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Abstract

The presented research was conducted to collect, and analyze the laboratory spectroscopic
data together with theoretical calculations of the line shape parameters for the HITRAN
(High Resolution Transmission) molecular spectroscopic database. The most updated ver-
sion of this database is HITRAN?2016 [1], and this research has contributed to this database
by adding improved laboratory results to it. There is a demand for accurate retrieval of con-
centration values for carbon dioxide and methane (with accuracy better than 0.3 percent)
which requires accurate line shape parameters. These line shape parameters are invaluable
for modelling and interpreting spectra of Earth and planetary atmospheres.

It is necessary to measure advanced line shape parameters such as the speed-dependence
(to explain the impact of the speed of colliding molecules) and line mixing (where there
is interference of neighbouring transitions) for all the transitions in the databases. The
molecules of interest for the present research are atmospheric trace gases; acetylene (CoH»),
methane (CH4) and carbon monoxide (CO).

For C,H», the goal is to determine the fundamental Boltzmann constant based on a line
shape analysis of v| + v3 band recorded using a tunable diode laser. The next focus of
the thesis is the examination of different line profiles on the absorption spectra of the CO-
CO; in the 2 — 0 band and CHg-air in 2.3 um. A standard multispectrum non-linear least
squares fitting technique is used to measure line width and line shift coefficients, and their

temperature dependencies considering the effect of speed dependence and line mixing.
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Chapter 1

Introduction

1.1 Overview

There is a logarithmic trend between the increase of atmospheric temperature and growth
of carbon-bearing gas emissions (CO, and CHy), as reported by the Intergovernmental
Panel on Climate Change (IPCC) [17, 18]. The temperature measurements carried out by a
team at NASAs Goddard Institute for Space Studies showed that since 1880, there has been
0.8 degree Celsius increase in the Earth’s average surface temperature [19]. The knowledge
of the increasing rate of the surface temperature and its measurement accurately is crucial,
since even half a degree increase of the average surface temperature, can cause more intense
climate change such as rainstorms, rising the sea levels, longer heat waves, and degradation
of tropical coral reefs [17]. Because of the non-negligible role of carbon-bearing gases in
increasing the average surface temperature, the effort should be made in order to measure
these gases as accurate as possible.

Over the recent decades, scientists have carried out numerous studies to monitor at-
mospheric concentrations of CO; and CH4 to quantify the emission of these gases and
understand their environmental impact using the remotely sensed spectroscopy techniques
[20-25]. Remote sensing refers to the means of collecting data about a particular object
without being in direct contact with it. This technique is based on recording energy trans-
mitted, reflected, or emitted by the target and interpreting that data. In many remote sensing
techniques, the data are gained through interaction between electromagnetic (EM) radiation

and the object of interest. The absorption, emission, and scattering emerging from the in-
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teraction of EM radiation with the target produce changes in the spectral features of the
original radiation. Examining the spectral signatures and to recognize the characteristics of
the object is spectroscopy’s role. Spectroscopy is hence the foundation of remote sensing
[26].

In a broader view, remote sensing has applicability in various areas, including aeron-
omy, astrophysics, weather forecasting and climate research. A fair amount of information
and perception about global change processes in the Earth’s atmosphere originates from
remote sensing observations (for local smaller scales, ground-based in-situ measurements
are more accurate since air pollution affects mainly the lowest layers of the atmosphere).
To collect data remotely, scientists use different platforms such as ground-based stations
(e.g., the Network for the Detection of Stratospheric Changes (NDSC) [27], balloon-borne
measurements (the IASIballoon experiment [28]), and satellite-based observations (the At-
mospheric Chemistry Experiment (ACE) [23]. Developing space-born satellites was a rev-
olution in remote sensing measurements as most of the information about the planetary
atmosphere is obtained using satellites. Typically, satellites observe the light reflected by
Earth’s atmosphere. By analyzing the strengths of the collected spectra in different wave-
lengths, the atmospheric concentrations of those gases can be estimated.

In practice interpreting satellite observed spectra is very complicated due to having
varying temperature and pressures in different altitudes. Also, the satellite observes all the
present gases by single measurement. Thats why we need to measure the spectroscopic line
parameters in controlled laboratory measurements.

For most of the atmospheric spectroscopic studies, a simple Voigt line shape model
was used to analyze the experimental data [29] (this profile will be described later in this
chapter). The Voigt line shape, however, ignores physical effects like velocity changing
collisions [30], speed dependence of spectroscopic parameters [31-33] and line mixing
impact of overlapping spectral lines [34]. Development of highly accurate spectroscopic

experimental techniques allows studying molecules with weak transition [35]. Hence, for
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analyzing the spectroscopic measurements accurately, more robust theoretical line shape
models are required to include all the known physical effects [36].

This research is conducted to measure spectroscopic line-by-line parameters for some
of the missing transitions in the reference databases as well as updating some of the line-
shape parameters that have been previously measured with older, and less accurate methods.
I'used highly accurate experimental techniques as well as using better theoretical models for
spectral modelling. Having access to such accurate spectroscopic data is necessary when
studying the trace gases in Earth’s atmosphere, quantitatively evaluating climate models,
and studying the extra exoplanet atmospheres. Trace gases (which are listed in Section 1.2)
have lower quantity on the order of part per million or part per billion, but they are very
active in chemical reactions and dynamic of planetary atmosphere. This study intends to
extend the standard spectroscopic parameters databases with more accurate spectroscopic
parameters for trace gases and to add further absorption parameters to the database using
advanced line profiles.

The question is with how much accuracy the spectroscopic parameters can be obtained,
and the answer lies in (i) experimental tools and techniques of the measurements, and (ii)
the data analysis and modelling methods where more realistic physical effects are con-
sidered [37]. The objective of the present study is to improve the uncertainty of already
existing parameters by at least one order of magnitude for most of the parameters of the
target molecules to achieve better accuracy in the concentration retrievals. Therefore, in
addition to improve the existing coefficients (line positions, intensities, line broadening and
pressure-induced line shifts), some extra parameters like the temperature dependencies of
coefficients required. For this purpose, high-resolution laboratory spectra were used for
sample temperature and pressure conditions close to real situations in the measurement
environment.

In this chapter, first, the importance of remote sensing measurements and spectral line

shape study in atmospheric and astrophysics research will be discussed, and the research
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Table 1.1: The wavelength of different portion of EM radiation

YR XR uv v IR Refjg  Ther;g MW RW
<0.03 0.03-30 0.03-04 0.4-0.7 0.7-100 0.7-3 3-14 0.1-100 >100
nm nm um um um um um cm cm

objectives will be listed. Then, a few applications of satellite remote sensing data are pre-
sented. After explaining popular line shape functions and line parameters which are used in
standard spectroscopic databases, the HITRAN database [1] together with the current stage
of its development will be introduced. The main application of spectroscopic line shape

studies will be discussed, and in the end, the outline of this dissertation will be presented.

1.2 Motivations for remote sensing of the atmosphere

Molecular spectroscopy expands our knowledge about the interaction between EM radi-
ation and molecules. The amount of energy that can be absorbed by a molecule is quantized
and is related to the structure of a molecule. When the radiation passes through a sample,
it can be absorbed by the sample over a range of frequencies. By viewing the spectrum, the
type of the components in the sample together with their quantity can be determined [2].

The visible part of EM radiation is only a small portion of the whole range of the
radiation (0.0035%). EM radiation includes radio waves (RW), microwaves (MW), infrared
(IR, including reflected and thermal IR), visible (V), ultraviolet (UV), X-rays (XR), and
gamma rays (YR) as presented in Table 1.1.

Some molecules absorb light in the infrared region and absorption of this energy by
molecules results in the rotation or vibration of the molecule. This will be expanded upon
in Chapter 2.

The components of the Earth’s atmosphere are mainly nitrogen (78.08 %) and oxygen
(20.95 %); argon is about 0.93 % of the air. The other gases such as water vapour, ozone,

methane, nitrous oxide, and carbon dioxide are called trace-gases, which have lower volume
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mixing ratios (VMR). For example, the VMRs of carbon monoxide (CO), nitrous oxide
(N20), methane (CH4) and carbon dioxide (CO,) are 0.1 ppm, 0.3 ppm, 1.8 ppm, and 400
ppm, respectively [38].

