectra. The program will iteratively do the samiedach set of fringes in the file, until it

has calculated a wavenumber for each data point.

This approach will generate a wavenumber scale vatlying resolution as the
sampling rate remains constant. The number of pdietween peaks changes with the
piezo voltage (nonlinear correlation between wavelner and piezo voltage). However,
the analysis software used requires evenly spaegd points (constant resolution).
Therefore, in the next step a resampling technthaewas used in the generation of the

transmission spectra is discussed.
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4.4.3. Generating Transmission Spectr

The next step shown iFigure 4-8 uses the “CorrectionFit.vghown in Figure
4-11 This program will generate “Transmission” file out of the “Converted” file
described in the previous sectiTo create the transmission filee baselin is compared
between the spectracorded on channel 1 orwith that of the backgroui channel. An
example of aroriginal chanel 1 and background are shownRigure 4-9. From the
figure it can be seen that the background charalis recorded has a slightly differe
signal as compared to what is observed on chann&b Icorrect for thi, the spectral
features are cut from the channel 1 data. An examafhow this looks like is presente
in Figure 4-10. Nextusing these two signi a residual is calculateoetween the two

spectra as follows:

Spectra @
[

Spectra e
-3
=325
_ 35 ﬂ
£ 375 H
E - R B
5 .425 /| [
i I\ T i
4.5 [ — -
a5 ]——— \ . o —
4.75 _ j
-5 V
6663.526954 6666 6666.5 6667 66676203

Wavenumber (cm”-1)

Figure 4-9 Recorded spectra of the R(19) transistion in v;+vy+vstvs band of
acetylene.

Spectra 1
Edited Files Background [,
-3.8-
-4 I
E-1.2- e
= P
§ -4.44 i
5 -
= -4.6- e
R T
18- — o — i
| A e —
-5 T T T T 1
6665.529789 6666 6666.5 6667 6667.6264

Wavenumber (cm™-1)

Figure 4-10 Example of how the spectra Figure 4-9is edited to remove the spect
features to allow for background correction to bmpletec
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resdiual = Channell basline — Background. 4-1

The Channell baselir refers to the spectra measuradchannel 1 with the line

cut from the file An example of what this residual looks like i®®sim inFigure 4-12.

Next, aChebyshepolynomial (the degree afie polynomial is determined by t
user)is fit to the residua Figure 4-12shows an example of this type of fit bel
completed orthe residual signal generated frcFigure 4-10. Oncéhe best ordeof
Chebyshev polynomias identifiec, it is used to correct thénannel 3 background sigr

in the following way.

Cheb Poly + background = Corrected baseline. 4-2
Figure 4-13shows the corrected baseline in relation to therdsd spectra on channel
Finally, the corrected baseline is then L to divide the channel 1 orraw spectra by the
background to obtaim transmission spectral fi Figure 4-14shows the final result ¢

this process.

Residual u‘
Residuals Cheb Fit l—‘

0.2

-0.225 "Wt
0254 ° =
-0275- \
-0.3- *
0.325- P\

-0.35-

-0.375+

-0.4+
-0.425- T T T T T 1

-1 09 -08 07 -06 0.5 -04 -03 02 -01 0 01 02 03 04 05 06 07 08 09 1
Range

Transmission

Figure 4-12 Example of an ™ order Chebyshev polynomiéit to the residual of th
spectra shown in Figure ¥. (Range here denotes the values betwkdn 1 as defined for
Chebyshev polynomial.)
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Figure 4-13 Example o the corrected background relative to the channepéctre
recorded.

085

L o0

;E 0.
07, |

6665.527298 6666 6666.5 6667 " 6667.624¢

Figure 4-14 Final transmission spectra produced by the “GuioaFit.vi” program

Once the correction has been made and verifiee tadequate by the user it ¢
be saved by clicking on the “write to file” butt shown in Figure 4-11When this buttol
is presseda new file called “Transmission” created. The originapectrum in the file
ressampled using a linear interpolating function irdear to produce a transmissi
spectrum with equallgpaced points in the wavenumber domai it is required by thi

analysis software used.
4.4.4. Calibrating the spectra

To allow for the use of multispectral analysis espectrummust beguaranteed
to be similar This similarity is obtained by calibrating e spectra’s wavenumber sc:
Figure 4-15A shows three spectra recoded at the same temperatut differen:

pressures. It is clear from the figure that eaez@iscan of the laser system has gene
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its own unique wavnumber scale. Therefore, to cbrteis scale, the wavenumber scale
must be calibrated in some way. The process obming the wavenumber scale is
completed by performing a spectral analysis onctiennel 2 spectra. These spectra are
recorded at room temperature and at lower presgaresduce the effects of pressure
induced shifts. By fitting the line positions fonet transitions of interest, a simple
difference calculation can be made with the linsifpans found in HITRANOS [21]. This
difference is then used to shift the channel 1 speaccordingly. The shifting of the
spectra is handled by the VI “ShiftCall.vi” and udégs the channel 1 transmission file
and an output file from the “Wprofit.exe” progrararfchannel 2 (which will contain
within it the fit line position obtained for charin2) to complete the calibration. This
procedure guarantees that each spectrum recordmuhtisred to the same calibrated line
position, allowing for the use of multispectral bs#s. Figure 4-15 B shows the same
spectra in A after they had the wavenumber scaleected in this way. It is clear from
this figure that the spectra are now centered attmutalibration point. It is important to
note that this technique guarantees that the memsunts of pressure-induced shifts are
accurate but at the expense of being able to deterindividual line positions with a

high accuracy.

The accuracy of the line positions obtained fromarstel 1 is completely
dependent upon the accuracy for transitions ofréstein HITRANO8. This makes this

technique not very useful for obtaining accurate fpositions.
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Figure 4-15The R(19) Transition in thv,+v,+vs+vs band of acetyler at 213 K showing
(A) the channel 1 spectra before being correctimnoel 2 fits, and (B) the channel 1 spe
after being corrected by channel 2

4.5. Conclusion

The detaileddescriftion of the softwareised in these investigations and giin
this Chapter wat show thevarioussteps required to obtain a transmission specfor
later analysisin order toperform high-resolution studies on spectia¢ parameters it is
important that multiple spectra be processed simultaneoudhst correcting the
background spectrunand then calibrating the wavenumber s ensure that each
unique spectrum recorded by the laser system caanalysedusing the weighte
multispectrum analysisoftware developed by Dr. Dani¢lurtmans[87] and made

available to our group.
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Chapter 5: Line Mixing Effects in Carbon Dioxide
5.1. Introduction

In this chapter the results from the studZotmputations of temperature
dependences for line shape parameters in the 3601@0001 and 30013 <- 00001
bands of pure C® published in the Journal of Molecular Spectroscd®8] will be
presented. The following sections will discuss tesults reported in Ref. [88] with

editorial changes for clarity and flow of the text.
5.2. Line-mixing analysis

5.2.1. Introduction

Currently, most of the laboratory spectral retriewadels are based on the sum of
independent Voigt profiles describing each traositiRecent studies [31-35], have
suggested the need to go beyond this approach feweibrational bands such as the two
Fermi bands presented here. Therefore, speed-depebdoadening and line mixing

effects of the spectral lines should be taken @aiosideration [31-34].

Prior to the spectroscopic studies presented irlBE1the primary focus on most
studies involving line mixing in carbon dioxide was the Q-branches [89-97], because
of the great difficulties in the retrievals of atspieric temperature profiles. Several
different theoretical models have been used to méide mixing, including semi-
classical calculations [92], empirical models [9ist principle computations based on

models for the intermolecular potential [99], ma&délased on fitting laws [93, 100],
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models based on a formalism for adjustable intantin coupling for line mixing effects
[101, 102], and models based on scaling laws [33,93, 95-97, 103]. The line shape
modeling based on the Energy Corrected Sudden sippation (ECS) has been used in

several previous studies of line mixing in £@7, 33, 35, 94, 97, 104-108].

In this study the broadening and first order lining parameters for over 100
transitions in the 300%200001 and 300%3-00001 bands of carbon dioxide were
calculated. The calculations were performed overli3 to 323 K temperature range for
pure CQ and lean mixtures of Gand air. The elements of the relaxation matncese
calculated at the appropriate physical conditiosiagithe Exponential Power Gap (EPG)
and Energy Corrected Sudden (ECS) scaling lawsrasepted in Section 2.6. The
calculated low pressure line-mixing parameters #rel broadening coefficients have
been compared with experimental results from twevimus studies [33, 35] available at
217, 234, 258 and 296 K. At all temperatures, edeutated broadening coefficients were

also compared with those available in the HITRAN@8abase [21].

5.2.2. Exponential Power Gap calculations for rotational tansfer

The spectroscopic analysis was completed usingdifferent datasets. The first
set was based on self- and air-broadened line maessnfrom the HITRANO8 [21]
database calculated in steps of 10 K at tempesatetveen 193 and 323 K. The second
dataset was based on self- and air-broadened exgreial line broadening and line
mixing results at 217, 234, 258, and 296 K pregknite Refs. [35] and [109]. The
temperature dependence coefficients for air- atfebseadening reported in these studies

were used to extrapolate the broadening coeffisiest intermediate temperatures
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between 193 and 323 K. In total, there were seffd air-broadening coefficients

available at 13 distinct temperatures.

The room temperature self- and air- line paraméters the two datasets were
fitted using equations 2-86 and 2-88 to determimeroom temperature values for the
parametersy, b, Co, andp, that best reproduce the broadening coefficieghtson-linear
fitting program written in Matlab was used to miize the difference between the
experimental self- and air-broadening coefficieatsd the calculated ones given by
equation 2-89. As suggested in Section 2.6.3, thleeys = 0.56 was used for all
calculations. These room temperature adjustablenpeters are summarized in Table 5-1
and Table 5-2. It can be noticed that the valuéaioed for the same parameter for R and
P branch transitions are very close. Note thatetlaee very small differences between the
adjustable parameters obtained using experimemtia dnd those obtained using line
parameters from the HITRANO8 database. The goodokfise fit results was checked

over all available transitions [40] using the surer
2.5 * Yy (1) =0, 5-1
J

where§ are the line strength parameters afydare the line mixing coefficients
calculated using equation 2-91 and the sum is aNgossible transitions. The calculated
values for this sum rule are reported in the lattimns of Table 5-1 and Table 5-2. The
fact that they are not null values indicates thegtreé is a lack of information on line

parameters with very highvalues.
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Table 5-1: Room temperature values for the adjlst&Exponential Power Gap law
(EPG) parameters for pure ¢éx 296 K in the 3001300001 and 30012 00001 bands.

a b Sum Ref
Band Branch 0 Error a 1 Error b c Error ¢ rule )
(x109) (x107) 2 #
(x10%)

3001300001 P 532 | 9.41x10° 2.77 4.3%10° | 1.21 | 5.61x10° 1.30 [109]
30013-00001 R 5.03 | 8.82x10° 2.70 3.910° | 1.21 | 5.11x10° | -1.93 [109]
3001200001 P 5.47 | 3.16x10° 2.85 1.04x10° | 1.20 | 4.84x10° 1.31 [109]
30012-00001 R 5.51 1.02x10° 2.90 3.33x10° | 1.19 | 1.5210° -2.00 [109]
30013-00001 P 4,94 | 9.00x10° 2.61 3.28x10° | 1.22 | 1.54x107 1.28 [21]
30013-00001 R 5.01 | 9.9810° 2.67 4.47%10° | 1.21 | 5.64x10° | -1.94 [21]
3001200001 P 4,94 | 2.85x10° 2.61 1.04x10°% | 1.22 | 4.88x10°® 1.30 [21]
3001200001 R 5.01 | 9.15<10° 2.67 3.2%x107 | 1.21 | 1.5210° | -1.98 [21]

Table 5-2: Room temperature values for the adjlst&@xponential Power Gap law
(EPG) parameters for Groadened by air at 296 K in the 300130001 and 3001200001
bands.

a b Sum Ref
Band Branch (x10'2) Error a (x10'1) Error b c Error ¢ rule 4 )
(x10%)

3001300001 P 3.97 | 8.95¢10° 2.90 | 3.88<10° | 1.07 | 1.3810" 0.95 [35]
30013-00001 R 3.91 | 8.91x10% 2.91 3.91x10° | 1.06 | 1.3%10° -1.44 | [35]
3001200001 P 3.97 | 8.94x10% 2.90 3.8710° | 1.07 | 1.3%10° 0.96 | [35]
30012-00001 R 3.85 | 8.74x10° 2.86 3.8%«10° | 1.07 | 1.37107 -1.46 | [35]
30013-00001 P 3.98 | 8.98x10° 2.91 3.8710° | 1.07 | 1.38x107 0.95 [21]
30013-00001 R 3.84 | 2.76x10% 2.86 1.23x10° | 1.07 | 4.33x10° -1.43 | [21]
3001200001 P 3.98 | 8.98x10%¢ 2.91 3.8%10° | 1.07 | 1.38x10° 0.96 [21]
3001200001 R 3.84 | 8.67%10° 2.86 3.8%107 | 1.07 | 1.36x10° -1.46 | [21]

The temperature dependence of the collisional retes determined using the

following temperature dependence for the paraneeter

T
a(T) = ao(?oj : 5-2
In Table 5-3 and Table 5-4 the self-broadened tesare presented for the
parameter obtained by keepiag b,, andc, fixed to the values given in Table 5-1. The
corresponding air-broadened values obtained keepe, b,, andc, values fixed to the

values given in Table 5-2 are reported in Table &r8 Table 5-6. The last row of each

table contains the average valuesrfaver the range of temperatures 193 to 323 K.
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Figure 5-1shows overlaid measured and calculaair-broadening paramete
using the Exponential Power Gap law (EPG) plottgdirasst m, where m = -J for P-
branch transitions andh = J+1 for R-branch transitionsThe results correspond
transitions in the 300%k200001 ban of carbon dioxide. As the plots show, the E
fitting law does not model successfully the entaiage of rotational states. For aver:
|[m| values it provides a good agreement with the exy@atal results. However, a qui
look at Figure 5-Zhows that the &line mixing coefficients calculated using the E
model offer a good agreement with the experimentaim temperature line mixir

values obtained independently by two different gig[32, 33].
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Figure 5-1: Overlaid measured and calculatair-broadeing parameters using tl
Exponential Power Gap law (EPG) plotted agi the rotational quantum numt m for CGO,

transitions in the 3001200001 ban [88].
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5.2.3. Energy Corrected Sudden calculations for rotationakransfer

This type of scaling law depends on the adjustphlametersl;, A, /, andf as
defined in Section 2.6.2 with equations 2-82, 2&881 2-84. The room temperature
values of the adjustable parameters for self- andraadened transitions are presented in

Table 5-7 and Table 5-8, respectively.

The temperature dependence of the adjustable ptaewveas explored using two
methods. In the first method (referred to as Fithk) parameter8 andd. from equations

2-83 and 2-84 were assumed to have the followingpazature relation as defined by.

T N1
A:AO(?OJ and 5-3
N2
dczdm(kj , 54
T

whereAy andd,, are the values fitted a8y = 296K. The same two datasets that were used

for the EPG calculations have been used here.