The amount of the trace-gases varies in the atmosphere due to various factors such as
altitude, latitude, time (like seasonal changes) and geographical area, where it can be the
ocean, forest, lands or urban areas. For example, CO is more abundant in the northern
hemisphere than the southern hemisphere because of the number of population living in
the northern hemisphere and creating higher emissions due to burning of fossil fuel. The
other reason is due to the short lifetime of CO (two months), it cannot ultimately make the
transfer to the southern hemisphere [39]. Among the trace gases, water vapour (H,O) has
the highest VMR which varies in the atmosphere (between 0.1 to 4 %).

These trace-gases mentioned above are called greenhouse gases since they can absorb
and emit infrared radiation. When the sunlight reaches the Earth’s surface, a portion of it is
absorbed by the surface of Earth and atmosphere (about 23% is absorbed by the atmosphere
and about 48% by the surface [40]) and emitted as infrared radiation into the atmosphere.
Because of the structure of greenhouse gases, this infrared radiation is absorbed and trapped
in the atmosphere warming it [26] and causing the increase in the global average surface
temperature. The main component of Earth’s atmosphere, N, has stable amount because it
is not infrared active molecules.

The ability of greenhouse gas to absorb radiation is called “global warming potential
(GWP),” which is the ratio of the trapped heat by that specific greenhouse gas compared
to the trapped heat by the equal amount of CO, in a specified period. As an example, in
the time interval of 100 years, the global warming potential for methane is 25, indicating
that CHy 1s 25 times more potent than CO; [41]. The global warming potential is time
dependent because of different life-time of the atmospheric molecules. In shorter time
intervals, the GWP of the molecules with shorter life-time will be higher, meaning that they

may have greater impact in the short time span.
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1.2.1 Justification of the research

Infrared spectroscopic study of trace gases namely acetylene (C,H;), carbon monoxide
(CO), and methane (CHy) is the foundation of this thesis.

Laser spectroscopy can be used as an optical method for measuring the Boltzmann
constant (kg). Since kp is well-known the result of this type of measurements can be used
to provide the most probable sources of uncertainty by performing detailed error analysis.
The v + v3 band of C,Hj; is a strong absorption band, and therefore, it is appropriate for
measurements of fundamental physical constants such as kp.

CO is an atmospheric pollutant which does not show greenhouse gas effect, but, it takes
part in chemical reactions leading to greenhouse gas effect. For instance, the oxidation of
CO leads to the formation of ozone and CO,. In presence of the OH radical, CO, directly
affect the oxidation capacity of the atmosphere [42]. CO is emitted as a result of biomass
burning or combustion of fossil fuels [43]. Another cause of CO formation is the reaction
of volatile organic compounds with the OH radical [38].

Furthermore, CO is present in the atmosphere of Venus [44], where CO; has high abun-
dance [45] atmosphere. Hence, studying the mixture of CO and CO, will support the
research on the carbon cycle and greenhouse gas effect. The relative uncertainty of the
previously reported parameters for CO-CO; [10] was not adequate to be used for obtaining
CO concentration, and the effect of the speed dependence and line mixing parameters were
not included in modelling the spectra. For the temperature dependence of CO in HITRAN,
all the values were fixed to 0.6 for all the lines (the average value measured and reported in
Ref: [10]); however, the study by Chu et al. [46], as an example, showed that using a single
value is an approximation and is not a nearly accurate value to be used in the atmospheric
retrievals.

Methane (CHy) is produced naturally (e.g., wetlands, biomass burning) and anthro-
pogenically (e.g., fossil fuel mining, rice cultivation, livestocks). Being an infrared-active

molecule, this gas absorbs and emits infrared EM radiation. The main factors, such as con-
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centration, lifetime, and the infrared absorptivity play a role in the greenhouse gases’ global
warming potential. Methane is an abundant molecule that is also found in the atmosphere
of other planets; it is present on Titan’s atmosphere [47], as well as atmospheres of Mars
[48] and Jupiter [49, 50].

The methane band system in the 2.3 microns spectral region is of interest for measure-
ments of the Earth’s atmospheric methane profiles because it is covered by several satellites
and ground-based spectroscopic remote sensing instruments [24, 51], simultaneously, ob-

serving methane and few other greenhouse gases.

1.2.2 Example applications of satellite-based remote sensing

Three examples of space-based measurements are presented here. These missions are
listed because of their application in retrieving concentration of greenhouse gases such as
CHy4, CO», and CO.

The first example is GOSAT satellite; there are several surface concentration measure-
ments of CHy collected by different networks such as NOAA ESRL (National Oceanic and
Atmospheric Administration Earth System Research Laboratory) [52]. These data present
useful information on local emissions [53]; yet, for many significant emission areas (e.g.,
the tropics), there are not enough measurements available.

GOSAT, the Greenhouse Gases Observing Satellite [54], developed by the Japanese
Ministry of the Environment (MOE), Japan Aerospace Exploration Agency (JAXA), and
National Institute for Environmental Studies (NIES) is a space mission to observe the con-
centrations of CHy and CO,. The satellite was launched in 2009 and is still collecting data
[24]. GOSAT includes sensors in the near infrared and thermal region, detecting solar light
reflected from the surface of Earth together with the emitted thermal radiance. The GOSAT
observations make it possible to analyze the CH4 and CO, distribution, and those data can
be used to monitor the seasonal changes in the sources and sinks globally and locally. This

spacecraft’s findings enable understanding of global warming and its causes. Besides, this
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team has developed GOSAT-2 launched on October 2018 to continue the measurements
of greenhouse gases and finding the significance of climate change on the carbon cycle
[55]. Nikitin et al. [56] have performed laboratory studies in the 5550-6240 cm™! range
of methane using the Fourier transform spectrometer to provide a line list (including 12150
transitions) for obtaining the column concentration of CHy.

The second mission is OCO-2 satellite, which was launched on June 2014. Typical
carbon pools such as oceans, plants and soils on land absorb carbon (carbon sinks). The
question that Orbiting Carbon Observatory-2 (OCO-2) data was designed to answer is re-
lated to the location and distribution of these carbon sinks, therefore, modelling the carbon
concentration is necessary. NASAs current mission for OCO-2 [57, 58], produces origi-
nal data about the processes governing the transfer of carbon among the carbon sinks. By
studying and analyzing OCO-2 measurements, scientists can explain the altering carbon
content stored by vegetation, and they can also describe the effect of ocean temperature on
the absorption of carbon dioxide.

To obtain information about the amount of CO, measured at a given location, the OCO-
2 instrument measures the sunlight intensity reflected off the Earth’s surface. The gases
present in the Earth’s atmosphere leave a fingerprint that can be detected by OCO-2 spec-
trometers. The OCO-2 instrument assembles the measurements in two separate regions of
the CO; (1.61 and 2.06 microns) and O, spectra as a reference (0.765 microns) [57]. OCO-
2 mission flies with a 16-day repeat cycle. The OCO-2 data are processed initially at the
Jet Propulsion Lab and then distributed and stored at the Goddard Earth Science Data and
Information Services Center. All OCO-2 data products are free for users [59].

Laboratory measurements can produce precise spectroscopic line parameters of CO»
and O» to explain the taken atmospheric spectral measurements. Benner et al 2016 [60], did
an example laboratory study to examine the CO, spectra in the 4700 to 4930 wavenumber
region using a Fourier transform spectrometer to calculate the line parameters of CO, to

be used in generating the absorption coefficients for the OCO-2 retrieval algorithm. By
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simultaneously fitting a large number of experimental spectra, they have tried to reduce the
random errors in the analysis.

To monitor carbon sources and sinks in the Earth’s atmosphere, NASA plans to prepare
another space-born technology. The OCO-3 mission is programmed for launching into
space in 2019 to gather daily information on carbon dioxide as a complementary tool for
OCO-2 data.