In the second method (referred to as Fit 2) ong parameteA from equation

2-84 is assumed to have temperature dependencejynam

a2
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CHAPTER 5 Line Mixing Effects in Carbon Dioxide

The line mixing coefficients were calculated byngsiequation 2-91 scaled by a
factor of 0.5. The results obtained using the firgtthod for self-broadened GQ@re
presented in Table 5-9 to Table 5-12 and for thdomtiadened C@they are presented in
Table 5-13 to Table 5-16. The results for the sdcorethod are presented for self-
broadened C@and listed in Table 5-18, with the air-broadenadeclisted in Table 5-19

and Table 5-20.

The software developed to perform Energy Corre@adden calculations was
initially written by a former researcher in our g lan Schofield and was later revised
by me. It had been found in previous work [33, 8@t the Wigner 6J and 3J calculations
could not be performed directly in Matlab. Therefathe computations of Wigner 6J and
3J coefficients were implemented using Mathematid&igner functions. A link to
Mathematica's kernel from Matlab using the MathecaatSymbolic Toolbox for
MATLAB version 2.0 [110] was used to correct thgsue. This package provides a
dynamically linked library (DLL) that allows Mathetica functions to be called from

Matlab.
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CHAPTER 5 Line Mixing Effects in Carbon Dioxi

Figure 5-3 shars overlaid measured and calculated broadeningrpteas using
the ECS law. All results are plotted agaim. As it can be seen frorFigure 5-1 and
Figure 5-3the ECS scaling law models the mured broadening parameters better t
the EPG law, with best agreement for medim values. When comparing the obsenr
and calculated line mixing coefficients obtainedngsboth the ECS and EPG mod
plotted in Figure 5-2and Figure 5-4 it can be concluded that the EPG calcula

reproduces better the line mixing coefficients canep to with the ECS mod
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Figure 5-3: Overlaid measured and calcule airbroadening parameters using
Energy Corrected Sudden (ECS) scaling law plottgdinst m for CO, transitions in the
30013-00001 band [88].
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(8]

w
e ]
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Figure 5-4 Measured and calculated -line mixing parameters using the Ene
Corrected Sudden (ECS) scaling law for, in the 30013-00001 bandAll results are plotte:
againsim[88].

An example of the error found from several of theGand ECS fits of th
broadening coefficients are shownFigure 5-5. The error analyséw the different fits
performed were similar in that they all apredto have a periodic nature to them. Th
are several possible reasons why this couldIt could be caused either by simi
inconsistencies that are periodic in the input beréng coefficients ocould be from a
missing phase term in the calculation of the rdiaxamatrix elements. It may
necessary to include a sinusoidal type term to wucéor the loss of phase. Howev
both these claims need to be supported by moreriexpeatal studies over a wer range

of temperatures antighervalues ofm.
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Figure 5-5 Percent differences between experimente-broadening parameters a
calculated ones obtained using the EPG scalingAgvand calculated vues obtained using tl
ECS scaling law (fit 1) (B). The comparisons areleéor datasets available at 217, 234,259
296 K [88].

132



CHAPTER 5 Line Mixing Effects in Carbon Dioxide

5.3. Conclusion

A careful examination of the two scaling laws (ERB@ ECS) has been shown to
suitably model both broadening and line mixing ficefnts over the temperature range
of 193 to 323 K. All the calculations were perfonan the carbon dioxide transitions in
the 30012-00001 and 300%3-00001 bands. It was determined that the best agmem
between theoretical and experimental broadenindficmats is achieved for values of
the adjustable parameters that are not unique aweide temperature range. Also, the
values of the best-fit adjustable parameter aghti different from one band to another.
Therefore, it has been proposed that average vdarethe temperature dependence

coefficients for both types of scaling laws sholbddused.
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CHAPTER 6 High Resolution Measurements of Acetyl&érensitions

Chapter 6: High Resolution Measurements of

Acetylene Transitions
6.1. Introduction

In this chapter the results of three individuakdsés of the acetylene molecule that
were completed and published during my study pedoal presented. The firstihe
shape study of acetylene transitions in thgrv,+vs+vsband over a range of
temperatureswas published in the Journal of Molecular Spestapy [111]. The second
study ‘Low pressure line shape study of acetylene tramsstiin thev,+v,+v,+vs band
over a range of temperaturewas published in Molecular Physics [112] (Thisijoals
website can be located at http://www.tandfonlinmoFinally, the third study L'ow
pressure line shape study of nitrogen perturbedydeee transitions in the;+v3 band

over a range of temperatureszas published in the Canadian Journal of Phydit8].

6.2. Line Shape Study of Acetylene Transitions in the

vi+votvs+vs Band Over a Range of Temperatures

6.2.1. Introduction

The vitvotvatvsupper state in “CoH, has three  sub-states  with
Ty 4 T1 symmetry. The band investigated here is paralléh Wi and R branches only.
The upper sub-state belongs to the [Nr,Ns,e,u]52&Qu] polyad with Nr=5/,+5 v3+3

vo+ vat vs and Ns=v;+ vo+ v3. The nuclear spin statistics are either 1 or 3f@n or odd
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CHAPTER 6 High Resolution Measurements of Acetyl&érensitions

lower J values, respectively (the opposite for tpper J values). Further details on the

ground state structure in acetylene can be fourRkin [114].

In this study the line intensities, self-broadeneidths, self-pressure induced
shifts and selected line mixing coefficients foretvy R-branch transitions in the
vitvotvatvs band of acetylene were retrieved. The spectra wererded using the 3
channel diode laser spectrometer described in €h&pta temperature controlled cell of
fixed length and a second room temperature cekk Yoigt and speed-dependent Voigt
profiles with inclusion of line mixing effects weresed to retrieve the line parameters.
From the retrieved line parameters the temperatapendences for line broadening and
shift coefficients were determined. The line mixiogefficients and their temperature
dependence were theoretically modeled using rettidwoadening values. A set of 6
pressures were selected and for each pressurefrespeere recorded at seven
temperatures in the 213 K to 350 K range. A sumnadityhe experimental conditions is

presented in Table 6-1.

The line parameters of acetylene were retrievedguai weighted multispectrum
analysis software [87]. The spectra were dividednraller sections covering each of the
R(0) to R(19) transitions. Batches of spectra r@edrat the same set temperature were
fitted together. The program minimized the differes between the experimental spectra
and the calculated spectra by adjusting various fiarameters through non-linear least
squares. For the transitions presented in this wiomke mixing was needed to fit the
spectra within the noise levels. Initial values tbe line intensities and self-broadened

widths were taken from Ref. [21].
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CHAPTER 6 High Resolution Measurements of Acetyl&érensitions

Table 6-1: Experimental conditions for self-broagl#racetylene spectra [111]. The numbers in
brackets indicate the statistical error of the meas values.

Lines Average Average R19-RO 483.70(4) 272.9(2)
scanned | Pressure (Torr) Temperature(K) R19-RO 483.70(1) 272.9(2)
R19-RO 107.08(19) 253.0(2) R19-RO 574.70(3) 272.9(2)
R19-RO 108.45(3) 253.1(2) R19-RO 700.01(3) 272.9(2)
R19-RO 265.09(3) 253.1(2) R19-RO 700.09(2) 272.9(2)
R19-RO 377.88(1) 253.0(2) R19-RO 93.50(8) 293.0(2)
R19-RO 377.88(1) 253.02) R19-RO 93.86(8) 293.0(2)
R19-RO 538.79(9) 253.1(2) R19-RO 264.71(5) 293.0(2)
R19-RO 649.07(20) 253.3(3) R19-RO 436.52(1) 293.0(2)
R19-RO 648.89(2) 253.2(2) R19-RO 436.56(1) 293.0(2)
R19-RO 780.12(7) 253.0(2) R19-RO 519.22(1) 293.0(2)
R19-RO 98.42(2) 233.1(3) R19-RO 519.23(1) 293.0(2)
R19-RO 98.48(2) 233.1(3) R19-RO 616.59(1) 293.0(2)
R19-RO 244.33(7) 233.3(2) R19-RO 616.57(3) 293.0(2)
R19-R4 371.70(9) 233.0(3) R19-RO 751.27(1) 293.0(2)
R19-RO 371.84(1) 233.0(3) R19-RO 751.34(3) 293.0(2)
R3-RO 371.82(0) 233.0(3) R19-RO 100.41(6) 312.8(2)
R19-RO 486.50(23) 233.5(3) R19-RO 100.31(1) 312.8(2)
R19-RO 486.54(3) 233.6(4) R19-RO 230.09(4) 312.8(2)
R19-RO 595.34(10) 233.7(4) R19-RO 385.03(1) 312.8(2)
R19-RO 595.48(6) 233.7(4) R19-RO 385.08(1) 312.8(2)
R19-RO 713.10(17) 233.3(2) R19-RO 496.36(1) 312.8(2)
R19-RO 90.52(17) 213.1(4) R19-RO 496.38(1) 312.8(2)
R19-RO 90.09(6) 213.1(4) R19-RO 496.39(1) 312.8(2)
R19-RO 221.57(5) 213.5(4) R19-RO 496.36(0) 312.8(2)
R19-RO 337.39(8) 213.9(8) R19-RO 593.06(1) 312.8(2)
R19-RO 337.11(3) 213.8(8) R19-RO 593.03(1) 312.8(2)
R19-RO 337.25(1) 213.8(8) R19-RO 679.55(2) 312.8(2)
R19-RO 337.19(1) 213.8(8) R19-RO 679.47(1) 312.8(2)
R19-RO 442.08(6) 213.5(4) R19-RO 106.68(4) 332.7(2)
R19-RO 441.86(6) 213.5(4) R19-RO 106.78(1) 332.7(2)
R19-RO 541.05(19) 214.7(8) R19-RO 244.43(15) 332.6(2)
R19-RO 540.83(1) 214.6(8) R19-RO 409.04(1) 332.7(2)
R19-RO 645.95(22) 213.4(3) R19-RO 409.05(1) 332.7(2)
R19-RO 645.68(2) 213.3(3) R19-RO 527.04(4) 332.6(2)
R19-RO 645.48(13) 213.3(3) R19-RO 527.15(3) 332.7(2)
R19-RO 574.67(1) 272.9(2) R19-RO 630.17(1) 332.6(2)
R19-RO 115.02(1) 272.8(1) R19-RO 630.15(1) 332.6(2)
R19-RO 115.58(21) 272.8(1) R19-RO 721.96(4) 332.6(2)
R19-RO 247.19(23) 272.9(2) R19-RO 721.91(5) 332.6(2)
R19-RO 434.10(1) 272.4(2) R19-RO 107.08(19) 253.0(2)
R19-RO 434.12(1) 272.4(2)
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6.2.2. Line intensities

For each transition from R(0) to R(19) the lineemsities were retrieved at all set
temperatures by simultaneously analyzing the sp&dth the multispectrum fit program
[87]. The line intensities retrieved by fitting ¥oigt and speed-dependent Voigt are
presented in Table 6-2 (A) and (B), respectivellie Terrors quoted in parenthesis are
double the fit errors. Based on consistency tegpdied to different lines, the intensities

have been found to be accurate to better than 2 %.

For an easy comparison of the presented results regults available in the
literature reported at 296 K, the room temperatirensities were converted to

intensities at 296 K using the formula:

Sp(T) = Sp(T) T,Z(T,) exp {_w (i _ i)}, 6-1

T,Z(T;) K \T, T

whereT; is the measured temperature of the spe@yas 296 K andE;» are the lower
state energies reported in the HITRANO8 databatpd@d the partition functionZ(T))
were assumed to be nearly the same for tempenratwiagions up to 3 K. The converted
intensities given in cmxmolecuteare available in Table 6-2 (A) and (B), corresgogd
to fits with the Voigt or speed-dependent Voigtfjes. In Figure 6-1 the ratios between
the converted intensities at 296 K and the HITRANRS] values are shown. With two
exceptions, all ratios are below 1. In fact, therage ratio for intensities retrieved using
the speed-dependent Voigt profile is 0.99, andiritensities retrieved using the Voigt
profile is 0.99. Overall, the intensity measuremsemtre in good agreement with

HITRANOS8 (with a difference on the order of 2 %).
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Figure 6-1. Ratios between calculated intensities2@6 K and the values from
HITRANOS [21], [111].

The transition dipole moment squar&f® (in Debyé) were calculated using the

following expression:

511 = 222 (- 1 - e (-2 i
wheregsis the statistical weight due to nuclear spin & kbwer levelV is the transition
frequency in cnt; g is a weight introduced in case of bands witipe doublingZ(T,) is
the total partition function at temperaturrg L(J",l) is the Honl-London factod” being
the rotational quantum number of the lower levelth#d transition, and its secondary

vibrational quantum numbet=(l4*+ls| for GH,); E” in cmi* is the energy of the lower

level.

The vi+votvatvs band is a parallel band wilkr0. For R branch transitions the
factor is:
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LUD=0+1+DJ"+1-0/J"+1). 6-3
The measured values fgR[ for the 20 lines are next fitted through a leastasgs

procedure to the following equation:

IRI> = |Ro|*F(m) = |Ro|*(1 + Aym + A;m?)?, 6-4
where |Ry|*> is the vibrational transition dipole moment saghrandF(m) is the
empirical Herman—-Wallis factor. The Herman-Wallgctior can be expressed using the
coefficientsA; andA, andm (m = J"+1 for R branch transitions). The values f&g|?, A,
A, for intensities at 293 K are: 1.39x1D?, 5.87x10" and -9.58x18 (Voigt model) and
1.39x10° D? 1.21x10° and -1.33x13 (SDV model). The values fdR|?, A, A, for
intensities extrapolated to 296 K are: 1.41%10% 5.16x10" and -1.02x1d (Voigt

model) and 1.41x1I0D? 1.47x10° and -1.60x13 (SDV model).
6.2.3. Line broadening and pressure induced line shifts

The expressions used to retrieve the self-broaddraddwidth (/(p,T)) and
pressure-induced shift coefficienté®(T)) and their temperature dependences were

derived from Section 2.5 and are as follows:

T,1"
V(pr T) = PYo (por To) [7] ) 6-5
v =V, +pd°(T), 6-6
8°(T) = 6°(T,) + 8' (T — T,), and 6-7
ns
§°(T) = 8°(poT) [2] 6-8

wherepy = 1 atm andly =296 K are the reference pressure and temperajgns. the
retrieved self-broadened halfwidth coefficient die t reference pressurgy, and
temperaturdy. Kp,T)is the measured self-broadened half width of gezsal line ang
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is the total pressure of the acetylene sampis.the temperature dependence exponent of
the self-broadened half-width coefficienl.is the pressure-induced line shift coefficient,
v is the line positionyy is the position at zero pressure, ahds the temperature
dependent coefficient of the self-induced pressimé coefficients. Note that in this
study a second law for temperature dependenceeskpre shifts, namely equation 6-8

has been inspected.

Broadening coefficients were retrieved using a mpétctrum fitting procedure
and the Voigt and speed-dependent Voigt profileee alues obtained for each
temperature and those extrapolated to 296 K arengiv Table 6-3 (A) and Figure 6-2
(A) for fits using the Voigt profile and Table 6¢B) andFigure 6-2(B) for fits using the
speed-dependent Voigt profile. It can be noticeat the speed-dependent Voigt results
are slightly larger than those from using the Voighe differences between the two
models and the measurements available in thetliterdor other bands are presented in
Figure 6-8. These measurements are in good agreéemibnprevious datasets for self-

broadened acetylene.
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Table 6-3: Selbroadening coefficient in thv,+v,+v,+vs band of acetylene determin
using (A) Voigt and (B) speed dependent Voigt pe [111].