The last example is SOIR mission to cover the planetary research interest of the thesis.
Remote measurement devices can determine the compositions of the outer planets. SOIR
(Solar Occultation in the InfraRed) instrument on board the ESA Venus Express spacecraft
[61], as an example, probes the atmosphere of Venus, where the dominant element is carbon
[44, 62] within the IR region. As one of the nearby planets to Earth, Venus is considered
as a good destination for space exploration since the greenhouse effect is discovered first
for Venus. The recording of SOIR spectra in 2.3 um region of the CO and CO, spectra is
within a suitable range to measure the concentration of CO. SOIR uses solar occultation
techniques and a spectrometer with range 2.3 to 4.2 um.

SOIR takes occultation measurements at sunrise or sunset. The way the SOIR occul-
tation works to measure a transmitted spectrum is that, approaching the sunset, the light
path proceeds deep into the atmosphere, and the absorption pattern can be observed [63].
The recorded spectrum is calibrated to include several corrections such as nonlinearity of
the detector and spectral calibration. Then by taking the ratio of the spectrum of the atmo-
sphere of Venus and the non-attenuated solar spectrum (observed above the atmosphere),
the transmittance can be achieved. For analyzing the spectra obtained by SOIR, synthetic
spectra are calculated, and then line-by-line simulations are performed based on Venus’s
atmospheric conditions to retrieve concentrations of gaseous species and temperature pro-
files. The example laboratory spectroscopic line parameters for CO in 2.3 ym region can
be found in Ref. [64, 65].

These examples are only three of many missions that have been launched for mea-
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surement of trace gases, and there are many missions under development and investigation

stage.

1.3 Absorption spectroscopy

By measuring the spectra of molecules and registering the frequency of the absorbed or
emitted radiation, the fingerprint of the molecule can be obtained to allow for characterizing
the nature of the molecular system. Using different line shape functions, we can describe
the spectral features of a system [2, 8].

Beer-Lambert’s law is used to obtain the transmitted intensity after interaction of light

with target molecules (based on the length of the cell and amount of the sample molecules),

I(V) =Ih(V)exp[—ou(V)l] = IH(V)exp[—c(V)NI]. (1.1)

In the above equation, Iy(V) and I(V) are the spectral irradiance (in Wm™2) of incident
light before and after interaction with the sample of interest and V is the wavenumber (in
cm~1). Also, o(V) (incm~!) and 6(¥) (in cm?molecule ') are the wavenumber-dependent
absorption coefficient and absorption cross section of the sample of particle density N (in
molecule cm—3). At standard pressure (P = 1 atm) and temperature (7' =273.15 K), N (also
called Loschmidt number) is n; = 2.6867661(47) x 10'° molecule cm 3 atm™!. Variable /
represents the absorption path length with units of cm.

Considering molecules in thermal equilibrium, we can use the Boltzmann distribution to
obtain the particle density (population). For a given level j with energy of E; (considering

two energy levels j and k for molecules with energies E; and Ej),

Nj =[N/Q(T)]g jexp|—hcE;/kpT). (1.2)

The degeneracy of the level is shown by g;, Q(T') presents the total internal partition

function, and the total particle density is presented by N. We can write N = n;(Ty/T)P,

10
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with ny, introducing the Loschmidt number, To = 273.15 K, T is the temperature, and P is
the pressure. In the gas phase, molecules interact with radiation of spectral energy density
py(V); Planck’s radiation law describes the radiant energy density in a wavenumber interval

dv around wavenumber V,
8mhev?
explheV [kpT] — 1"

Py(V) = (1.3)

In the above equation, kg shows the Boltzmann constant. Molecules in level k can decay to
the lower level j spontaneously, with emission of a photon of energy hcV jx = Ey — E;. The
variation per second of the population of level & in this process is shown by the following
relationship,

de/dl = —Aijk. (1.4)

Parameter Ay (in s~ 1) is called the Einstein coefficient (subscripts k and j on A mean the
upper and lower levels). Besides spontaneous emission, absorption and stimulated emission
occur. In the absorption process the change in time for the population of the two levels j
and k is

dN;/dt = —BjN;py(V k). (1.5)

Here, B presents the Einstein coefficient for absorption with unit of sg~!. Similarly,

for stimulated emission we can write

de/dt = —Bijkpv(ij). (1.6)

Again, By is the Einstein coefficients of stimulated emission (in s g_] ). The coefficients
B kpy(Vjx) and By ;py(Vjx) are the transition probabilities in unit of time. If the system
is at thermodynamical equilibrium, we can obtain the relations among the three Einstein

coefficients.

11
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1.4 Well-known line shape profiles

By assuming molecules with two levels j and k of energies Ej and E}, where E; < Ej, we
can introduce o (V) as the absorption coefficient corresponding to the transition E; — Ej

and ot jx = [0 (V)dV as the integrated absorption coefficient. We can write

(V) = Ixg(V — V). (1.7)

The area subtended by that profile is /; and g(V —V j; ) is the normalized line profile function

around the central line position V j; such that

hCij:Ek—Ej. (1.8)

Here & is Planck’s constant and c is the speed of light in vacuum. Figure 1.1, presents some
of parameters for the line profiles.

When the molecules are in the gas phase, they have motion, and they collide with each
other. These collisions affect the way they interact with light and change their internal
degrees of freedom. In gases at low pressures, the effects of collisions on the internal de-
grees of freedom and the translational motion of the molecules can be neglected. In such
an approximation, the shape of spectral lines depends upon the velocity distribution of the
molecules defined by a Gauss function. Then the main contributor to the shape of ab-
sorption lines arises due to the Doppler shift of the apparent wavenumber of the radiation
resulting from the thermal motion of the molecules: it is increased for molecules moving
towards the source and decreased moving away (this type of Doppler shift is called longitu-
dinal Doppler effect). ! Thus, if the radiation beam travels along the z-direction, a molecule

having velocity V will absorb a photon on the transition E; — Ej if its wavenumber is equal

'In case of perpendicular motion where there is transverse Doppler effect, nearing object will seem blue-
shifted (shorter), and the receding one will be red-shifted (longer). In case having moving object and light
source at the same time, there will not be any changes in the frequency.

12
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Intensity a (V)

Vi Vik V3

Wavenumber (cm!)

Figure 1.1: The parameters needed for characterizing line shape functions. Line position
V jk, intensity [, the amplitude A, and the half width at half maximum or broadening y =
0.5|V| — V| are presented. This figure is reproduced based on information provided in Ref.

[2].
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to

V=Vjpl[l+v/c]. (1.9)

The velocity components v of the molecules obey a one-dimension Maxwell-Boltzmann
distribution rule at thermodynamical equilibrium. This velocity distribution causes an in-
homogenous broadening of the line and leads to a Gaussian line profile (where pressure is

less than 0.001 atmosphere).

n2 1 V=V

V—V) =1/ ——exp—In2 2, 1.10
g(V—=Vjr) T P (YD) (1.10)

The Doppler width yp is given by
Yp = VIn2(vp/c)V i = 3.581 x 1079 5/ T /M, (1.11)

where v, = \/m is the most probable speed as defined in the Maxwell-Boltzmann
distribution, yp is expressed in cm™!, 7 in Kelvin and M in g.mol ™.

For the higher pressures, taking the collisions into account, various approximations can
be made for describing the shape of spectral lines. The binary impacts approach is one of
the famous models that ignores the translational effects of collisions and neglects velocity-
changes due to collisions. In this case, Doppler broadening is uncorrelated with collisional
broadening.

Spontaneous emission leads to an exponential decay. For a given level j, population
of the exponential delay is given by t; = X,(1/A;,), where A, is the Einstein coefficient.
Implementing the time-dependent Fourier transformation for the transition E; — Ej, leads
to the Lorentz line profile [66] with Y= (41%)(1 /T;j+ 1/7) as the natural width of the line.
1 Y

gL(V—Vj) ==

—_ 1.12
R(V—ij)z—F’Yz ( )

14
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Usually, the natural broadening is smaller than pressure broadening, then we can write

(V- = Y
ST T =V — AV 22

(1.13)

where AV represents the pressure shift of the line. At pressure P, if we can express the
pressure shift as AV = §yP for a pure sample, where Jy is the self-induced pressure shift
parameter with the unit of cm™'atm™!.