Self-Broadening coefficients (cm™! atm!) retrieved with the Voigt profile
A line m 213 K 233 K 253 K 273 K 203 K 318 K 350 K 206 K
R(0) 1 0.24041(3) 0.22757(9) 0.21656(6) 0.20065(12) 0.19763(7) 0.18406(8) 0.17873(6) 0.1962(2)
R(1) 2 0.23885(3) 0.22476(8) 0.21315(6) 0.20273(11) 0.19292(7) 0.17952(8) 0.17652(6) 0.1933(2)

R(2) 3 0.22201(2) 021167(8) 0.20676(6) 0.19084(11) 0.1856(6) 0.17337(7) 0.16471(6) 0.1837(2)

R(3) 4 02137(4) 020202(7) 0.19362(5) 0.18546(10) 0.17585(6) 0.16829(7) 0.16108(6) 0.1768(2)

R(4) 5 0.21061(2) 0.19837(6) 0.18606(5) 0.1794(9) 0.17155(6) 0.16518(6) 0.15956(6) 0.1728(2)

R(5) 6 0.2028(5) 0.19377(3) 0.18055(4) 0.17263(9) 0.16576(4) 0.15902(4) 0.1513(3)  0.1666(2)

R(6) 7 0.20013(8) 0.18807(10) 0.17704(4) 0.17018(10) 0.16209(6) 0.15604(8) 0.14847(7) 0.1631(2)

R(7) 8 0.19588(4) 0.18278(2) 0.17292(4) 0.16509(4) 0.15722(2) 0.15016(2) 0.14305(3) 0.1584(2)
5

R(8) 0.19301(3) 0.18072(6) 0.16964(6) 0.16203(5) 0.16122(10) 0.14877(5) 0.1415(11) 0.1566(2)
R(9) 10 0.18804(5) 0.17799(1) 0.16725(4) 0.15736(3) 0.15171(5) 0.14499(4) 0.13925(8) 0.1524(2)
R(10) 11 0.18458(2) 0.17251(2) 0.16779(2) 0.15572(2) 0.15096(3) 0.13909(3) 0.13656(2) 0.1503(2)
R(11) 12 0.18271(6) 0.17077(2) 0.16227(2) 0.1542(3) 0.14602(3) 0.14172(2) 0.13737(3) 0.1486(1)
R(12) 13 0.17493(3) 0.16389(2) 0.15691(2) 0.14801(3) 0.14371(3) 0.14254(3) 0.13474(4) 0.1451(1)
R(13) 14 0.16944(3) 0.15934(3) 0.15212(5) 0.14602(2) 0.13909(3) 0.13643(2) 0.12818(3) 0.1402(1)
R(14) 15 0.16775(6) 0.15409(5) 0.14965(3) 0.14373(4) 0.1366(3) 0.13361(5) 0.1258(17) 0.1375(1)
R(15) 16 0.15902(3) 0.15083(3) 0.14527(2) 0.14066(2) 0.13352(3) 0.13022(3) 0.11992(5) 0.1341(1)
R(16) 17 0.15715(3) 0.14965(2) 0.14152(3) 0.1387(1)  0.12698(7) 0.12923(7) 0.12131(6) 0.1325(1)
R(17) 18 0.15179(2) 0.14553(2) 0.13534(3) 0.13222(1) 0.12649(2) 0.12315(2) 0.11805(6) 0.1275(1)
R(18) 19 0.14759(6) 0.13962(7) 0.13348(5) 0.12943(1) 0.12657(4) 0.12037(4) 0.11721(3) 0.1253(1)
R(19) 20 0.14491(3) 0.13633(4) 0.13005(3) 0.12341(3) 0.11723(3) 0.11286(3) 0.11287(3) 0.1201(1)

B Self-Broadening coefficients (cm™! atm™!) retrieved with the Speed-Dependent Voigt profile
line m 213 K 133 K 253 K 273K 203 K 318 K 350 K 296 K
R(0) 1 0.24908(31) 0.23579(43) 0.22312(18) 0.21216(22) 0.20625(44) 0.19029(6) 0.18485(9) 0.2020(2)
R(1) 2 0.24649(6) 0.22866(7) 0.22045(5) 0.20901(6) 0.19632(6) 0.18333(7) 0.17991(13) 0.1957(2)
R(2) 3 0.22513(8) 0.21482(8) 0.21295(16) 0.19622(10) 0.18878(11) 0.17686(8) 0.16799(16) 0.1866(2)
R(3) 4 0.21851(8) 0.20506(6) 0.19814(9) 0.19009(6) 0.17854(3) 0.17124(4) 0.16392(5) 0.1796(2)
R(4) 5 0.21709(8) 0.20156(7) 0.19137(8) 0.18418(7) 0.17450(5) 0.16811(6) 0.15956(6) 0.1733(2)
R(5) 6 0.20713(5) 0.19629(8) 0.18460(4) 0.17635(5) 0.16804(3) 0.16122(4) 0.15329(3) 0.1699(2)
R(6) 7 0.2060(6) 0.19119(5) 0.18246(5) 0.17495(4) 0.16524(49) 0.15896(5) 0.15110(5) 0.1667(2)
R(7) 8 0.19998(5) 0.18504(4) 0.17683(2) 0.16695(2) 0.16077(2) 0.15221(2) 0.14502(2) 0.1610(2)
R(8) 9 0.19845(5) 0.18367(5) 0.17461(5) 0.16685(5) 0.16398(17) 0.15122(4) 0.14374(5) 0.1596(2)

R(9) 10 0.19192(6) 0.18024(6) 0.17099(6) 0.16100(0) 0.15404(6) 0.14723(3) 0.14162(3) 0.1546(2)
R(10) 11 0.18570(0) 0.17602(6) 0.17016(5) 0.15758(6) 0.15207(6) 0.14420(6) 0.13440(0) 0.1515(2)
R(11) 12 0.18675(4) 0.17288(4) 0.16670(4) 0.13500(6) 0.15000(6) 0.14200(3) 0.13610(1) 0.1466(1)
R(12) 13 0.17998(7) 0.16657(6) 0.16212(6) 0.15354(5) 0.14621(4) 0.14260(6) 0.13807(4) 0.1477(1)
R(13) 14 0.17365(6) 0.16313(5) 0.15441(8) 0.14936(5) 0.14309(5) 0.13620(4) 0.13146(5) 0.1428(1)
R(14) 15 0.17176(6) 0.15665(6) 0.15486(5) 0.14827(8) 0.14127(10) 0.13702(8) 0.12494(9) 0.1401(1)
R(15) 16 0.16324(7) 0.15301(7) 0.14955(5) 0.14449(6) 0.13731(7) 0.13089(5) 0.12175(6) 0.1354(1)
R(16) 17 0.16315(5) 0.15216(5) 0.14532(7) 0.14348(8) 0.13123(8) 0.13077(12) 0.12364(15) 0.134%(1)
R(17) 18 0.15614(4) 0.14672(6) 0.13933(5) 0.13596(4) 0.12996(4) 0.12553(4) 0.12057(6) 0.1300(1)
R(18) 19 0.14759(6) 0.14213(6) 0.13806(8) 0.13245(10) 0.13094(12) 0.12272(8) 0.12051(12) 0.1277(1)
_R(19) 20 0.14920(4) 0.13853(4) 0.13384(4) 0.12515(5) 0.11912(5) 0.11522(4) 0.11509(5) 0.1223(1)

The multispectrum fittin allowed for the simultaneous retval of the pressure-
induced line shifts with the two linshape profiles. Thesesults are presented Table
6-4 (A) for Voigt results an(Table 6-4 (B) for speedependent Voigt resultFigure 6-3
showsthe results obtained for pressure induced shifteoaim temperature. From tl
figure it is seen thahere are only small deviatic in the valuesletermined fronthe two

sets of shiftsThe values for shifts 296 Kwere extrapolated using the calculated vi
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for temperature exponent of the pressure inducefl @&h). These values are also

reported in Table 6-4 (A) and (B) in the last cotuand plotted in Figure 6-3.

The results obtained for the temperature dependeufceelf-shift coefficients are
plotted in Figure 6-4 and reported in Table 6-Bufe 6-4 presents graphically the results
obtained for temperature dependescof pressure shifts when the empirical law from
Eq. 6-8 is used (A) and when the empirical law frem 6-7 is used (B). In the case of
equation 6-7a’ becomes negative at very low values for both the theoretical and
measured coefficients. This behavior seems unpélysicd is probably due to the fact

that this law is of empirical nature.
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Figure 6-2: Room temperature self-broadening caiefiits retrieved using the Voigt
profile (A) and speed-dependent Voigt profile (BL1].
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Table 6-4 Pressure induced line sshift coefficient in thevi+v,+vs+vs band of
acetylene determined using (A) the Voigt and (&) $hbeed dependent Voigt prof[111].

18 -0.01306(3) -0.011603) -0.011653) -0.01048(4) -0.01016(3) -0.00895(2) -0.00828(3) -0.00974(10)

15) -0,
Self-Shifting coefficients (cm™' atm™) retrieved with the Speed-Dependent Voigt profile

-0.014680) -0.01434036) -0.01422(2) 1165(1

0.02544(6) -0.00436(6) -0.02717(17)

1 -0.00396(8) 0.0026(12) 0.00237(24) -0.01196(4)
3 0.00166(2) -0.00047(3) 0.00200(5) -0.00084(3) -0.00150(3) -0.00487(4) -0.01004(3)
5
7 -0.00582(2) -0.00615(2) -0.00811(1) -0.00499(1)  -0.00654(2)  -0.00408(2)
§ -0.00675(i) -0.00584(i) G.0062i(1) -0.00548(1) -0.00457(1)  -0.00494(1) -0.00615(2)
9 -0.00734(1) -0.00620(1) -0.00699(2) -0.00698(2) -0.00906(5) -0.00420(1) -0.00783(2) -0.00618(2)
10 -0.00538(1) -0.00492Q2) -0.00741(Z) -0.007Z1(Z) -0.00324(Z) -0.00607(1) -0.006%6(i) -0.00661(2)
11 -0.00960(1) -0.00906Q2) -0.00772(1) -0.00902(2) -0.00406(2) -0.00596(2) -0.00357(3) -0.00626(2)
12 -0.01015(1) -0.00829(1) -0.00859(1) -0.00820(3) -0.00704(1) -0.01288(3) -0.00568(3) -0.00510(2)
13 -0.00939Q2) -0.00866(2) -0.00664(2) -0.00738(2) -0.00769(1) -0.00559(2) -0.00570(1) -0.00484(1)
14 -0.01125(2) -0.01053(2) -0.00860(3) -0.00872(1) -0.00743(2) -0.00384(1) -0.00468(2) -0.00487(1)
15 -0.01175Q2) -0.01098Q2) -0.01006(1) -0.00893(3) -0.00778(3) -0.007403) -0.00954(3) -0.00431(2)
16 -0.01308(2) -0.01256(2) -0.010%2(2) -0.00945(2) -0.00869(2) -0.00878(2) -0.00594(2) -0.00430(2)
17 -0.01602(1) -0.01302@2) -0.01523(2) -0.01123(2) -0.01142(2) -0.01177(4) -0.00871(5) -0.00205(1)
18 -0.01332(1) -0.01167(2) -0.01201(2) -0.01081(1) -0.01051(1) -0.00939(1) -0.00847(2) -0.00236(1)
19 -0.01419(2) -0.01417(2) -0.01224(2) -0.01209(3) -001211(4) -0.00996(2) -0.00819(4) -0.00295(2)
R(19) 20 -0.01519(1) -0.01461(1) -0.01471(1) -0.01240(2) -0.01222(2) -0.01102(1) -0.01017(2) -0.00220(1)
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Figure 6-3: Room temperature pressure inducedsbdifcoefficients obtained using the
Voigt and speed-dependent Voigt profiles [111].

Table 6-5: Temperature dependences for self braagleoefficients (obtained using Eq.
6-5) (n) and pressure induced self-shift coefficients doted from Eq. 6-7n() and 6-8 §')) in
the v;+v+vstvs band of acetylene[111]. Numbers in the brackepsesent the statistical error
associated with the last digit of the determineldea

n [ n'

m SDV Voigt SDV Voigt SDV Voigt

1 0.60(3) 0.62(3) 0.000033(2) - 0.97(5) -
2 0.62(3) 0.63(3) -0.000004(1) 0.000005(12) 1.19(6)1.04(5)
3 0.60(3) 0.62(3) -0.000050(2) -0.000046(2) 0.98(5)1.08(5)
4 0.57(3) 0.59(3) -0.000023(2) -0.000012(1) 1.04(5)1.16(6)
5 0.56(3) 0.58(3) 0.000003(1) -0.000016(1) 1.23(6).19(6)
6 0.59(3) 0.60(3) 0.000008(1) 0.000008(1) 1.19(6).10()
7 0.59(3) 0.61(3) 0.000011(1) 0.000006(1) 1.12(6).01@5)
8 0.61(3) 0.63(3) 0.000022(1) 0.000019(2) 1.20(6) .14(6)
9 0.60(3) 0.63(3) 0.000029(1) 0.000026(1) 1.15(6).16(6)
10 0.62(3) 0.63(3) 0.000025(1) 0.000028(1) 1.06(5).10(6)
11 0.61(3) 0.63(3) 0.000039(2) 0.000036(2) 1.27(6).27(6)
12 0.58(3) 0.59(3) 0.000026(1) 0.000015(12) 1.20(6).17(6)
13 0.55(3) 0.56(3) 0.000021(1) 0.000016(1) 1.12(6).17(6)
14  0.55(3) 0.56(3) 0.000044(2) 0.000058(3) 1.08(5}).10(5)
15 0.55(3) 0.56(3) 0.000044(2) 0.000038(2) 1.12(6).20(6)
16 0.52(3) 0.53(3) 0.000049(2) 0.000041(2) 1.03(5).17(6)
17 0.50(3) 0.51(3) 0.000049(2) 0.000048(2) 1.04(5).06(5)
18 0.51(3) 0.52(3) 0.000035(2) 0.000035(2) 1.04(50.93(5)
19 0.46(2) 0.48(2) 0.000045(2) 0.000042(2) 0.95(50.92(5)
20 0.53(3) 0.54(3) 0.000041(2) 0.000037(2) 0.91(50.95(5)
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6.2.4. Weak line-mixing effects

In this study it was found necessary to accountiMeak line mixing effects. The
line mixing effects accounting for collisional tisdar between pairs of energy levelnd
k are modeled within the software by adding an asgtrimprofile to the Voigt or speed-

dependent Voigt profiles as follows:

Hi Wik
Bi V=V’

Yok (T) = 2p Xjzk 6-9
Herep is the gas pressure in atm afyd(T) is the weak line mixing coefficient of
the transition of interesy, are the elements of the dipole moment mait, are off-
diagonal elements of the relaxation matrix thatcdbss the state of the molecule at a
given time, andy, are line positions. Note that the self-broadergngfficients are the

real parts of the diagonal elements of the relaxathatrix,W, and the pressure-induced

line shift coefficients are the imaginary partgtoed diagonal elements.