When both Doppler and collisional broadening must be considered (for example, in
gases at moderate pressure), the resulting profile is obtained through convolution of the
Gaussian and Lorentzian functions to yield the Voigt profile (the equations will be presented
in Chapter 2) [67]. The Voigt Profile has its place in the spectroscopic community; however,
itis not able to describe the physics of molecular interactions perfectly. Therefore, complex

line profiles are needed to explain the effects such as:

e Dicke Narrowing effect: In moderate pressure ranges, where the collisions affect
the velocities, the use of the Voigt profile is not adequate. Since the mean free path
becomes equal to or less than the wavelength of the incident radiation, the resulting
motion of the molecules is Brownian, and thus the diffusion of the gas becomes
relevant. The line shape functions which can determine the narrowing parameter for
a transition in Brownian motion are a) the Galatry profile or Soft collision model
[30, 68]; this line shape assumes only small changes in the radiators velocity during
collisions. b) The Rautian-Sobelman profile or Hard collision model [69] or Nelkin-
Ghatak [70]: for this line shape, each collision erases any information about the
radiators velocity. That, therefore, randomizes the velocities of the radiators and
introduces a velocity-changing rate related to the diffusion coefficient which will be

introduced in Chapter 4.

e Speed Dependent effect: For molecules, the mean speed obtained by Maxwellian

15
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distribution Z is not enough to explain the collisional speed of the absorber and per-
turber molecules since the broadening and shifts of each transition vary with the speed
of collisions. There are a couple of methods to implement speed dependent effect in
line profiles [31, 32] which will be described in details in Chapter 2. The first one is
using hypergeometric functions used in the analysis in Chapter 3. The second method
is applying a quadratic model used in Chapter 4 and 5 of this thesis. The quadratic
speed dependent model is faster in term of calculation and includes the dependence

of relaxation rates on the absorber speed.

¢ Line mixing effect: The reason that line mixing effects happen, lies in the difference
of rotational energy between the levels for a single vibrational band where the thermal
energy is larger than the rotational energy difference. In this case, inelastic collisions
occur, and as a result, the population transfers between the rotational levels [34, 71].
At the microscopic level, we can explain the dependence of the band’s behaviour
on collisions using a relaxation matrix. This information allows us to decrease the
number of variables to obtain valid results, especially where the shape of the band
changes with pressure. The relaxation matrix elements are related to the rates of
inelastic collisions that transfer populations from one rotational level to another. The
diagonal elements of W are the low-pressure broadening coefficients of the lines,
while the off-diagonal ones describe the interference between two lines (see Chapter

4 for formulations of line mixing).

1.4.1 Line shape effects in the atmosphere

When looking at atmospheric spectra, measurements are made through a non-homogeneous
medium, i.e., pressure, and temperature are changing with altitude. Breaking that atmo-
sphere up into smaller intervals (about 1 km), one can assume those small intervals are

homogeneous (just like a gas cell in the lab) and at each of those intervals, a spectrum can

Maxwell-Boltzmann distribution shows different speeds for a gas at a given temperature
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be computed for a set of atmospheric conditions that describe that particular interval. The
final spectrum that can be seen is the addition of all the spectra from the different atmo-
spheric levels.

Keeping this in mind, it is known that the pressure of the atmosphere decreases with al-
titude. Also assuming a simple Voigt, the spectral line shape is the convolution of pressure
broadening and Doppler broadening. Hence, when closer to the ground, pressure broaden-
ing will be the most important, making the spectral line broader contributing more absorp-
tion in the wings of the spectral line of the solar absorption spectrum. While higher in the
atmosphere Doppler broadening is more important and since it is a narrower line shape, it

contributes more absorption in the line center.

1.5 Standard databases

Planetary and atmospheric remote sensing measurements entirely depend on the avail-
ability of reference spectroscopic information for the target species measured in the lab-
oratory. Such mandatory information indeed exists and is gathered in the standard spec-
troscopic databases (for example, the ATMOS database [72], GEISA Gestion et Etude des
Informations Spectroscopiques Atmospheriques [4] and HITRAN HIgh resolution TRANs-
mission database [1]).

Depending on the spectral range and the involved species, the nature of the reference
spectroscopic data stored in these databases differs. Generally, for small to medium-sized
molecules (such as ozone and carbon dioxide, where individual lines are observable), the
reference information consists of parameters describing the profile of the lines.

The model spectrum of the species can be calculated by using these lists of line pa-
rameters in various absorption path length and pressure conditions. For bigger molecules,
such as chlorofluorocarbons (CFCs), individual lines are not resolved in atmospheric spec-
tra, and the spectroscopic reference information exists as absorption cross-section spectra

measured in physical conditions similar to the atmospheric conditions.
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Figure 1.2: Screenshot of HITRAN online website [3] presenting the line by line spec-
troscopic parameters in current HITRAN database. The table includes mol as molecular
species identification number (ID), iso as the isotopologue number, V;; wavenumber in
cm L, intensity, §;; in cm_ll(moleculecm_z), A;j as Einstein coefficient in s—1, self- and
air-broadening (Yyer and Yg;r) in cm™! /atm, lower state energy (E") in cm ™! (as explained
in section 2.1, the wavenumber is directly proportional to energy and in HITRAN it is pre-
sented with cm™! unit), the temperature dependence of the air-broadening (n,;,), and shift
parameter (8,;,) in cm ™! /atm and the lower and upper state statistical weights (¢” and g’).
For more information see Ref. [1].
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Individual line parameters include the position, the intensity, the self and airbroadened
widths, the temperature dependence of the airbroadened width, the self- and air-pressure
shift of the line position. A large amount of such data are currently available. For example,
the HITRAN database includes parameters for 4.5 million lines belonging to 47 molecules.
This database contains the required parameters for simulating the light emittance and trans-
mittance in a gaseous environment, such as Earth’s atmosphere. The parameters in HI-
TRAN are presented in Figure 3.1. With HITRAN online, spectroscopists can select the
required transition data by building a query, and they can select different molecules in vari-
ous wavenumber ranges. Also, it allows choosing between different isotopologues, and the
user can create the desired output file [73, 74].

Still, the reference database may contain some outdated information and sometimes
the information may be inaccurate. These deficiencies may originate from measurement
complexities and incorrect measurement approaches resulting in errors. Also, for some
spectral ranges, there are no available measurements. One objective of the thesis is to try
filling in those gaps for spectroscopic parameters. The work in this thesis relies on high-
resolution Fourier transform infrared spectroscopy and laser spectroscopy as methods of

measuring spectral line parameters. I devoted my research to:

e Collecting the required laboratory data with high resolution and high signal to noise

ratio
e Testing different line profiles for simulating the spectra as accurately as possible

e Retrieving the parameters such as speed dependence, narrowing, and line mixing to

feed the databases with more accurate new sets of parameters

1.6 The primary use of spectroscopic line shape studies

The spectroscopic results of laboratory line shape studies enable accurate modelling

of infrared radiative transfer in the atmosphere of Earth and other planets. The radiative
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transfer explains that when an electromagnetic beam radiates through the atmosphere, it

might:

e lose energy due to absorption

e gain energy due to emission

e get scattered

For simplistic cases, the radiative transfer equation has specific solutions; however,
more complex numerical models are required to solve the radiative transfer equation for
realistic instances. The atmospheric scientists are working on the radiative transfer equa-
tion [75-78] to improve the retrieval algorithms and go beyond the straight-forward line
profiles and interpret the observed spectra of radiances regarding variables like tempera-
ture, humidity, gas concentrations (or pressure), clouds, and surface characteristics. The
objective is to reduce the difference between the radiance spectra collected by the instru-
ment and the calculations made by radiative transfer models to estimate the atmospheric

concentrations, temperature, and pressure profiles more accurately.

1.6.1 How are the spectroscopic line shape parameters used in radiative transfer

codes?

The radiative transfer equation is

= —o(v,$)I(v,s)+o(v,s)B(V,T(s)), (1.14)

where [ is the spectral radiance, shows the power in a given direction, per unit area, per unit
solid angle, and per unit frequency (v), B is the Planck function that describes the wave-
length and temperature dependence of black body radiation, and s represents the distance
along the path which radiation travels. The above equation can be solved in several steps;

first, the absorption coefficient should be calculated, and then the radiative transfer equation
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should be integrated. The third problem is related to the computing the Jacobians. How-
ever, the objective of the present thesis is not solving the radiative transfer equation, but to
show where the line shape parameters are needed [78, 79].

The absorption coefficient, o, can be formulated using

px; i
N _lzj}ilsijg(viﬁ\/?p,T;xl?"';-xN)

a’(vapa T,Xl, "'7XN) = l:1kBT

(1.15)
+C1 (v, p, T, x1,y e, xN) + oo + CL(V, p, T, X1, ..., XN)

As can be seen the absorption coefficient a(v, ... depends on the frequency v, temper-
ature T, pressure p, and volume mixing ratios of different gases (xp,...,xy), Variable N
with index i shows the different gas species and M with index j the spectral lines of each
gas. The constant kp introduces the Boltzmann constant. The product of the line intensity
(S;j) and line shape function g(V;;,...) in the second summation shows the spectral lines
contribution. The terms Cj to Cy, are functions of temperature, pressure, frequency, and gas
volume mixing ratios. This equation illustrates, where the line shape profiles appear in the
calculation of atmospheric profiles.

Typically, the signal measured by optical sensors cannot be translated into atmospheric
parameters directly in a straightforward way. The inversion process should be applied
which consists of adjusting the gas concentration so that the modelled spectrum best fits
the measured one. The best fit is usually obtained by searching for the minimum of a cost

function. In least-squares fits, the cost function is

M(x)=[y—F)]"S; [y —F(x)] + [x — xa] " R[x — x4, (1.16)

where x is the variable of interest to retrieve (e.g. the vector of concentrations of the gas
at different altitudes), y is the observation. S, 1 is the error covariance matrix of the ob-
servations and F(x) is the radiative transfer model. The second part of the cost function

([x — x4]TR[x — x4]) is a term added in case of ill-conditioned inversions, i.e. in circum-
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Observed
atmospheric
spectrum

Spectroscopic line
parameters

inimize
cost function
[y-FO|+{[%-X]|

Atmospheric
profiles of pressure,
temperature, and
concentrations

Radiative transfer
calculations

Figure 1.3: A flowchart illustrating how atmospheric profiles such as concentration or tem-
perature can be obtained using spectroscopic parameters and radiative transfer models. The
spectroscopic line parameters are entered in the radiative transfer codes. By comparing the
observation atmospheric spectra to the radiative transfer models and minimizing the dif-
ference (the cost function as introduced in Eq. (1.16)), the atmospheric concentration and
temperature and pressure profiles can be obtained.

stances in which F(x) depends weakly on one or more components of the retrieval vector
x. The term R introduces an inverse model and x, is a priori profile [78, 79]. Figure 1.3
summarizes the procedure of obtaining atmospheric vertical profiles.

There are several retrieval algorithms, which are fast and reliable. One is Automatized
Atmospheric Absorption Atlas known as 4A [80], which is based on a line-by-line radiative
transfer model and has good spectral coverage. In this program, employing different line
shape effects, better results can be obtained for the absorption.

Another example is Non-linear Optimal Estimator for MultivariatE Spectral analysis
(NEMESIS) for analysis of measurement on Saturn and Titan composite infrared spec-
trometer (on board the NASA Cassini spacecraft) [78]. NEMESIS can be used to simulate
observations of other planets as well. The moderate resolution atmospheric radiance and
transmittance model (MODTRAN) [81] and the fast atmospheric signature CODE known

as FASCODE [82] are two successful algorithms used by the spectroscopic community.

1.6.2 Evaluation of line parameters
A proper method of modelling atmospheric spectra is to take into account the individual

absorption spectral lines in the range of frequencies of the measured spectrum, and compute
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them over the range of pressures and temperatures measured by the instrument line-of-sight.

The quality of spectroscopic line parameters is an important factor for retrieval and it
should be evaluated; there are several publications on the influence of updated parameters
in estimating the temperatures, pressures, and concentrations obtained with remote sensing
data. The study performed by Frankenberg et al. [83] revealed the over-estimation error
associated with CHy concentration recorded by the SCanning Imaging Absorption Spec-
troMeter for Atmospheric CHartographY (SCIAMACHY) instrument. This error was due
to inaccurate line shape parameters used for the H,O molecule. In other research, Alvarado
et al. [84] assessed the parameters obtained for H,O, CHy, and N;O. They found that
using the updated line parameters for CHy gives much smaller mean bias in the obtained
CHy4 from observation. Furthermore, the authors used updated line parameters for N,O and
they observed substantial error reduction in the retrieved profile for NoO. Armante et al.
[85] offered a strategy to evaluate spectroscopic parameters by using Spectroscopic Param-
eters and Radiative Transfer Evaluation (SPARTE) chain. The SPARTE chain is based on
the comparison of forward radiative transfer simulations and observations of spectra made
from various instruments.

Updating and evaluating the spectroscopic databases is important in the simulation of
atmospheric spectra. In Figure 1.4, the fit is shown for ozone retrievals using two recent
updates of GEISA database in 2011 and 2015. Clearly, GEISA 2015 has done a better job
of matching the observations, and the residuals are reduced by a factor of three when using

the more accurate values (resulting into 6 % improvement in the model) [86].

1.7 Thesis outline

Chapter 2 is devoted to the required background theoretical information on the molecu-
lar spectroscopy focusing on rotational and vibrational spectroscopy. The topics include the
fundamentals of vibrational and rotational spectroscopy to help to describe the observations

of electromagnetic radiation in the infrared spectral region.
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Figure 1.4: Simulation of ozone absorption using GEISA-2011 (upper panel) and GEISA-
2015 (lower panel) near 3400 cm~!. The figure is reprinted from Journal of Molecular
Spectroscopy, N. Jacquinet-Husson, R. Armante, N.A. Scott, A. Chdin, L. Crpeau, C.
Boutammine et al., Volume 327, September 2016, Pages 31-72. With permission from
Elsevier [4].
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In Chapter 3, the study I performed to check the accuracy of our measurement setup is
described. I used acetylene gas, and calculated the Boltzmann constant with a technique
called ’Doppler thermometry’ which is reprinted from Journal of Chemical Physics.

In the next two chapters, I have described the two experiments that have been conducted
on atmospheric trace gases carbon monoxide and methane, which are reprinted papers from
two different journals. In each one of these chapters, the motivations have been described
separately. A literature review is done for each study to show why the research was needed.

Chapter 4 describes a project to measure of laboratory spectra of CO mixed with CO,
in the 2 — 0 band to obtain the required spectroscopic parameters for planetary research.
These result will be included in databases to be used in concentration calculations by astro-
physicists.

Chapter 5 presents the spectroscopic study of methane. I used the spectra recorded by
a Fourier transform spectrometer (FTS) at the Jet Propulsion Laboratory, Pasadena, Cali-
fornia to collect the line parameters for methane. The current values for v3 + v4 band of
methane in the HITRAN database are based on semi-empirical calculations. Therefore,
this study is required to improve values for this band. Also, the speed dependent and line
mixing coefficients are measured for methane. The self and air-broadened half -width, self
and air-pressure-induced shift are retrieved.