Line mixing coefficients for the spectra at rooompeerature were obtained from
multispectral fits of spectra recorded in the latory. However, for consistency in the
multispectrum fits at other temperatures, modefsetsal profiles using calculated line-
mixing coefficients obtained from the Exponentiaiwer Gap scaling law (EPG) were
used. The calculated and room temperature meadingedixing coefficients are given
for the two line shape profiles in Table 6-6 (A)a{B). The calculated sets used in fits
with the speed dependent Voigt profile are sligttifferent (on average about 0.5%)
than those obtained for the Voigt profile due te #mall differences in line broadening

and in the intensities retrieved with the two piexfi
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Table 6-6 Calculated and measured tline mixing coefficient in thev,+vo+v,+vs band
of acetylene determined usi(A) the Voigt and (B) the speeatkpendent Voigt profile[111].

A Self-Line miving coefficients (atm!) retrieved with the Voigt profile
203K
line m 213K 133K 253K 273K 203 K 318K IS0K experimental
R(I) 1 0O0R71(124)  0.08%06(115) 0.0755(108) 0.0708(101)  0.0665(95)  0.0621(89) 0.0574(32) 0.0101(12)
R(1) 2 0.0313(16) 0.0286(13)  0D0231(14)  0.0268(13)  0.0256(13)  0.0243(12) 0.0229(11) 0.0243(1)
R(2) 3 0.0204(12) 00197(12)  DO191{11)  O.01E5(11)  DOIRO(11)  0.0173(10) 0.0166(10) D 0017(8)
R(3) 4 0.0130(6) 0.0130(6) 0.0130(8) 0.0129(6) 0.0128(6) 0.0125(6) 0.0121(6) 0.0157(1)
R#) 5 0.0074(1) 0.0079(2) 0.0083(2) 0.0086(2) 0.0088(2) 0.0088(2) 0.0088(2) 0.0043(1)
R(5) 6 0.0030(1) 0.0039(1) 0.0046(1) 0.0052(1) 0.0056(1) 0.0059(1) 0.0060(1) 0.0003(1)
R(6) 7 0.0005(1) 0.0007(1) 0.0016(1) 0.0024(1) 0.0030(1) 0.0035(1) 0.0038(1) 0.0018(1)
R(7) 8§ 0.0035(1) 00021(1)  -0.0000(1) 0.0001(1) 0.0008(1) 0.0014(1) 0.0019(1) 0.0002(1)
R(8) © -0.0060(1) 0.0044(1)  -00031¢1)  -0.0021(1)  D0012(1)  -0.0005(1) 0.0001(1) 0.0096(3)
R(%) 10 -0.0082(2) 0.0065(1) -0D0031(1) A0.0039(1) D 0030(1) -0.0021(1) 0.0014(1) D 0007(1)
R(1C) 11 -0.0102(2) 0.0083(2)  -0.0068(2)  -0.0056(1)  -00046(1)  -0.0037(1) 0.0029(1) 0011922)
R(11) 12 0.0120G) 0.0100(3)  -00084(2)  -00072(2)  -D005L(Z)  -0.0051(1) -0.0043(1) 0.0001(1)
R(12) 13 0.0136(2) 0.0116(2)  -0.0100Q2)  0.0087(2)  D0076(1)  -0.0066(1) 0.0056(1) 0.0060(1)
R(13) 14 001320 0.0132(1)  H0115(1)  0.0102(1)  -000%0(1)  -0.0080(1) 40.0070(1) 0.0160(1)
R(14) 15 _0.0168(1) 0.0148(1)  00131Q1) 001171y 00106¢1)  -0.0095(1) 0.0085(1) 0.0201(2)
R(15) 16 001854 0.0165(3)  -001493)  -00135(3)  D0123(3)  -0.0113() 0.0102(2) 002332
R(16) 17  0.0206(3) 00186(3)  -001703)  -00156(2)  DO145Q2)  0.0134(2) 0.0123(2) 004112)
R(17) 18  0.0235(T) 0.0216(6)  -00200(5)  -0.0186(5)  DOIT4(5)  -0.0163(5) 0.0152(4) 00151(1)
R(18) 19 0.0291(2) 0.0271(2) -0.0254(2) L0.0239(2) D0227(2) 0.0214(2) 0.0201(2) DO3R1(4)
R(19) 20  -0.0467(15) 0.0438(14)  -00414(14)  -0.0392(13)  -0.0373(12)  -0.0354(12) 0.0333(11) 0.0132(1)
B Self-Line mixing coefficients (atm) retrieved with the Speed-dependent Voigt profile
line m 213K 233K 153K 273K 293K 318 K 3ISDK
R(1) 1 Do0899(136)  0D833(126) 0.0776(118) 0.0726(110) 0.0682(103)  0.0635(36) 0.0585(89)
R(1) 2 0031608) 0.0298(17)  00283(16) 00270(15)  00258(15)  0.0243(14) 0.0230(13)
R(2) 3 0.0205(13) 0.0109(12)  00192(12)  00187(11)  0.0181(11)  0.0174(11) 0.0165(10)
R(3) 4 0.0130(6) 0.0131(6) 0.0130(6) 0.0129(6) 0.0128(6) 0.0126(6) 0.0122(6)
R(3) 5 0.0074(2) 0.0080(3) 0.0084(3) 0.0086(3) 0.0083(3) 0.0082(3) 0.0028(3)
R(5) 6 0.003¢(1) 0.0039(1) 0.0046(1) 0.0052(1) 0.0056(1) 0.0059(1) D.0061(1)
R() 7 -0.0006(1) 0.0007(1) 00016(1) 0.0024(1) 0.0030(1) 0.0035(1) D.0D38(1)
R(7) 8 -0.003€(1) 0.0021(1)  -D.0009(1) 0.0001(1) 0.0008(1) 0.0014(1) 0.0019(1)
R(B) 9 £0.0061(2) 00045(1)  -D0032(1)  00021(1)  D0012(1) 0.0005(1) 0.0002(1)
R(®) 10 -0.0084¢) £0.0066(1)  -D0051(1)  -0.0039(1)  -0.0030(1) £0.0021(1) 0.0014¢1)
R(10) 11 0.0103(2) £0.0084(2)  D0069(1)  -0.0036(1) 0.0046(1) 0.0037(1) 0.0029(1)
R{11) 12 0.0121(1) 0.0102(1) 0.0086(1) 0.0072(1) 0.0061(1) 0.0052(1) 0.0043(1)
R(12) 13 -00138H) 0.0118(3)  D01012)  -0.00882)  0.0076(2) 0.0065(2) D.0057(1)
R(13) 14 0.0155(1) 0.0134(1) D.0117(1) 0.0103(1) 0.0091(1) 0.0081(1) D.00T1(1)
R(14) 15 00171 0.0150(1)  D0133(1)  -0011%(1)  0.0107(1) 0.0095(1) D.0086(1)
R(15) 16  .0.0188(5) 0.0168(4)  D0151)  001373)  00125(3) D00114(3) 00104(3)
R(16) 17  -00210(3) 0.01892)  D0173(2)  -0.0159Q2)  0.0147(2) 001352) 00125(2)
R(1T) 13 -0.0240(8) -0.0220(6) D 0205(3) -0.0189(3) DO177(3) D0165(4) -0.0154(3)
R(18) 19  -0.0207(2) 0.0276(2)  -D0258(2)  -0.0243(2)  0.0230(2) 0D02172) 0.0203(2)

R(19) 20 00476014 -0.0436(13) -0042(12) -00398(11) -0.0379(11) -0.0358(11) 0.0336(10)

Analysis of the EPG law was completed using theesgions outlird in Section
2.6.3. The temperature dependence he collisional rates andhe empirical fit
parameters, b, c,(from equation2-88) are presented in Table 6{/was found thaa
was slowly dereasing witl increasing temperaturbe,remained almostonstant whilec

slowly decreasedith increase of temperatu
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CHAPTER 6 High Resolution Measurements of Acetyl&érensitions

Table 6-7: Empirical fit parameters for the EPGlisgalaw [111]. Once again the
numbers in brackets denote the statistical errtierobtained values.

\oigt model
Temperature

(K) a b C
213 0.179308(1) 0.410966(1) 0.963011(1)
233 0.165627(1) 0.414418(1) 0.915323(1)
253 0.15372(4) 0.417081(9) 0.865015(4)
273 0.143115(15)0.418714(12) 0.813391(13)
293 0.133617(1) 0.419518(1) 0.760618(1)
318 0.123812(1) 0.419669(1) 0.707401(1)
350 0.113519(1) 0.418775(1) 0.652258(1)

Speed Dependent Voigt model

Temperature

(K) a b C
213 0.187117(1) 0.420135(1) 0.943237(6)
233 0.172517(1) 0.423451(1) 0.89383(1)
253 0.159819(15) 0.425945(12) 0.841929(13)
273 0.148527(1) 0.427388(1) 0.78882(3)
293 0.138429(1) 0.427986(1) 0.734671(1)
318 0.127995(1) 0.427853(1) 0.679867(1)
350 0.117044(14) 0.42658(17) 0.622872(12)

Figure 6-5 (A) shows overlaid measured and caledldine mixing coefficients
obtained at room temperature. The variation ofudated line mixing coefficients with
temperature can be observed in Figure 6-5 (B)réallilts plotted against). The plotted
values correspond only to R-branch transitions emvkr the range of experimental m
values. The EPG scaling law modeled the entiregarigotational states, but it does not
fit perfectly the measured broadening parameteosvever for|m| values between 4 and

15 the model provides a good agreement with therexgntal results.
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Figure 6-5 (A) Overlaid calculated and measured weak-line mixing coefficients &
room temperature. (B) Calculated line mixing casffints at the experimental temperat[111].
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CHAPTER 6 High Resolution Measurements of Acetyl&rensitions

6.3. Low-Pressure line shape study of acetylene transutns in

the vi+vo+v,+vs band over a range of temperatures

6.3.1. Introduction

This study focused on the retrieval of self-broaerwidths, self-pressure-
induced shifts, and Dicke narrowing coefficients fawenty R-branch transitions in the
vitvotvatvs band of acetylene. The spectra were recorded ubm@DLS dicussed in
detail in Chapter 3. The soft collision (Galatry)dahard collision (Rautian) profiles with
inclusion of line mixing effects were used to rete the line parameters. The
temperature dependences for line broadening, smfl, Dicke narrowing coefficients

have been examined.

The motivation for this particular work stems frotime lack of temperature
dependant studies that have been reported fordbiylane molecule. One of the first
studies to investigate low-temperature broadeniiag the work by Lambot et al. [8].
More recent studies by Dhyne et al. [115] and Postegl. [111] have ascertained the
temperature dependences of both self-broadeningelfighift coefficients. Of the works
mentioned above, several authors suggest the peeddiffusion line shape model when
examining spectra at pressures below 100 Torr]6320, 115, 116]. The measurements
by Herregodts et al. [13] and Valipour et al. [16}luded the narrowing coefficients for
both hard and soft collisions line shape modelsatn temperature. However, to date
there has been no study of the narrowing coefficard its temperature dependence

available in the literature.
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CHAPTER 6 High Resolution Measurements of Acetyl&rensitions

6.3.2. Analysis and experimental overview

For intermediate pressures the use of the Voigttian is only effective as long
as the mean free path of the molecules is suffigielarge when compared to the
wavelength of the incident radiatianlf the mean free path becomes equal to or less th
A, the resulting motion of the molecules then becoBwsvnian in nature and thus the
diffusion of the gas becomes relevant. The pressegene for which this condition
applies is known as the “Dicke narrowing” regimed ahe associated line shapes are

narrowed.

The two most common models used to describe thkeDiarrowing regime are
the Galatry [45] (soft collision model) and Rauti@ard collision model) [47] line shape
functions. These models were discussed in detalChapter 2. Figure 6-6 shows the
results of fitting the R(13) line of the+v,+vs+vs band using a Voigt, Galatry (soft
collision) and Rautian (hard collision) line shapedels. It is clear from Figure 6-6 that
the spectra were recorded in the Dicke narrowimggnre as it can be seen that there is a
‘W’ type residual when the spectral feature is uging a Voigt profile. What is not
immediately clear is whether the Soft or Hard sodin model is a better choice for
modeling these features. Therefore, a completeysisahas been performed using both

the Galatry and Rautian line shape models.
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Figure 6-6: Observed and calculated spectra folR{ie3) transition of the+v,+vat+vs
band of GH,. Here the residuals have been vertically shiftedlrmagnified for easier comparison
[112].

To complete a careful examination of the tempeeatiependence for self- shift,
self-broadening and narrowing coefficients, speuwtesie recorded for the R(0) to R(19)
transitions of thev,+v,+v4+vs band using gH, provided by Praxair with a quoted purity
of 99.6 %. For each line, spectra were recordesixaseparate pressures: 10, 25, 40, 65,
90, and 115 Torr and at seven different temperatl2&3, 233, 253, 273, 293, 313 and

333 K. Table 6-8 shows the experimental conditimngach scan completed.

154



CHAPTER 6 High Resolution Measurements of Acetyl&rensitions

Table 6-8: Experimental conditions (each scan takgsoximately 3.5 hrs).

Average Pressure

Average Temperature Average o
9 P 9 Pressure Deviation

Lines Cell De.viation Chamber During During
Scanned Temperature During scan Gradient

(K) (K) (KIm) Scan Scan

(Torr) (Torr)
R19 to RO 214.09 0.91 1.14 22.829 0.012
R19 to RO 214.18 0.86 1.11 36.939 0.016
R19 to RO 214.33 1.06 1.39 9.623 0.002
R19 to RO 233.46 0.41 0.49 40.189 0.012
R19 to RO 233.68 0.54 0.65 10.465 0.003
R19 to RO 233.73 0.53 0.65 24.866 0.001
R19 to RO 253.17 0.25 0.28 43.520 0.007
R19 to RO 253.24 0.29 0.32 26.908 0.005
R19 to RO 253.24 0.26 0.29 11.318 0.001
R19 to RO 272.81 0.14 0.05 10.342 0.001
R19 to RO 272.85 0.17 0.15 25.330 0.004
R19 to RO 272.93 0.16 0.21 40.635 0.002
R19 to RO 292.81 0.17 0.06 43.547 0.001
R19 to RO 292.82 0.16 0.07 27.149 0.001
R19 to RO 292.83 0.17 0.07 11.089 0.001
R19 to RO 312.80 0.19 0.03 40.482 0.003
R19 to RO 312.81 0.20 0.03 9.505 0.001
R19 to RO 312.82 0.20 0.05 24.261 0.001
R19 to RO 332.53 0.24 -0.11 42.992 0.001
R19 to RO 332.53 0.24 -0.11 10.093 0.001
R19 to RO 332.58 0.22 -0.06 25.774 0.002

The line parameters were obtained by using a wetyhtultispectrum analysis
software [87]. Multispectrum fits were performed gpectra of varying pressures that
were recorded at the same set temperature. Thiibkeglise of a non-linear least squares
fitting routine, the line parameters were optimizgdminimizing the residual. The initial
parameter values for self- broadening and shiftlusethe fitting procedure were taken

from Refs. [111] and [21].
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Although the effects due to line mixing are notaclg evident at the pressures
studied here, line mixing effects have been indluaiethe line shape model. In the weak
line-mixing regime, the spectral lines are slighigymmetric. Therefore, the line
asymmetry was handled in the same manner as altlim&ection 6.2.4 using the line

mixing coefficients presented in that section fo¥ individual transitions.