Finally, in Chapter 6, the impact of my research is stated and the conclusions with a
summary of ideas for the thesis is presented. Potential improvements for future projects are

discussed. The references and Appendix are presented as last sections of the document.
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Chapter 2

Background theoretical information on
the absorption spectroscopy

Because of the importance of trace gases in the dynamic of planetary atmosphere, the
molecules of concern for this thesis are the trace gases such as acetylene (CoH,), carbon
monoxide (CO), and methane (CHy). In order to perform spectral line shape study of these
molecules, concepts of rotational and vibrational spectroscopy need to be explained. The
absorption spectra of acetylene in the v{ + v3, the 2 — 0 band of carbon monoxide, and
V3 4 v4 for methane emerge as a result of their interaction with IR light. Therefore, I
will discuss the theoretical principles of the absorption spectrum. The properties of elec-
tromagnetic radiation and the fundamentals of rotational-vibrational spectroscopy will be
reviewed. I will present rotational and vibrational spectroscopy individually since the tran-
sitions of the above-mentioned molecules happen because of both rotation and vibration of
the molecules. Also, I will address selection rules, and will provide definitions of the band
and branches. For interpreting spectra, the line shape models used in this thesis include the
Voigt, Rautian and speed dependence Voigt models. The book by Peter F. Bernath: Spectra

of Atoms of Molecules [2] was used as the primary resource to write this chapter.

2.1 Properties of electromagnetic radiation

To understand the physics of spectroscopy, several terms related to electromagnetic ra-
diation need to be defined. Electromagnetic radiation (EM) exists as Oscillation of electric

and magnetic fields.
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The EM field, with electric and magnetic fields perpendicular to each other as its com-
ponents, travels with the speed of light in a direction perpendicular to both electric and
magnetic fields. As shown in Figure 2.1, if the electric field is along +y axis and magnetic
field along +z axis, the EM field propagates along +x axis obeying the right hand rule (if
one points the right hand fingers in the direction of the electric field propagation, by bend-
ing the fingers in the magnetic field direction, the thumb finger shows the direction of wave
propagation).

EM radiation is a periodic wave and can be characterized by properties such as its
amplitude (maximum displacement, A), wavelength (the distance of one full cycle of the
oscillation, A), and frequency (the number of cycles per second, v). The following equation

expresses the relation between wavelength and frequency,
c=2A\v, (2.1)

with ¢ as the speed of light, A referring to wavelength, and v as frequency. The frequency
is related to the energy of photons by this relationship: E = hv = hc/A, where E is energy,
h is Planck’s constant. This means that light particles, can only deposit discrete amount of
energy. Therefore light can behave like a wave and particle. Since EM radiation travels at
the speed of light, each wavelength corresponds to a given frequency [2].

The Schrodinger equation expresses how a quantum state of a molecule changes with
time. Solving Schrodinger’s equation produces the wave functions and energy eigenvalues.
The time-dependent part of Schrodinger’s equation is

ih%‘l’(r,t) = HY¥(r1), (2.2)

where W presents the wave function of the system and A is the Hamiltonian operator in-
cluding kinetic energy and potential energy. The term /& = h/2m is the reduced Plank con-

stant. The time-independent Schrodinger equation is shown by the following equation:
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Electric Field (E)

e Direction of Wave (ﬁ)
Magnetic Field (§)

Figure 2.1: Propagation of electromagnetic wave in the x direction while the electric field
is in the y direction and the magnetic one in the z direction. A is the amplitude and A is the
wavelength. This figure is reproduced based on the Figure 2.1 of the book by M. Hollas,
Modern Spectroscopy [5].

EY = AWY, where E corresponds to the energy of the state . Using the Born-Oppenheimer
approximation, one is able to split the motion of the quantum system into motions of nuclei
and electrons, because of their mass difference. The separation of nuclei and electrons mo-
tion and writing the wavefunction as a product of the nuclear and electronic states makes
the analysis of the nuclear motion easier. One can define the energy of the split system by
the electronic, vibrational, and rotational energy components associated with the motion of
such a system. Then by solving Schrédinger equation, we can obtain the allowed energies
for a system.

The electronic levels are linked to the distribution of the electrons; the vibrational levels
are linked to the vibration of the molecule, and the rotational levels are associated with
the rotation of the molecule. The spacing of electronic levels is the largest and rotational
levels have the smallest frequencies. Therefore, high energy ultra-violet or visible light is
required in order for the molecule to have changes in the electronic states. In Figure 2.2, the
energy states for a diatomic molecule are presented, where considering the approximation,
the molecule vibrates similar to a simple harmonic oscillator. For having the vibrational
transitions, a change in the dipole moment is needed and will be explained later in this
chapter (for homo-nuclear diatomic molecules like N, there is no change in transition

dipole moment). In this thesis, only the rotational-vibrational transitions are described
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Figure 2.2: This figure shows the energy states for a diatomic molecule. The curves present
the electronic levels, the vibrational levels are presented by the blue lines, and the rotational
ones are shown by the red lines. For an electronic state, the lowest value of the potential
curve shows the electronic energy. This figure is reproduced based on Figure 9.9 of the
book by P. Bernath, Spectra of Atoms and Molecules, [2].
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Table 2.1: Number of normal modes for molecules [2]. There are 3 coordinates for each
N atom, then the total coordinate number is 3N coordinates (3N degrees of freedom for
translation, rotation and vibration). For a linear molecule, the rotation about its molecular
axis is not observable.

Molecule Non-Linear Linear

Translational 3 3
Rotational 3 2
Vibrational 3N-6 3N-5
Total 3N 3N

because of the absorption of infrared radiation by greenhouse gases and causing vibrational

and rotational motion for these molecules.

2.2 Vibrational-rotational spectroscopy

To know about the rotational-vibrational structure of a molecule, it is necessary to learn

about the energy of vibrational and rotational states.

2.2.1 Vibrational motion

Normally, one can define the vibration of molecules employing a limited set of what
is termed “normal modes”. These normal modes match with distinct vibrational motions
which are independent of the others. One or a combination of normal modes can be used
to describe a vibration. The various type of motion with specific symmetry can describe
the normal modes (a powerful tool to learn about the normal modes symmetry is group
theory). The number of atoms in a molecule determines the number of normal modes. The
wavefunction that describes the vibrational nuclear motion, for a linear molecule, is product
of 3N — 5 normal modes where N is the number of atoms, and for the nonlinear molecules,
itis 3N — 6 as shown in Table 2.1. The energy of such a system can be obtained by summing
the energy for individual normal modes.

A diatomic molecule has only one vibrational mode; the energy of each vibrational
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levels, can be shown as [87]

Ey =ov+1/2)+x(v+1/2)%+..., (2.3)

with ® as the harmonic frequency of the vibrational mode, Y is its first anharmonicity cor-
rection, and v is the quantum number of the vibration mode. Ey for a polyatomic molecule

is the sum of the energy for the excited vibrational normal modes, [87].

Ey = Zi(o,-(v,-—i-di/Z) +Z,~Zj>,-x,-j(v,~+d,~/2)(vj +dj/2) +..., 2.4)

where the indices i and j refer to the normal modes, and the degeneracy of mode i is shown
by d;. We can define the vibrational levels using the the quantum numbers associated with
all the normal modes of the molecule (v{v;...v3n_g).

Then, for the transition between two vibrational states, the energy can be obtained,

AEy = Ey(VVh..Van o) — Ev (V{Vy .. V5N _6)- (2.5)

The ’ and ” refer to the upper and lower energy states respectively. Vibrational transi-
tions correspond to changes in the vibrational quantum numbers (Av;). Where if Av; = 1,
we will have a fundamental band, and a band would be an overtone if Av; > 1. Some-
times, more than one quantum number changes for a band (combination bands). When the
lower energy level is the vibrational ground state, bands are distinguished using the term
Y;Av;v;. Transitions between two excited states are called a ”hot band”, which is identified
by LAV, — ZAVIVY.

For a vibrational mode to be infrared-active, there must be a change in dipole moment.
The dipole moment is a vector defined by the summation over the multiplication of the

charge of particles with their position vector.
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2.2.2 Rotational motion

In addition to vibrational motion, molecules can rotate and have internal energy levels

of rotation. The energy of a rotational state, Eg, for a simple linear molecule is [87]

Eg=BJ(J+1)—DJ*(J+1)?, (2.6)

with

B(em™ ') = h/8n’cl,. (2.7)

The constant D shows the centrifugal distortion, and J is the quantum number associated
with the total angular momentum of the molecule. In the equation of rotational constant B,
I, is the moment of inertia of the molecule.

One can now determine the energy of the rotational transition (AEg) which is defined

by the energy difference between the two rotational states assumed in the transition,

Eg = Eg(J") — Er(J"). (2.8)

Note that transitions associated with rotations are linked to a variation of the quantum
number J (AJ).

Similar to vibrations, the features of the rotational structure are determined by the sym-
metry of the molecular rotors categorized into several classes such as linear molecules,
spherical top molecules, symmetric and asymmetric top molecules [2]. To distinguish these
classes, one compelling mathematical tool is group theory where molecules are classified
with similar symmetry into the same point group (symmetry elements of a molecule forms
a point group with at least one point unmoved). Samples of symmetry operations are the
inversion, rotation, and reflection. When there is an inversion, each point moves through
the center of the molecule to a position opposite the original point. In the rotation operation,

the molecule remains symmetric after rotating around a principal axis (C,), where n defines
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the angle of the rotation (= 21t/n). A reflection operation is one in which the molecule

looks unchanged across a mirror plane, (G).

2.2.3 Rotational-Vibrational motion

Infrared radiation causes vibrational transitions in molecules. The excitation of a vibra-
tion and rotations simultaneously leads to Rotational-Vibrational spectra. Then, each of the
vibrational states include some rotational levels with a specific energy. Therefore, it can
be said the vibrational transitions correspond to transitions between rotational states of two
separate levels of vibration. The energy of a rotational state can be calculated for a single

vibrational level and it is derived by the summation of their energy,

Eyr =Ey (V1VQ...V3N_6) —I—ER(J). (2.9)

The rotation-vibration energy for a transition is obtained by the difference between the

energy of the two vibration-rotation levels,

Evg = Ev(VVy..Viy_¢) + ER(J)) — Ev(V]V5.. V) — ER(J"). (2.10)

Here, Eyp is relevant to the frequency of the transition. The transitions are associated with a
frequency that defines the line position in the spectrum. The rotational constant varies with
the vibrational states because B is related to the potential energy and as internuclear sepa-
ration, r, increases, the rotational constant decreases and it can be measured by a method
called combination differences (between the lines which share a common upper or lower
level).

The rotational-vibrational transitions produce a particular structure in the spectrum.
Note that a band refers to a transition from one set of vibrational modes to another and the
branches can be defined within a band based on the change in rotational value J. The vibra-

tional band is indeed divided into different branches. Transitions associated with a change
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Figure 2.3: Rotation-vibration transitions. Transitions associated to a AJ = 1. define the
R-branch of the vibrational band and AJ = —1 called the P-branch. The Q-branch may be
present where AJ = 0. The figure is taken from Liou, K. N. An Introduction to Atmospheric
Radiation. Academic Press (Elsevier Science). [6]
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AJ = +1 define the R-branch, which evolves from the band center towards the higher ener-
gies. Transitions associated to a change AJ = —1 define the P-branch, which evolves in the
opposite direction. Then the spectral lines are distinguished as R(J”) or P(J”) as presented
in Figure 2.3. A third branch, the Q-branch may be present in the vibrational band and
corresponds to AJ = 0.

To sum up, the ro-vibrational spectra reveal information on the properties of molecules
obeying both the rotational and vibrational selection rules. Based on the selection rules the
spectral shape can be defined. Three branches may appear in the spectra (P, Q, and R) cor-
responding to variations in the vibrational quantum number J. The ro-vibrational bands can
be classified into perpendicular and parallel bands. For the first class, the dipole moment
change is perpendicular to the molecular axis and changes the vibrational angular momen-
tum. The key here is to distinguish the proper point groups because molecules with similar

symmetry can be categorized into the same point group and simplify the classification.

2.2.4 Overview of the structure of the molecules under investigation

The first molecule in the present study is CoHj, which is a linear molecule from Dju¢p,
point group. From Table 2.1 the molecule has seven normal modes. However, only five
of the modes are IR active (the IR active modes are important for the sake of infrared
spectroscopy in this study). The five IR active modes of C,H, are presented in Figure
2.4: (1) vy as symmetric C — H stretching, (2) v, as symmetric C — C stretching, (3) v3
as asymmetric C — H stretching, (4) v4 as symmetric bending, and (5) V5 as asymmetric
bending. Furthermore, there are bands called combination bands which are the addition of
a couple of normal modes [5].

The second molecule under the investigation is CO, as a diatomic molecule having
a linear structure it only has one normal mode shown in Figure 2.5. This asymmetric
molecule belongs to the Cj,s, point group. The first transition of CO from ground stated

(shown by v = 0) to the first excited state (v = 1) refers to fundamental band and from
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Figure 2.4: The five IR active modes of CoHj: (1) v as symmetric C — H stretching, (2) v,
as symmetric C — C stretching, (3) v3 as asymmetric C — H stretching, (4) v4 as symmetric
bending, and (5) v5 as asymmetric bending.
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Figure 2.6: The normal modes of vibration for CH4 molecule. (1) v; as symmetric C — H
stretching, referred to A1 symmetry, (2) the double degenerate v, as symmetric bending
referred to £ symmetry, (3) two triply-degenerate v3 as asymmetric C — H stretching, (4)
V4 as asymmetric bending F2 species. The v3 and v4 modes are IR active.

ground state to the second excited state (v = 2) is called the first overtone transition (where
the excited mode occurs for the vibrational levels above v = 1) as the focus of my study. The
most likely transitions are the fundamental ones, and then the lower overtone transitions.
The third molecule of interest is CHy4, containing five atoms and belonging to 7; sym-
metry group with nine normal vibrational modes. Out of methane normal modes, there are
five bending and four stretching modes. These normal modes are attributed to different
symmetry species such as A class, E, F'1 and F2 species representing the following vibra-
tional motions: Vi as symmetric C — H stretching, referred to A1 symmetry, the double
degenerate v, as symmetric bending referred to E symmetry, two triply-degenerate v3 as
asymmetric C — H stretching, v4 as asymmetric bending F'2 species. Among these modes
v3 and v4 are IR active. My studied band is a combination band of v3 +Vv4 which is a strong

vibrational band.
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2.3 Theoretical line shape models used in the thesis
In section 1.3, the normalized line profile function is introduced as g(V —V j) and the
simpler line shape profiles were described. Here, more details are provided. The spectral

line shape is given by the following function,

(¥ — Vo) :S(gé’%)), 2.11)

where S = SoPL with Sy being the line strength, P the partial pressure of the gas and L the
absorption path-length. The term g(x,y) is the spectral line shape of choice. The unitless

parameters x and y are defined as

V—Vp—9

x= <—°> : 2.12)
c

In Eq. (2.12) Vg is the angular frequency of the molecular line center, d is the colli-

sional shift, and 6 = Vg, / ZkBT is the calculated Doppler half width at e~! intensity (yp =

\/(In2)o. In this equation M is the molecular mass. The parameter y can be defined as

: (2.13)

where 7 is the line width considering all contributions to line broadening.

The collisional broadening and shifting slightly depend on the molecular speed. Taking
this dependence into account, the line shape profile becomes the speed dependent Voigt
(SDV) profile. Following the formalism developed by Berman, Ward and Pickett, the SDV

expression becomes [31, 32, 88]

1 oo fM(v) ;
Ispy = —Re B>V, 2.14
o /—°° (y( ) —i(m—&(v _%. 7) 19

where fi(7) is the Maxwell-Boltzmann distribution of molecular velocities with K as

the wave vector. By using the Kummer confluent hypergeometric function, Fi(a,b,z), the
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collisional broadening and shifting can be written as

=L p-m3 (Y ’ (2.15)
W= "\ 22 s ) ) '

s =0 R (-03 (Y 2 (2.16)
Vo T 22 s ' '

In Eq. (2.15) and (2.16) m and n are parameters related to the intermolecular potential

which is approximated by an inverse power form, namely V (r) =r—4 withm = (¢—3) /(¢ —
1), n=—3/(q—1). Here vyps is the most probable speed of the emitter molecules and it
can be obtained using Eq. (2.17)

2T\ /2
vMps=(73> : (2.17)

Having used the dimensionless parameters x and y which have already been defined, the

SDV profile in Eq. (2.14) becomes as the following equation [31],

Ispy =
L[ [Py -] =19
m{l-&/o tan |i Zuy(u) :|€ l/tdl/l .