6.3.3. Self —broadening

Using equation 6-5 we the temperature dependengenexts of the self-
broadening coefficients were determined. Table &l®ws the self-broadening
coefficients that were obtained for both the Sait eéHard collision models at the
temperature of 293 K. The table also shows theexetd temperature dependence

exponents.

Figure 6-7 shows the self-broadening coefficiehtd tvere obtained from spectra
recorded at 293 K. The results indicate very clageeement with both theoretical
calculations published by Bouanich and Predoi-€{d47] and our previous analysis
[111] using a Voigt profile. A further comparisoa many of the preceding studies is
given in Figure 6-8. It is clear from this figurbat the self-broadening coefficient
determined at 293 K from present measurementsnaagreement with the majority of

the results reported in the last decade or so.
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Table 6-9: Self Broadening coefficients at 293 Kl ammperature dependence exponents
n for both the Soft and Hard collision line shapedeis [112].

Retrieved self-broadening coefficients (cmhatm™) at
293 K and their temperature dependence exponents
(unit-less)

Line m Softy, Soft n Hardy, Hard n

R(0) 1 0.219(2) 0.63(7) 0.218(2) 0.65(7)
R(1) 2 0.196(2) 0.70(1) 0.194(2) 0.71(2)
R(2) 3 0.182(2) 0.77(3) 0.180(2) 0.78(3)
R(3) 4 0.177(2) 0.65(1) 0.176(2) 0.66(1)
R(4) 5 0.167(2) 0.69(1) 0.165(2) 0.70(2)
R(5) 6 0.165(2) 0.68(2) 0.163(2) 0.70(1)
R(6) 7 0.159(2) 0.72(2) 0.157(2) 0.73(2)
R(7) 8 0.158(2) 0.68(1) 0.157(2) 0.69(1)
R(8) 9 0.154(2) 0.70(1) 0.153(2) 0.71(1)
R(9) 10 0.154(2) 0.71(2) 0.153(2) 0.72(2)
R(10) 11 0.150(1) 0.72(2) 0.148(1) 0.74(2)
R(11) 12 0.151(2) 0.68(1) 0.150(1) 0.69(1)
R(12) 13 0.148(1) 0.64(1) 0.147(1) 0.65(1)
R(13) 14 0.143(1) 0.64(1) 0.142(1) 0.65(1)
R(14) 15 0.138(1) 0.66(2) 0.137(1) 0.67(2)
R(15) 16 0.137(1) 0.61(1) 0.136(1) 0.62(1)
R(16) 17 0.133(1) 0.60(2) 0.132(1) 0.62(2)
R(17) 18 0.132(1) 0.51(1) 0.130(1) 0.56(1)
R(18) 19 0.124(1) 0.59(2) 0.122(1) 0.60(1)
R(19) 20 0.124(1) 0.56(2) 0.123(1) 0.57(2)
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Figure 6-8: Comparison of self-broadening coeffitsefrom previous studies [112].
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The general trend of the temperature dependenaerfs can be seen in Figure
6-9. It was found that for the Soft and Hard callismodels we had on average larger
values forn than those obtained from [111]. It was also fouhdt there was good
agreement with the semi-classical calculations tepgoby Bouanich and Predoi-Cross
[117]. Figure 6-9 also indicates that the Voigtules presented in section 6.2 and found
in Ref. [111] match well with Voigt results obtathéy Dyneet al. [115]. However the
results from the Soft and Hard collision profilesrbt agree as well. The results obtained
by Dyneet al.[115] for the Soft and Hard profiles were foundb in close agreement
with their results using the Voigt profile. A simil result when comparing the three
different line shape models should also appear vghaaying this data set. This is not the
case from our observed results for the temperatapendence exponents. The slightly
increased values afi may be due to the determination of the narrowiagameter.
Therefore, a direct comparison of the present &adit Hard collision line shape results to

those of Dyneet al.[115] may not be appropriate.
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Figure 6-9: Temperature dependence coefficiemtistained from equation 6-5 [112].
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6.3.4. Self-induced pressure shift

The self-shift  coefficients 6 and their temperature dependent
coefficients/exponentsy’ and n’ were determined using equations 6-6 and 6-7
respectively.Table 6-10and Figure 6-10 show the self-shift coefficientdained from
both the Soft collision and the Hard collision lislkape models for spectra recorded at
293 K. Figure 6-10 shows a good agreement witlsémei-classical calculations obtained
by Bouanich and Predoi-Cross [117] and with theltegpresented in section 6.2 using a

Voigt profile.

Table 6-10: Self-shift coefficients at 293 K and ttorresponding temperature dependent
coefficientsd' from both the Soft and Hard collision line shapedels [112].

Retrieved self-shifting coefficients (crit atm™) at 293 K

Line m (i(c))tt\?:’:) (108A-5) ?1%3-23 (1(?/\-5)

R(0) 1 -3.92) -5.3(9) -3.9(2) -5.3(9)
R(1) 2 06() 1.2(3) 0.4(1) 2.8(2)
R(2) 3 -1.4(1) -2.8(1) -1.4(1) -2.8(1)
R(3) 4 -1.4(1) 0.7(2) -1.4(1) 0.7(2)
R(4) 5  -1.3(1) 2.4(5) -1.3(1) 2.4(5)
R(5) 6  -3.00) 1.1(2) -3.0(1) 1.1(2)
R(6) 7 -32()) 1.1(2) -3.3(1) 1.1(2)
R(7) 8  -42(2) 1.6(2) -4.2(2) 1.6(2)
R(8) 9 512 1.2(2) 5.1(2) 1.2(2)
R(9) 10 -53(2) 3.8(5) -4.9(2) 4.2(5)
R(10) 11 -5.6(3) 2.8(4) 5.6(3) 2.8(4)
R(11) 12 -6.003) 2.9(2) -6.0(3) 2.9(2)
R(12) 13 -6.7(3) 3.0(3) 6.7(3) 3.0(3)
R(13) 14 -7.003) 3.6(2) -7.0(3) 3.6(2)
R(14) 15 -8.2(4) 2.8(4) -8.2(4) 2.8(4)
R(15) 16 -8.34) 4.2(3) -8.3(4) 4.2(3)
R(16) 17 -8.1(4) 4.3(4) -8.1(4) 4.3(4)
R(17) 18 -9.1(4) 5.7(5) -9.1(4) 5.7(5)
R(18) 19 -9.4(4) 3.0(3) -9.4(4) 2.9(3)
R(19) 20 -10.1(5) 4.9(2) 110.1(5) 4.9(2)
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The self-shift temperature dependent coefficinis given inTable 6-10and in
Figure 6-11. The figure indicates that thedoes have a rotational dependence. A similar
dependence was observed using a Voigt profile mpoevious work [111], but has also
been determined in theoretical calculations peréatnby Bouanich and Predoi-Cross
[117]. It is important to note that an attempt vwaade to try and incorporate a second
order expressiono((T)) as proposed by Bouanich and Predoi-Cross [11],itbwas
found that the error in shift coefficients were tacge to make an accurate assessment of

the proposed” term .
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Figure 6-10: Self-shift coefficients obtained frepectra recorded at 293 K [112].
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Figure 6-11: Temperature dependence @&robtained from equation 6-7 [112].

6.3.5. Self-collisional narrowing

Building on the work published by both Herregodtsal. [13] and Valipour and
Zimmermann [16], the narrowing coefficients wereaswed for both Soft and Hard
collision models. Gas pressures in the initial rded spectra ranged from 100 Torr down
to 10 Torr and were obtained in the temperaturggga®l3 to 333 K. By carefully
examining the pressure dependence of the narrogoefficient, it was determined that
only those spectra in the 40 to 10 Torr were witlhie Dicke narrowing regime. From

these spectra, the temperature dependence of ifwavireg coefficients was determined.

162



CHAPTER 6 High Resolution Measurements of Acetyl&rensitions
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Figure 6-12: Plot showing the collisional narrowing. temperature for the R(11)
transition in ther;+vo+vstvs band of GH,[112].

Recent work by Liet al. [118] who studied the collisional narrowing in eat
vapor spectra have concluded that the temperagpendlence of narrowing coefficients
is similar to that of the temperature dependenckrofdening coefficients. Figure 6-12
depicts the log of the narrowing coefficient foetR(11) transition and its relation to
temperature. The figure indicates that there ig@uada linear dependence similar to those
observed for the broadening coefficients. Basedups observation, and also the work
by Li et al. [118] the following expression was used to describe #mperature

dependence of the narrowing coefficients:

] TO n
B, T) = pB° (o T [2] 6-10
where the reference pressyxgand temperaturé, are defined the same manner as for
equations 6-5 and 6-%; is the retrieved self-narrowing coefficient at theference

pressurgy, and reference temperaturg £ is the measured self-narrowing coefficient of
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the spectral line, ang is the total sample pressure in atmospheres, mnd the

temperature dependence exponent of the self-nargoedgefficient.
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Flgure 6-13: Collisional narrowing coefficients alted from multispectral fitting of
spectra recorded at 293 K in th@v,+v,+vs band of GH,[112].

Table 6-11 and Figure 6-13 show the collisionarmaing coefficients obtained
from spectra recorded at 293 K. From the figure cae identify that there is in fact a
small rotational dependence associated with theowarg coefficient. A similar trend
was also observed by Valipour and Zimmermann [b6]tiev,+3vs band. From Figure
6-13 the observed narrowing coefficients for thedheollision model agree well with
those of Valipour and Zimmermann [16], but are eBrage slightly lower than those

obtained by Herregodes al.[13].
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Table 6-11: Self-collisional narrowing coefficientsg 293 K and their temperature
dependence exponents n’ for the soft and hardsamililine shape models [112].

Retrieved narrowing coefficients (cm atm™) at 293 K

Line m Soft B, n’ Hard 3, n’

R(0) 1 0.099(3) -05(2) 0.076(2) 2.4(2)
R(1) 2 0.087(3) 1.0(1) 0.0632) 1.1(1)
R(2) 3 0078(2) 1.5(2) 0.0582) 1.6(2)
R(3) 4 0084(3) 06(1)  0.0632) 0.7(1)
R(4) 5 0.0702) 1.6(3) 0.050(22) 1.7(2)
R(5) 6 0.081(2) 05(1) 0.060(2) 0.7(1)
R(6) 7 00692  09(2) 00502 1.1(2)
R(7) 8 0.068(2) 0.42(2) 0.052(2) 0.6(1)
R(8) 9 0.064(2) 0.7(1)  0.047(1) 0.8(1)
RO) 10 0.061(2) 06(1)  0.044(1) 0.7(1)
R(10) 11 0.066(2) 0.8(2)  0.048(1) 0.7(2)
R(11) 12 0.065(2)  0.6(1)  0.049(1)  0.8(1)
R(12) 13 0.062(2) 06(1)  0.045(1)  0.7(1)
R(13) 14 0.052(2) 0.6(2)  0.039(1) 0.7(2)
R(14) 15 0.056(2) 0.6(1)  0.040(1)  0.8(1)
R(15) 16 0.051(2) 0.7(1)  0.038(1) 0.8(1)
R(16) 17 0.054(2) 0.7(1)  0.039(1)  0.9(1)
R(17) 18 0.056(2) 0.4(1)  0.040(1) 0.8(2)
R(18) 19 0.046(1) 0.6(1)  0.032(1) 0.7(1)
R(19) 20 0.048(1) 0.8(2)  0.034(1) 0.9(2)

It was observed by Herregodts et al. [13] thatSbé collision model gave larger
narrowing coefficients than the Hard collision modiowever, due to the signal-to-noise
ratio of their experiment, they were unable to tdgrwhich model better described the
experimental results. This same trend was also rebdein this recorded spectra.
However, even with the much higher signal-to-no&te obtained with the TDL system
it was difficult to justify the choice of one modeVer the other. It was found from the
residuals of many fits using both models that tivess no substantial difference between

the two models and, therefore, no specific modaldbe preferred.
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Figure 6-14: Narrowing temperature dependence icosit n’ obtained from equation
6-10 [112].

The temperature dependence ternfrom equation 6-10 was also determined and
is presented in Table 6-11 and shown in Figure .67l temperature dependence
exponentsn’ determined from both models were found to be similThe largest
difference inn’ was found for the R(0) transition and is most lifkdue to the low
intensity of the transition. The larger variatiansn’ that are seen for transitions R(0) to
R(10) may be the result of undefined neighbourinmectral features. Similarly,
unidentified features were also observed bt al.[20] in this spectral region and can
be attributed to unassigned hot bands with weakraben features. Every attempt was
made to incorporate these features into the fittiogtine. However, without more
information, the spectral parameters used may ae¢ lbeen the ideal for these unknown

transitions.
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6.3.6. Diffusion coefficients

Herregodtset al.[13] found that the values they had obtained afveell with the
dynamic friction coefficienf’ = 37.8(3)X10° cm*/atm experimentally determined by
Mueller and Cabhill [119]. Based on the relative emgnent of the present data to both
Valipour and Zimmermann [16] and Herregodis al. [13] results the narrowing
parametep® has been equated to the dynamic friction coeiffigh’y in an attempt to
investigate the diffusion coefficient and its temgiare dependence. The dynamic

friction coefficient°yix can be determined by the following equation [11&)]1

o _ KT
Bairr = 2TMcDy,’ 6-11

Here,K is the Boltzmann constank,the temperature in KelviiM the mass of acetylene

moleculec the speed of light anid,; is the Self Diffusion coefficient for acetylene.

The diffusion coefficient for any gas may be obgéginn a general sense using the

following equation 6-12 [121]:

/T3/
D =2.628%1073 |:pTleT(6m2/S€C), 6-12

where M is the molecular weightT the temperature in Kelvinp the pressure in
atmospheres angthe molecular diameter in angstroms (for acetylere4.221A [122]

was used).

Using equation 6-11, the experimentally determidétusion coefficients have
been compared to the values obtained from equétib?. Figure 6-15 shows the results

of this comparison for three different transitioisan be seen that both the experimental
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results and the theoretically calculated valuesigushe equations show similar slopes
with temperature. This indicates a good agreemetivden the estimated diffusion
coefficients’ temperature dependence and what eitgally observed. Also seen in the
figure are the results obtained by Mueller and C&H19] and they agree quite well with
the results obtained using equations 6-11 and GAE2can also see from the same figure
that the diffusion coefficient does in fact haveotational dependence. It has been found
that asm increases, so does the value of the diffusionfiooafit. Figure 6-16 shows the
diffusion coefficients and the rotational dependaewbtained from spectra recorded at

293K.
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Figure 6-15: Comparison of diffusion coefficienthe diffusion coefficients determined
for R(19), R(13) and R(11) were obtained througé tise of equation 6-11. The Theoretical
values were calculated from equation 6-12 [112].
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Figure 6-16: Experimentally determined Diffusioretfccients obtained from retrievesd
at 293K [112].

6.4. Low pressure line shape study of nitrogen perturbed
acetylene transitions in thev;+vs band over a range of

temperatures.

6.4.1. Introduction

Six nitrogen perturbed transitions of acetylen¢h@v,+v3 absorption band have
been recorded using the TDLS described in Chaptefhg goal was to obtain an
improved understanding of both the broadening amdowing effects of low pressure
acetylene infrared transitions broadened with g#ro gas. For this 4, spectra were
analyzed using a hard collision (Rautian) profibe five different sample temperatures
(213 - 333 K) and pressures (5-40 Torr). From trasdyses the Noroadening and N

narrowing coefficients were determined to retri¢hreir temperature dependences. The
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experimentally measured narrowing coefficients hlagen used to estimate the nitrogen
diffusion coefficients D;;). The broadening coefficients and their correspand
temperature dependence exponents have been compadhede calculated by S. lvanov,
O. Buzykin, and F. Thibault using a classical ictpgpproach on aab initio potential

energy surface (details of this analysis can baddo [113]).

Table 6-12 shows a summary of the studies prewotsported on nitrogen
broadened acetylene transitions. From this tabls, ¢lear that most of the information
used here are from room temperature measuremeris,[26, 123-130]. However, there
have been a handful of studies that were carrigdabother temperature ranges [107,
111, 112, 131-136]. Proper knowledge of the tentpesadependences of the collisional
broadening and narrowing coefficients are importemtthe correct interpretation of
atmospheric data as most regions of the atmosmrer@ot at a constant temperature.
Therefore, understanding the temperature dependexpmnents of pressure broadening,
shift and narrowing can improve radiative transferdels in interpreting remote sensing

observations accurately.

Proper choice of spectral line shapes is also tatanproving the understanding
of these transitions. It has been found that thggMarofile, thought easy to fit, does not
always provide the most accurate results [13, 16, 112, 125, 127, 133, 134, 136]. This
is even more important when considering a low pnesgas when collisional narrowing
of the Doppler profile known as “Dicke narrowingakes place [137]. The work
presented here adopts the use of the hard collifautian) line-shape profile as
discussed in Chapter 2 and Ref. [47] to measurdetiperature dependence of thg N

broadening and narrowing coefficients.
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CHAPTER 6 High Resolution Measurements of Acetyl&rensitions

Vibrational Broadener Temperatures Assignment Ref.
Band (K) range
Vs Ny, O, 297 P(29)-R(25)  [123]
Vs Ny, O, 297 P(35)-R(34)  [128]
Vs H,, No,He, Ar 147-295 P(8)-R(21) [131]
Vs H,, No,He, Ar 296 R(3)-R(34) [129]
Vs N, 173.4 P(29)-R(28)  [132]
Vatvs- Va N,He 296 Q(1)-Q(35)  [130]
2vs- Vs N, He 296 Q(1)-Q(35) [130]
Vatvs- Vs N,He 183.2,198.2 Q(1)-Q(35)  [107]
2vs- Vs N,He 183.2,198.2 Q(1)-Q(35)  [107]
Vatvs N, air 296 P(31)-R(20)  [124]
Vavs N, 173.2-273.2 P(1)-R(23) [133]
Vavs N, 298 P(17)-R(22)  [125]
Vatvs N, 173.2-298.2 R(11)-P(23)  [134]
Vitvs Ha, No,Dy, air 295 P(31)-R(27)  [126]
Vit+vs CoHa, N 296 P(11) [127]
ViV N, 195, 373, 473 P(25)-R(25)  [135]
vi+vs Ny, Oz, CO» 296 P(26)-P(22) [15]
vi+vs N, 213-333 P(31)-R(33)  [136]
ViV CoHa, Ny, Ar 296 R(O)E§(2735Q(7)' [9]
vi+3vs Nf\'lgzk':,ekér' 298 P(17)-R(22)  [16]
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6.4.2. Experiment and analysis overview

The spectra of six transitions, P(21), P(19), P(1®{21), R(19) and R(16)
belonging to thev;+v3 combination band of acetylene were recorded. Tdme spmple
used for the reference chamber was puttd,@rovided by Praxair with a quoted purity
of 99.6 %. The gas samples kept inside the temeratontrolled chamber was also
provided by Praxair and was quoted as being 9.94.,Rlb with the remaining being N
gas. Low pressure tests on the P(11) transitiothenv,+vs band showed that the

concentration was within 0.5% of the quoted value.

The spectra were recorded at the following set tatpres: 213, 253, 296, 313,
and 333 K. For each set temperature spectra weoeded at 40, 30, 20, 10 and 5 Torr.
Table 6-13 shows the experimental details for tif21Rtransition with the other five

transitions recorded with similar pressures andonatures.
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Table 6-13: Experimental conditions for the R(2@nsition [113]. The uncertainties
listed in the table in parenthesis are one standevdhtion from the average listed.

Pressure # of Recorded
(Torr) Spectra
5.214(5)
10.214(10)
213.9(3) 20.270(20)
30.408(30)
42.371(42)
5.267(5)
10.668(11)
253.4(3) 20.131(20)
30.185(30)
40.409(40)
5.264(5)
10.324(10)
R(21) 295.8(3) 19.839(20)
30.013(30)
40.364(40)
5.170(5)
10.250(10)
312.7(3) 19.910(20)
30.087(30)
39.286(39)
5.499(5)
10.898(11)
332.5(3) 21.153(21)
29.983(30)
40.022(40)

Line Temperature (K)

D

[T N N N I SN I NN AN I SN I S N 16 SN N [ IO O I N S TV N N

To take into account the Dicke narrowing effecte ®oft and hard collision
models are often used [45, 47]. Despite the physiading to these models being very
different, it was found for the case of the selftpdbed spectrum of £, (Section 6.3
[112]) that there was no substantial differencehmresiduals produced from fits of these
two line shape functions to that of the experimetiteeshape even though they did
produce slightly different narrowing parameters.n&ally, the choice of which line
shape function to fit to the experimental lineshapenes down to the masses of the

perturber and radiator, and as was seen for tHegaedlrbed case (Section 6.3,[112])
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either lineshape function was preferable over tiero For the case of the;gerturbed
spectrum of @H, it was decided to only make use of an un-corrdldtard collision
Rautian line shape function as the mass e¢faNd GH; are very similar. Therefore,
fitting the experimental line shape using the Gglahe shape function was assumed to
add no extra value to the analysis. Figure 6-1Tvshibe spectra of the P(16) line of the
vit+vz band measured at 40 Torr. In this figure one esntlsat when fitting with a Voigt
profile a ‘w’-type residual is observed, which mnglicative of the broadening in the Dicke
narrowing regime. It is clearly shown that once dia¢a is fitted using a diffusion profile
such as the Rautian profile, an improved resubbbtained. It was found that for the
spectra recorded at 333 K, the percent differeretevden the broadening coefficients
using the Voigt and Rautian lineshape functions asasigh as 6 %. This difference in
retrieved values diminished along with the temperags it was observed that at lower

temperatures (i.e., 213 K) there was only a 3%ethfice.
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Figure 6-17: Observed and calculated spectra fer R(L6) transition of the;+vs
absorption band of £l, at a pressure of 40 Torr and temperature of 296H€. residuals have
been shifted vertically and magnified for easianparison [113].

Below are the expressions used to retrieve the eéestyre dependence exponents

for the N-broadened half-width and,Marrowing coefficients:

Y@.T) =D |18, @0 T =0 [2] " +¥ur o Tx || |and 613
B®,T) =88, @ T)A =2 [2] "+ Blus o Tx [2] 7] 6-14
Wherej}’N2 and ﬁONz are the retrieved Noroadened half-width and Nharrowing

coefficients at the reference pressps€l atm) and reference temperattige(296 K), y
andp are the measured broadened half-width and nargpwaefficients of the spectral
line at the total sample pressurepadind temperaturg, the total sample pressuype= py,

+ pseir @nd y is the ratio ofpseir to p, andn and n’ are the temperature dependence

exponents of the pressure-broadened half-widthnanebwing coefficients. In equations

6-13 and 6-14, the reference pressure and temperatap, = 1 atm andl, = 296 K,
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respectively. The use of equation 6-14 for the erafure dependence of the narrowing
coefficient has been justified by the work of bathet al.[118, 138] and our earlier study
of Poveyet al.[112] (Section 6.3). It is important to note tleguations 6-13 and 6-14 are

merely approximations that will become less valithvincreasing temperatures [53].

The line parameters were obtained by using a wetyhtultispectrum analysis
software [87]. For one set temperature, multispectfits were performed on a series of
spectra recorded for the different pressures. Oftevare uses a non-linear fitting routine
to optimize the line parameters by minimizing tliterésidual. For each measured line
investigated, a simultaneous fit of the intensNig;broadening and Nnarrowing was
made. The shift was also fit simultaneously. Howgedele to the low pressures of the

sample gas, it was decided not to present thetsefsulthe N-shifts.

6.4.3. Ny-Broadening of acetylene transitions

Table 6-14 shows the Mbroadening coefficients measured for all five
temperatures. A comparison of the experimentallisedo those of the theoretically
determined line widths provided by S. Ivanov, Ozin, and F. Thibault [113] can be
seen in Figure 6-18. From the figure it can be gbhahboth sets of data agree with each

other quite well with a maximum relative differermfeno greater than 7 %.
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Table 6-14: MN-Broadening coefficients for five different tempien@s obtained using an
uncorrelated hard collision Rautian line-shape rm@tE3]. (The normal convention oh = -J”
for the P branch angh = J"+1 for the R branch is used).

Retrieved Np-Broadening Coefficientsyy, (cm*atm™)
Line | m |Line Position (cm?)| 213 K 253 K 296 K 313K 333K
P(21)|-21|  6501.7047 | 0.0888(9)| 0.0798(8).0708(7)0.0692(7) 0.0665(7)
P(19)-19]  6507.3982 | 0.0947(9)| 0.0832(8D.0769(8)0.0719(7) 0.0704(7)
P(16)-16]  6515.7516  |0.1017(10}0.0889(9)0.0774(8)0.0766(8] 0.0714(7)
R(16) 17|  6592.5030 | 0.0985(10) 0.085(9)|0.0752(8)0.0727(7] 0.0699(7)
R(19) 20|  6598.0774 | 0.0913(9)| 0.0823(8D.0739(7)0.0725(7] 0.0673(7)
R(21)| 22 6601.6617 0.0859(9) 0.0768(8)0693(7)0.0689(7) 0.0676(7)
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Figure 6-18: Comparison of classically calculated @&xperimentally determined,N
broadening coefficients for three different tempares. In each panel, the line depicts the
theoretically determined broadening coefficients3JL
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Figure 6-19shows the results of t room temperature Noroadening coefficient
and comparisons with previous meastents reported in the literaturAs it can be seen
in the figure, thebroadening coefficientretrieved in this study agree reasonably \

with most of the previous woipublished to date.
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Figure 6-19 Panel A shows a comparisof the present Nbroadening coefficients wi
previous studiesPanel B shows a smaller region between m=10 to nwi2&re only value,
obtained from a narrowing moy, are compared [113].

Using equation 4.3, the temperature dependence expordrttse N-broadening
coefficients werecalculate. Both experimentally and theoretically determines-
broadening temperature dependeexponentsn are shown in Table-65 and plotted in
Figure 6-20. In Figure-20, a comparison of the preseesults with those by Rozaret
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al. [136] and Campbekt al.[135] is shown. The experimentally determined doadfhts

of No- broadening temperature dependenceeasonably compare with previous work
done for higher values of the quantum numlpgr The figure also indicates that jas|
becomes smaller there is more deviation from bbth theoretical work done by S.
lvanov, O. Buzykin, and F. Thibault [113] and tlehtCampbellet al.[135]. However, it

is important to note that the work done by Campletlial. [135], where they have
smoothened their results, agrees quite well witen phoposed theoretical calculations
presented in [113]. From Figure 6-20 it can als@é&en that for the R-branch transitions
there is much better agreement than for the P-hraaasitions. This discrepancy is more
than likely due to the initial parameters usedtfa self-narrowing coefficients obtained
in Section 6.3 [112]. This has allowed for lessoero be introduced in the results
obtained for the R-branch transitions. However, tbe P-branch transitions, the
assumption was made that initial self-narrowing fic@ents were similar to those
obtained for the R-branch. At this time there iskmown published work showing both
the m and temperature dependence of the self-narrowogfficients for P-branch

transitions.

Table 6-15: Comparison of theoretical and expertalemesults obtained for N
broadening coefficients at 296 K and their tempeeatiependence exponent4113].

Retrieved N,-Broadening Coefficients (crit atm™) at 296 K and Determined Temperature
Dependence Exponents
, Rautian Calculated % Rautian Calculated %

Line | m Yx, Yx, Difference n, n, Difference
P(21) | -21 0.0708(7) 0.0736 3.77% 0.66(2) 0.57 1%.87
P(19) | -19 0.0769(8) 0.0775 0.80% 0.67(4) 0.60 9.309
P(16) | -16 0.0774(8) 0.0815 5.02% 0.78(4) 0.67 1%.66
R(16) | 17 0.0752(8) 0.0798 5.73% 0.77(2) 0.67 12.94%
R(19) | 20 0.0739(7) 0.0757 2.35% 0.66(4) 0.60 7.979
R(21) | 22 0.0693(7) 0.0717 3.37% 0.55(9) 0.57 3.359
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Figure 6-20: Temperature dependence expomgrabtained from equation 6-13 [113].

6.4.4. N»-collisional narrowing of acetylene transitions

In the previous Section 6.3 [112] it was discusthed only transitions recorded
at pressures below 40 Torr were strictly in thekBioarrowing regime. Therefore, only
spectra recorded at 40 Torr and lower were obtaioethis analysis. Figure 6-21 shows
the relationship of the pressure dependent nargwaefficient for the P(16) line of the
vit+vz band at 296 K plotted against the-partial pressure of the temperature controlled
cell. It is clear from the figure that once agduere is a linear relationship between the
N-partial pressure and the Narrowing coefficientaoted. This justifies the use of a
diffusional line model for the examination of tharrowing effects in this pressure

region.
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Figure 6-21: The pressure dependent narrowing iceft £ v, for the P(16) and R(16)
transitions at 296 K as they vary with thedessure [113].

Table 6-16 shows the ;Mharrowing coefficients obtained from fitting thmd
shape with the hard collision (Rautian) profile.eThtbom temperature JMharrowing
coefficients from Table 6-16 are compared in Figgei22 to the values obtained for both
self- and N-narrowing coefficients reported in Section 6.37LIMcRavenet al.[127],
Dhyneet al. [133, 134] and Valipour and Zimmermann [16]. Frdme figure it can be
observed that all studies report similar resultctEof the previous studies that measured
both self- and Anarrowing effects [16, 127] reported the-tarrowing coefficients to
be smaller than the self-narrowing coefficientsisTis also what was observed when

comparing the results of Section 6.3.5 [112] withat is presented here.
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Table 6-16: M-Narrowing coefficients for the five recorded temgteres using an un-
correlated hard collision Rautian line-shape modéie last column shows the temperature
dependence terms obtained from the data in the tafd equation 6-14 [113].

Retrieved No-Narrowing Coefficients ° N, (cm™*atm™) and Temperature
Dependenceny’

Line | m 213 K 253 K 296 K 313K 333 K ny

P(21)| -21 | 0.0279(9)0.0225(7)| 0.0182(6)| 0.0177(6)| 0.017(5) | 1.146(78
P(19)| -19 | 0.0273(9)0.0232(7)| 0.0184(6)| 0.018(6) | 0.0173(6) 1.076(81)
P(16)| -16 | 0.0256(8)0.0239(8) 0.0217(7)] 0.021(7)| 0.0203(6) 0.533(26)|
R(16)] 17 | 0.0212(7) 0.0186(6)| 0.0165(5)] 0.0157(5) 0.015(5)| 0.773(9)|
R(19)| 20 | 0.0211(7) 0.0188(6)] 0.017(5)| 0.016(5) 0.0153(5)0.721(29)|
R(21)| 22 | 0.0225(7) 0.0209(7)| 0.0187(6)| 0.0173(6)| 0.0163(5)| 0.719(82)|
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Jn
& Ref[112] Self-Narrowing (296 K) m Nx-Narrowing R-branch (296 K)
Nx-Narrowing P-branch (296 K) X Ref[127] Self-Narrowing P(11)

Ref [127] N-Narrowing P(11) Ref [133, 134] N-Narrowing R(9)
Ref [16] N-Narrowing P-branch (298 K) [] Ref [16] N-Narrowing R-branch (298 K)
Flgure 6-22: Comparison of the-Nlarrowing coefficients obtained at 296 K to prexgo
work [113].
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The exponents),’ for temperature dependence of-mrrowing are given in
Table 6-16. These temperature dependence exporartplotted in Figure 6-23 along
with self-narrowing temperature dependence expengaom Section 6.3.5 [112]. From
the figure it can be seen that the measured temyerdependence exponent is very

similar and for the most part they agree to withme standard deviation of each other.

1.0

0.9 T
L 2
08 } 1
=
2

0.6

—_—

0.5

Narrowing Temperature Dependence 72,

0.4

& Ref[112] Self-Narrowing (296 K) m NxNarrowing P-branch (296 K)
N,-Narrowing R-branch (296 K)
Figure 6-23: Narrowing temperature dependence icosit n," obtained from equation
6-14. The diamonds show the results from Secti@bg112] with self-narrowing coefficients
[113].

6.4.5. Diffusion coefficients

Using the same approach that was taken in Secti®® ¢112], the narrowing

parameter® y, was equated to the dynamic friction coefficigfif in an attempt to

estimate the nitrogen diffusion coefficient andtémperature dependence. The dynamic

friction coefficient for nitroger;ﬁ"’diff,N2 can be expressed by equation 6-11 \ith being

replaced wittD12.
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The mass diffusion coefficient for a gas mixture b& estimated in general using

the following equation [121, 139]:

2. 628*10 3 (M1+My)
— 73t ) fem -
Dy, = > / MM [ /sec 6-15
PO -Q T12) 1

where M; and M, are the molecular weights of,ld; and N respectively,T is the

temperature in Kelvinp is the pressure in atmospherés; is the reduced temperature
equal toKT/e1,, €12 is the depth of the isotropic potential, amd is the finite distance at
which the intermolecular isotropic potential is@effrom theab initio PES [140] values

of &1, = 88.8 cn and 01, = 4.015 A were deduced and used. Finally,*? is a

dimensionless reduced collision integral, a functad the reduced temperature; values

are tabulated in [121].

Using the measurquoN2 narrowing coefficients in equation 6-11 tH2;,

coefficients were calculated for all the temperasumvestigated and are presented in
Table 6-17. The temperature dependence of the gertrodiffusion coefficient was
determined using equation 6-15 and is plotted igufe 6-24. A comparison of the
experimentally estimated, through equation 6-1trpgen-diffusion coefficients to those
obtained by equation 6-15 show a similar trenchntemperature dependence. However,
unlike in the previous Section 6.3.6 [112] wheravds determined that the diffusion
coefficients were slightly lower than those obtairteeoretically, now the values are
slightly larger than what was found using equatehb. This result indicates thalty >

S°n, which implies that there is less narrowing as eiguon the basjguir = /°n,. Such

a result was also found in the work done by Wadhal.[141] for the CO-Ar system. Also
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it is expected that for the P- and R-branch treomsst the diffusion coefficients should be
similar (for a giverm or J” value). Figure 6-24 does in fact this for the B(@id R(21)
transition. The fact that this is not observed leetwthe P(16) and R(16) as well as the
P(19) and R(19) may in fact be due to neighbousimertral features that are not properly
accounted for as there are many weak transitiotisisrspectral region. However, it does
indicate the need for a closer inspection of betfr &nd N- narrowing coefficients for

both P- and R-branch transitions on a broader shatewhat is presented here.

Table 6-17: Estimated MDiffusion coefficients obtained from equation 6-For the
values obtained at 296 K a percent difference waalcutated (|theoretical-
experimentall/experimental) [113].

Retrieved Ny-Diffusion Coefficients D1, (cm® sec’)

Line |m| 213K | 253K | 296 K |% Difference| 313K | 333K
P21  |-21/ 0.129(4) 0.190(6) 0.275(9)| 43.37% | 0.300(10D.331(11
P19 |-19) 0.132(4)|0.185(6) 0.272(9)| 42.74% | 0.295(9) 0.326(10)
lP(i6  |-16/ 0.141(5)[0.179(6) 0.232(7)] 32.77% | 0.253(8) 0.278(D)
IR(16, | 17]0.170(5) 0.231(7) 0.304(10)  48.73% | 0.338(11)0.376(12
IR(19) | 20]0.171(5){0.228(7) 0.295(9)| 47.22% | 0.332(11p.370(12
ReL _ [22/0.160(5)[0.206(7) 0.268(9)| 41.82% | 0.307(10p.345(11)
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Diffusion Coefficeints D, (cm® )

200 220 240 260 280 300 320
Temperature (K)

' Theoretical eq. 6-15 R(16)
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R(21) P(19)

P(16)
Figure 6-24: Estimated diffusion coefficients ob&d from retrieved experiment,a‘iN2

and equation 6-15 [113].

Moreover, our comparison between the binary difastoefficients as given by
equation 6-15 and the effective (or optical) diitus coefficients retrieved using line
shape analysis cannot be completely satisfactorytfe following reasons. Firstly,
equation 6-15 is only a first order approximatidi®], 142]. Secondly, paraphrasing
Varghese and Hanson [143], “the two parameters rfthes diffusion constant and the
effective diffusion coefficient) appear in diffetezontexts in the theory and hence do not
have the same physical significance...”. More regenitehr et al. [141] have also
pointed out that both coefficients are related ¢o {ake into account) a different
collisional mechanism. (In addition, many studiesirfd large discrepancies between
these two kinds of coefficients, see Refs. in [I4Therefore, one can only expect a
rough agreement between these coefficients and spetiroscopic analysis can only be

considered as an estimation within an order of ntade of the true binary diffusion

coefficient.
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6.5. Conclusion

In this chapter three independent studies have Ipeesented. The first two
studies presented in Sections 6.2 and 6.3 both déhl the analysis of pure acetylene
gas and presented very similar findings for setbalening and self-induced pressure-
shift coefficients. It was also found that the usibn of a narrowing profile did indeed
improve the spectral fit for low pressure acetylefiee third study presented in Section
6.4 covered the topic of low pressure acetylenéugezd by Nitrogen. The line shape
parameters obtained in this section agreed quitewith the results found in previous
works and more recent theoretical calculations bly&ov, O. Buzykin, and F. Thibault

[113].

It was found in Section 6.2 that at ~100 Torr thecsgl line shape with either the
Voigt or speed dependant Voigt could not adequditihe observed spectrum. It was
later found in Section 6.3 that Dicke narrowing ldoanly be examined up to pressures
of 40 Torr. This breakup in the pressure regimeeiy interesting as it indicates that in
the range 40 to 100 Torr a more comprehensive stateting of how the speed
dependence and collisional narrowing might contebwo the correct line shape
information. At this time for the studies presentezte this was not feasible with the

capability of the available software.

Another interesting observation comes from the rdateation of the diffusion
coefficients presented in Sections 6.3.6 and 618v@as found that for the acetylene self-
broadened measurements the kinetic diffusion moerfits observed in [119] compared

quite well with the optical diffusion coefficientsbtained in the present study while in
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the case of the Noroadened acetylene a larger discrepancy was \ausefFurther

investigation into possible reasons for this mightwarranted.
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Chapter 7: Experimental setup of a Greenhouse

Gas Monitoring System (GGMS)
7.1. Introduction

As stated in the Section 1.5® is 300 times more potent as a green-house gas
than CQ. This high potency is a major driving force for@nt research to understand
where this gas comes from and how human agriclilagtavities alter concentrations in
the atmosphere. Therefore the development of ateteystem that can measureCN
near what are considered to be local sources sfgas will give great insight into the

influence agriculture has on loca}® concentrations.

The current known concentration of,®l in the Earth’s atmosphere is
approximately 314 ppb [144]. This corresponds touat3.14 mTorr of BMO in 100 Torr
of air. Therefore in order to properly identifyshrace gas the system used must be able

to measure observable transitions gONunder these conditions.

Presented within this chapter is a system thatoeas developed to address this
issue. The system has been designed to measurR{lBg P(13) and P(14) lines of the
4v1+2v, band of NO. This is a weaker combination but it is very &etl and can be
observed with the spectrometer system described. e following sections will

outline the setup and performance of the Greené@as Monitoring System (GGMS).
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7.2. System Overview

7.2.1. Introduction

The overall setup of the GGMS is shown in Figurke &d 7-2. The present setup
incorporates an Aerodyne Research, Inc. AMAC-2@igmstic Herriot cell. This Herriot
cell allows for the laser light to travel a distanof 213 meters, offering an ideal path
length for low molecular concentration measuremenke system uses a Vortex 6000
laser system provided by New Focus with an opegatrtavelength range of 1591.12 to
1591.83 nm. A second HeNe laser is used for aligriperposes. The light produced by
the laser system is focused onto three separa¢etdet. The first detector is a Nirvana
detector (purchased from New focus) connected tijrdo the laser diode via fiber
optics. This detector is used to record the ladeaskground signal. The second beam
passes through a fiber optics system to a Thor L3B200-12B Fabry Perot
interferometer. The interferometer’s fringe pattermised to generate the frequency scale
after spectral scans have been completed in muelsame way as outlined in Section
4.4.2 for the tunable diode laser spectrometerallyinthe third detector records the

signal of the light that has traversed the AMAC-2@frriot cell.
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Figure 7-1 Visual overview of the experimental setup of @@MS
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The temperature of the gas in the system is medsigiag a platinum resistance
thermometer (PRT) mounted and positioned insidectlle next to one of the gas inlet
ports. The temperature of the PRT is monitored guginLakeShore 330 temperature
controller. The pressure of the system is contiollg four instrument components. The
first one is the MKS 690A capacitance manometeickvhecords the pressure of the gas
within the chamber using a MKS 670 signal condiiorThe second one is a MKS 640
pressure controller which is used to regulate tiesgure within the chamber through the
use of a MKS type 246 controller. The third compunis a VRC model 200-7.0. A
rotary pump is used to generate the vacuum inytbes. Finally, a FBA 1019-2 blower
is placed on the inlet side of the pressure cdetr@s seen in Figure 7-2. These four

components allow for the pressure of the gas tegelated and maintained at set values.

The system is monitored and controlled using a BBU6229 DAQ system in
conjunction with the Labview software. The DAQ €ystis used to open and close the
control values seen in Figure 7-2, turn on the uatypump, blower and the pressure
control unit. Once the system is in operation, B#&Q system is used to ramp the laser

system and records the signals produced by the tletectors.

7.2.2. Leak rate

The AMAC-200 gas cell was evacuated and testedrigrpotential leaks beyond
what was reported by the manufacturer. Using aotunblecular pump, the AMAC-200
gas cell was evacuated for several days to guaamteinimum base pressure. After
obtaining a good base pressure, the cell was ebkabm the vacuum system. Figure 7-3

shows the leak rate determined over the coursel6fminute interval after this isolation.
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From this figure it can be seen that the leak cditained for the system was 0.1158
mTorr/min, better than the manufacturer’s quotexk leate of 0.8 mTorr/min. Therefore,
the system was found to be operating well withérstiated leak rate and no external leaks

were detected.

1.6

1.4

. /
/: 0.1158x + 0.2263
0.8

Pressure (mTorr)

(o] 2 a4 6 8 10 12

Time (min)

Figure 7-3: Measured leak rate for the AMAC-200 gels

7.2.3. Generating air flow

For field measurements it is important to guaratie the air within the system
is actually being pumped through the gas cell. \arkasurements using this system
indicated that when the blower, vacuum pump andgsue controller were working
together an adequate flow through the cell, wasanbteved. This was in fact due to the
conductance of the system. Originally, the systead the input and output directly
connected using linch T- type fittings. This all@wWer maximum conductance along the
direct path of inlet to outlet, therefore the aiouhd not flow directly through the

chamber. To compensate for this, a 1/4-inch tube placed between the inlet and outlet
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of the system (Figure 7-4 shows this tube in pla€bg result of including this tube was
to produce a conductance of 0.8078 (P) (L/s) altieg direction of flow, while the

conductance through the cell is approximately 13.@) (L/s). This indicates that the
path of least resistance is now through the dalis tallowing for the proper recycling of

the gas inside the chamber.

Figure 7-4: Image depicts the reduced conductalurey ahe direct path to the vacuum
line.

7.2.4. Fabry Perot cavity

As described in Section 3.3.4, the fringe spacimy this Fabry Perot
interferometer needs validated. By measuring theeleagth for all of the peaks from 8
piezo scans using the 1500 WA EXFO wavemeter, therage fringe spacing was
determined to be 0.04962+0.00070tnThis is very close to the manufacturer’s stated

spacing of 0.05cih
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Table 7-1: Retrieved line positions for P(12), B(aB8d P(14) lines of thevé2v, band of

N,O.
] Line Position (crt) # of
File name P(14) P(13) P(12) |scans
test9Transmission 6282.5506%283.52010 [6284.528333 1
testlO0Transmission 6282.57738H283.52038 [6284.501073 1
testllTransmission 6282.550346283.51999 [6284.527814| 50
test12Transmission 6282.5505%283.52002 16284.527637| 20
test13Transmission 6282.55044}8283.51992 6284.527522| 10
HITRAN [21] 6282.5144606283.52040 |6284.52048
average 6282.550438283.51998 |6284.527658
Position difference (cif) |-0.035972  [0.00049: -0.007178

Table 7-1 shows line positions retrieved using ‘Mé&rofit.exe” software [87]
with spectra recorded on the GGMS and calibrateld thie Fabry Perot fringes. The line
position of the P (13) transition was used from RAN [21] to calibrate the spectra as
supported by the high level of agreement observedhis transition. The P (13) line is
the most important transition here as it is sitdatethe center of the lasers scan range
while P (12) and P (14) are at either end and imes@ases may not be observed

depending on how the laser is scanned.
7.3. Measuring Signals

7.3.1. Introduction

The software used to record the data obtainedhisrexperiment was developed
using the Labview programming language. The expamtal setup can be seen in Figure
7-2 and the control software front panel is showifrigure 7-5. The control software has
been designed to read all the relevant signalspanduces a transmission profile as an

output. The experimental design incorporates tleeaisa function generator along with
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triggering features built within the Labview enviraent in order to record single piezo

scans of the laser system.
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Figure 7-5: Screen shot of the “TriggeredMeasuvifi¢/| used to measure spectra with
the GGMS.

Scans of the system are completed by applying at@ail signal produced by a
Global Specialties 20 MHz function generator to ffeguency modulation port on the
Vortex laser controller. The Vortex laser systervasy similar to Velocity laser system
presented in 3.2.2 with the major difference beheyabsence of a stepping motor in the
Vortex system. The applied voltage is varied fréh8V to 2.3V in order to cover the full
range of the piezo device within the laser heade Jignal applied to the Vortex laser
controller can be seen in Figure 7-6 as the dauk blace. The frequency of the piezo
modulation can be set reliably between 1 to 5 Haileveach channel of the national
instruments DAQ card can be sampled up to a ratéOoKHz. This allows for high-
resolution measurements to be acquired in a vemyt sican time. The frequency of the
piezo modulation is related to the two controlsvelmon Figure 7-5 “rate” (which

controls the sampling rate of the DAQ card) andrigkes per channel” (which controls
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how many samples are recorded for a single cyclehefsaw tooth function) by the

following expression.

Rate
Frequency’

Samples per channel = 7-1
Therefore, the resolution of the spectra will depen the number of samples recorded
for a complete piezo scan. Therefore, careful selecof the sampling rate and

modulation frequency is required.

7.3.2. Measuring transmission spectra

An example of the recorded data for one complede st the laser system can be
seen in Figure 7-6. As seen in the figure, two irtgoat signals are recorded. The first is
the “Background Signal” produced by the laser ligtatveling directly to one of the
Nirvana detectors and the other is the “Gas Chai8lgral” produce by the light that has
traversed the 213 meters through the long pathesaetivia the Herriot cell to the second

Nirvana detector.
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Figure 7-6: Example of the signals recorded udneg@GMS setup.

In order to produce a transmission profile, théveare has been designed to
record a calibration file. The calibration file pggoduce by evacuating the chamber and
then selecting the “Scan” button with the “Calile&ackground” control turned on (see
Figure 7-5). This will record all the necessarynsilg to produce the calibration file. The
calibration file is created by taking the two lowepsure signals measured and generates
a ratio that is called the calibration signal. Tiedowing equation shows how the

calibration signal is produced from the two signals

Gas Chamber Signal (p=0)

Calibration Signal = 7-2

Background Signal (p~0) "

Once this calibration signal has been determirtegl,chamber can be filled with
the gas and the resulting measurements can protlacsmission spectra. The
transmission spectrum is generated by creatingckgoaund signal from the reference

signal as shown in the following equation:
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Background Signal (p) 7.3

Background = ————
Calibration Signal

By dividing the Gas Chamber Signal by the new Bawokgd signal the

transmission spectrum is obtained as follows:

Gas Chamber Signal (p)
. 7-4

Transmission =
Background

Once the transmission spectrum has been producedjne scale is converted
into a wavenumber scale using the Fabry Perot peaksich the same way as described
in Section 4.4.2. This only produces a relative @maumber scale. To calibrate the actual
wavenumber scale, a measured transition is seleatel used to shift the scale
accordingly; the HITRANO8 [21] database is useddto this. Figure 7-7 shows an
example of a single transmission spectrum. Itesicfrom the figure that there is quite a
bit of noise. To deal with this noise, signal aging has been included within the

“TriggeredMeasuring.vi” VI and will be discussedxhe
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Figure 7-7: Spectra generated from a single scéimeoEGMS system.
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7.3.3. Signal averaging

To improve the poor signal-to-noise ratio seenigufe 7-7, the averaging of the
scans was performed. Table 7-2 shows the resultpedibrming several different
averaging numbers. It is clearly obvious and nexpected that the more averaging that
is completed, the better the signal to noise natlbbe. Figure 7-8 shows the difference
between completing one scan versus using the aveB§0 scans. It is clear that the
noise is considerably reduced as more spectraliresatare observed in the averaged
spectrum. However, it is also important to consithertemporal impact that averaging a
large number of scans might have on the resulipegtsa. This temporal component will

need to be tested in the field through the usb@®tlan variance [145].

Table 7-2: Summary of the changes observed inigmalsto noise ratio in relation to the
number of scans averaged.

# of Scans Averagetl 5 10 20 50
Average S/N 150.8013 | 418.1971| 598.1395 855.5968 2.136
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Figure 7-8 Example of IO recorded spectra when (A) single scan is perfdraral (B)
50 scans are averaged toge!

7.4. Verifying the Optical Alignment of the cell

The alignment of the astigmatic Hett cell can be very challenging even if y
can see th beam. In the case where ired radiation is usedhe degree of difficulty
grows substantially. Several tricks can be used to makealignment process easi
From Figure 7-4t can be seen that there is a HeNe laser insiglsybhtem. This laser
directed onto a beam splitter in an effort to pala c-linear bem that contains bor
the infrared beam and the HeNe beam. Once the two beamsoaeztly overlappe,
thenthe input mirror can be adjusted until the ideatgmattern is formed. An example
the proper spot patters shown irFigure 7-9.
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Figure 7-9: Visual spot pattern produced from progkgnment, (A) shows the spot
pattern provided by Aerodyne Research inc. andsf®Bws the spot pattern produced by the
HeNe trace beam after completing the alignment.

Once the ideal spot pattern is found with the Hélam, the cell’s output signal
is monitored with the Nirvana detector while theedting mirrors are adjusted slowly
until an optimal signal is achieved. After finditlge optimal signal, scans are performed
to record spectra at known pressures, concenteamal temperatures?. These spectra
were then compared to simulated spectra generadadthe line parameters listed in the
HITRANOS8 [21] database and the assumed pathleng#i® m (same as the pathlength
of the Herriot cell). Two examples of these simolag are shown for 10.7 Torr and 140
mTorr in Figure 7-10 and Figure 7-11, respectivétlys clear from these figures that the
two spectra do line up really well with each othEnis result indicates that the optimal

path length of 213 m has been achieved.
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Figure 7-10: Comparison of,® gas at 10.7 Torr (one single spectrum) measuitd w
the GGMS against HITRAN [21] simulated spectra.
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Figure 7-11: Comparison of,® gas at 140 mTorr measured (one single spectriin) w
the GGMS against HITRAN [21] simulated spectra.
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7.5. Spectral Analysis

Data analysis using programs such as the oneajmatby Dr. Daniel Hurtmans
[87] has been up until this point more than adegudbwever, with the desire to run this
system in the field in an automated fashion, a pesgram had to be written to allow for
concentration retrievals to be made from the speettorded by the GGMS. Figure 7-12
and Figure 7-13 show the program called “Profile#it It has been developed to allow
for multiple lines to be fit simultaneously usinghan-linear least squares fitting routine.
The program allows the user to fit for intensity,olar fraction (concentration),
narrowing, line center, self- and foreign- broadgniand pressure-induced shift. It
currently can fit the Doppler, Lorentz, Voigt andatd Rautian line shape models

outlined in Section 2.4.

stop Load File  File name

o r Profile Experimental -

STOPY ™) 9| incprofilesiTestFiles\P20C10torrl AR19transmission1499 878545CH1Sh.bd | e i

= VoigtHum Calculated n
Transmission g s

I " " 0 D D 1
60664 6666.6 6666.3 6667 6667.2 6667 4 6667 6

Wavenumber {cm”®-1)

0 " I v "
66654 66655 6665.8 6666 6666.2

Residuals ) +HiE ﬂl I

0 0 g
66664 6666.6 65668
Wavenumber {cm®-1)

n

I
66662

Figure 7-12: Example spectra of the R(19) linehew+v.+v4+vs band of GH, fit with a
Voigt profile from the “ProfileFit.vi” VI.
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0
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Figure 7-13: Controls and Indicators for the “PefFit.vi” VI. Gamma denotes the
broadening values, Delta the shift with the F repmting foreign. Gamma D is the Doppler
width. The Inputs cluster contains the initial veduand spectral information like pressure and
temperature. The best fit parameters are direetigted to the Boolean controls in the cluster
select to fit.

The “ProfileFit.vi” program was tested for accuraagainst the “Wprofit.exe”
program to validate the quality of the retrievedgpaeters. Table 7-3 shows the results of
examining three individual spectra recorded forR{&9) line of the/;+v,+v4+vs band of
C,H, when fit using the Voigt profile. The table indiea reasonably good agreement
with the two programs. The average values caladil&tem this analysis show the best
overall agreement. Another important finding froine table is that the variations in the
retrieved parameters for the “ProfileFit.vi” prograre quite small from one spectrum to
another. This indicates a higher degree of stghiith the Voigt approximation made in

this program.
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Table 7-3: Comparison of retrieved line shape patams using the Voigt profile in
“Woproffit.exe” [87] and “ProfileFit.vi”. The isolad R(19) line of the+v,+v,tvs band of GH,
was used to compare valdeBor positions the differences between the twdeetd positions
are listed.

Program Woproffit.exe | ProfileFit.vi % Difference®
P20C10Torr1AR19transmission1499 878545CH1Sh

Position (cm™) 6666.11552  6666.11573 0.00022

broadening (cm™ atm ™) 0.09001 0.09405 4.48%

Intensity (cm™ atm™) 0.00141 0.00141 0.55%
P20C10TorrlAR19transmission1499_928545CH1Sh

Position (cm™) 6666.11552  6666.11571 0.00018

broadening (cm™ atm ™) 0.10160 0.09400 7.48%

Intensity (cm™ atm™) 0.00146 0.00141 3.69%
P20C10TorrlAR19transmission1499_ 978545CH1Sh

Position (cm™) 6666.11548  6666.11569 0.00021

broadening (cm™ atm ™) 0.09037 0.09460 4.69%

Intensity (cm™ atm™) 0.00143 0.00140 1.77%

Average Values

Position (cm™) 6666.11551  6666.11571 0.00020

broadening (cm™ atm ) 0.09399 0.09422 0.24%

Intensity (cm™ atm™) 0.00143 0.00141 2.02%

7.6. Conclusion

This chapter presents a detailed introductory pectf the GGMS. The system is
in the final stages for laboratory testing and pgetlihe remaining features to be
completed are the optimization of the signal-toseoratio so that the lowest possible
concentration limit can be obtained, and the deuakent of an enclosure to keep it safe

while operating in the field.

As an interesting side note to this detection sysite its detection capability to

identity several C@transitions in the 1.58m spectral range if present in high enough
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concentrations. It may therefore be possible far slgstem to be used to monitor exhaust

products from conventional combustion engines.
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Chapter 8: Conclusion
8.1. Closing Remarks

The purpose of the work presented here has beatetletopment of methods and
techniques that can be used to improve how spemtea measured. Through the
development of high-resolution techniques it is dwpthat improved line shape
parameters can be measured in the laboratory hétlsdle purpose of improving spectral
databases like HITRAN and GIESA. The improvementgento these databases will

hopefully lead to the improved accuracy of futigenote sounding experiments.

The work contained in this thesis has been basexdlyton select rovibrational
bands in the infrared spectra of linear polyatomalecules such as;B,, CO, and NO.
These types of molecules are some of the most tapoones as they offer a window
into more complicated systems. By understandingpthesics and chemistry behind the
rotation-vibration spectra of these simpler molesubne probably can obtain greater
insight into the knowledge that will affect the spal line shapes of more complex

molecules.

Chapter 2 focused solely on the theoretical aspghetsdescribe how spectra are
observed. The information presented in this chapgewital to understanding how
spectroscopic analysis is performed. The infornrmagicesented there was used to produce

all of the work presented in Chapters 5, 6 and 7.

A complete description of the experimental systesmduto record and analyze the

spectra for acetylene was presented in Chaptersl 3taThey outline the entire process
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taken to generate high resolution spectra. Alsetaileéd description of determining the
measurement uncertainties was provided for eachthef retrieved spectral line
parameters. Understanding and correcting suchsearervital in justifying the validity of

the data obtained by any system.

Chapter 5 outlines the detailed analysis doneranrixing in CQ. Using known
broadening coefficients, two methods were employedobtain the line mixing
coefficients and their temperature dependence eqggenThis information is critical in
improving remote based measurements of, Q® planetary atmospheres as slight
asymmetries in the spectra measured due to linexgneed to be accounted for. When

ignored retrieved concentrations will have a muclyér associated error.

The line shape analysis presented in Chapter Gcommpleted using the software
developed by Dr. Hurtmans [87]. The data presemiethis chapter include the two
combination bands;+v; andvi+vo+vatvs of acetylene. Both of these bands &re- ~
bands with a vibrational angular momentuméafO thus only giving rise to P and R
branches. The results of analysing the data fraswtbrk was shown to agree quite well
with previous studies reported in the literaturel atso presenting new insight into the
temperature dependence of the line shape paramBEtethermore the detailed analysis
of Dicke narrowing in these two bands will hopefjuliid in future studies of this

molecule.

Chapter 7 describes the initial development of eegrhouse gas monitoring
system. An overview and the quality of recordedctpeare presented with a description

of the methods used to obtain high resolution spe@lso presented is the program
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“ProfileFit.vi” which has been compared to the “Wffit.exe” developed by Dr.
Hurtmans [87]. The comparison indicates that treg@am will be able to reliably obtain

concentrations for the trace gas molecules usiagteprecorded by the system.

8.2. Future Work

Simulated line mixing in C®offers a great way to improve the retrieval of
concentrations from remote-based measurements. \oyweith any model confirmation
from experimental data is very important. Therefargvould be ideal if the line mixing
coefficients presented in Chapter 5 could be covdd experimentally for all the
temperatures presented. It is important to noteitheexpected that there are differences
in the retrieved spectral line parameters as thaptete description of the relaxation
matrix depends on both the pressure broadeningoesssure-induced shift coefficients.
The pressure-induced shift is generally ignoredhsd a tractable solution can be found.
Any observed systematic difference observed magr afisight into the effects related to

ignoring the pressure-induced shift from the gelnsshution.

Future work for the field instrument would be tagtithe system at a remote
location. The final steps needed to complete thsk tinclude the development of a
thermally isolated enclosure for the entire systam final testing and setup of the signal
averaging and processing. Once complete® Mvels at designated locations could be
examined and a comprehensive time study could bepleted. This could potentially
identify the impact of agriculture on the locabON concentrations and also give a

seasonal picture of how the concentration gdNMuctuates throughout the year.
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With regards to acetylene spectrum analysis, mamptex work involving
different perturbing species could improve our ustinding of line-shape parameters
obtained using the various models presented invtbik. By adjusting the mass ratio of
the radiator and the perturber a more detailedyarsabf the Dicke narrowing pressure
regime could be investigated. It may also be pdssib understand the correlation
between the speed dependence and Dicke narrowirggardeyully examining spectra in
different pressure regimes. That is speed deperdeocld be tested for spectra with
pressures over 200 Torr. Then using the informadibtained from this analysis, speed
dependence could be fixed while Dicke narrowingtisor low pressure spectra at 100
Torr or lower. This type of work would require tdevelopment of more sophisticated
fitting software, but would be enlightening on fhieysical mechanisms observed in these

spectra.
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