—— and the value for term tan~ ' is tan™! € [-1/2,m/2].
MPS

In the 2.18 parameter u is u =
The speed dependent Voigt profile can also be implemented using a quadratic model.
The quadratic form is faster in term of calculation and includes the dependence of relaxation

rates I on the absorber speed, v,.

3

vve) =+ Rl 5] .19

Using the definition of y(v,), the speed dependent Voigt profile is obtained. In these equa-

tions the parameter Yo =< y(v,) > is the mean relaxation rate and y, corresponds to speed
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dependence of the relaxation rate.

Then the quadratic speed dependent profile will be as

exp[—i(oot - (’Yo - 3Y2/2)l‘] [_ (kvaot)z
(147t 4(14at)

8qspv () = s (2.20)

where ) is the rest angular frequency (collisionless), and k = g /c. I developed a code
using MATLAB to implement the hypergeometric speed dependent Voigt profile for simu-
lating the spectra.

The narrowing coefficients B° measured using the RP (Rautian-Sobelman) line shape

model [69]. The RP profile can be formulated as

F(x,y+2)
1 —/mzF (x,y+z2)"

gr(x,y,z) = ARe| (2.21)

with the same x, y, and A parameters defined for the Voigt profile, plus the parameter z which

is defined as z = (in cm™ ') introduces the average effect of collisions

%. Here Bc,
on Doppler broadening. To be able to judge whether the hard or soft collision models
are properly simulating the spectra, besides B¢, the dynamical friction parameter Bg;ss (in
cm~ 'atm™!) of the Brownian motion need to be obtained (the formula for Bairs will be
presented in Chapter 4).

With the definitions provided in this chapter, the foremost objective of studying molec-
ular spectra is to define the line positions and to determine the structure of the molecules.
With molecular symmetries, the rotational constants are obtained and then the vibrational
frequencies can be measured. There are some techniques to measure rotational-vibrational
spectra of molecules such as laser spectroscopy and Fourier transform spectroscopy. These

techniques are described in the following chapters, and the example experiments are pro-

vided analyzed using different line shapes.
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Chapter 3

Laser spectroscopy of acetylene molecule
for Doppler thermometry and
measurements of the Boltzmann
constant

This chapter is reprinted from the Journal of Chemical Physics, 141(21): 214201, Hashemi
R, Povey C, et al. 2014, Doppler Thermometry of Acetylene for Accurate Measurements
of the Boltzmann Constant, with the permission of AIP Publishing [89]. 3 This line shape
study of acetylene is a good fit for this thesis since it enables finding the major sources of
error in spectroscopic experimental measurements and understanding where improvements
can be made. Furthermore, the proposed method in this study is an interesting strategy; we
use the physical concepts of line shape to determine previously measured precise values

(such as the Boltzmann constant). My contributions to this project were:

e Helping Dr. Povey (former group member) to record the spectra. I was responsible
for starting and ending each measurement, Dr. Povey produced essential advice when

difficulties arose.

e Pre-processing the data and creating the transmission spectra, with the help of H.

Naseri and the summer students in our lab (M. Derksen and J. Garber).
e Developing code using MATLAB software to do the calculations and simulations.

e Preparing the results and writing the manuscript.

3The copyright permission can be found in Appendix A, Section A.2.
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3.1 Introduction

The objective of this study is the retrieval of the Boltzmann constant (kp) with high
precision in order to figure out to what extent the experimental procedure is reliable. The
accepted value for the kg published by the Committee on Data for Science and Technology
(CODATA) is 1.3806488 x 10723 JK~! with a relative uncertainty of 9.1 x 10~ [90]. This
value was determined by measurements of the ideal gas constant, R [90]). The Boltzmann
constant can be defined as kg = R/N4 where R is the ideal gas constant (obtained accurately
using the measurement of speed of sound in argon), and N4 is Avogadro number relating
the atomic mass unit to kilogram (6.022140857(74)10% moll). Thus, kg can be calculated
based on an accurate determination of R.

Another method of measuring kg is laser spectroscopy using the Doppler-width ther-
mometry approach, which was used in this study. Different experimental groups have at-
tempted this alternate method, and the calculated relative uncertainty in its value on order
of 10~% and 1072, [91-95]. It is desirable to improve the known value of kp to have rel-
ative accuracy higher than already achieved 9.1 x 10~7. To acquire such high accuracy, a
significant improvement to the experimental design is required.

The experiment is based on measuring ro-vibrational absorption features of CoH, gas
inside temperature and pressure controlled cell maintained at thermal equilibrium. The
Doppler width dominates the full width at half-maximum of the absorption line due to the
molecular velocity distribution along the laser beam at low gas pressure.

The Doppler width of a spectral absorption line recorded in a cell is related to the equi-

librium temperature and Boltzmann constant as it is shown in Eq. (3.1)

(N2 [ Mc?
ki = (7) <21n(2)T)’ -1

where Yp is the Doppler broadening, M is the mass of the gas particle, speed of light is

presented with ¢, T is temperature, and V is the line position.
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Several research groups have carried out spectroscopic measurements to obtain kp.
Lemarchand et al. [96, 97] have studied laser absorption spectroscopy in the mid-IR and
determined a value of 1.38080(20) x 10?3 JK~! for kg, which agreed within total system-
atic uncertainty about 2.3 x 107° to the accepted CODATA value which is a remarkable
result. Casa et al. [92] have studied spectra of carbon dioxide transitions and have achieved
an relative error of 1.6 x 10~* in their reported value for kz of 1.38058(13) x 10=23 JK~.,
Yamada et al. [93] have determined kg using the Doppler width of acetylene transitions
and reported a value for the kz equal to 1.3940(17) x 10723 JK—!. This group mentioned
that in their determination of the Doppler width of a ro-vibrational absorption line using
a comb-locked diode laser the lack of accuracy in temperature measurement is the main
contributor to the error. Truong et al. [98] have measured kz to be 1.38104(59) x 10723
JK~!. The relative deviation of their result from CODATA value was 2.7 x 10~%.

The common profiles used by the authors to analyze the spectra recorded at very low
pressure were the Voigt profile (VP) [29] and the Gaussian profile. The influence of Dicke
narrowing [30] on the accuracy of Doppler width measurements has been considered in
several studies. Lemarchand et al. [96] have employed NH3 spectra using the VP and
Galatry (soft collisions) [68] models, and they obtained kp with uncertainty as low as 3.7 x
1072, Recently, Castrillo et al. [99] have found the relative uncertainty of kp to be 2.4 X
1073 by using a line shape study of H,0 and considering both the Speed Dependent Voigt
(SDV) model [31, 32, 88] and the newly introduced partially correlated Speed Dependent
Hard Collision (pcSDHC) profile [33, 100, 101].

In this study, a 3-channel tunable diode laser spectrometer with a temperature and
pressure-controlled cell was used to record spectra of the P(25) line of acetylene. From
these spectra, the Doppler broadening of the P(25) transition was measured, and kg was
retrieved using the SDV line shape model. The value of kg was compared with previously

published results and the amount reported in the CODATA database.
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Figure 3.1: "Reprinted figure from Journal of Molecular Spectroscopy, Chad Povey,Adriana
Predoi-Cross,Daniel R. Hurtmans, Line shape study of acetylene transitions in the vy +
V2 4+ V4 + V5 band over a range of temperatures, 268, 177-188, 2011, with permission from
Elsevier [7]. Spectrometer setup: Legend: 1 vacuum system; 2 cooling system NesLab
ULT-80 Chiller; 3 gas sample; 4 and 5 Fabry Perot interferometer and controller; 6 detector
pre-amplifiers and power supplies; 7 WA-1500 EXFO wavemeter; 8 and 9 velocity diode
laser head and controller; 10 MKS Baratron pressure gauges; L1, L2 and L3 focusing lenses;
M1 and M2 directing mirrors; D1,D2 and D3 InGaAs detectors; C1—C4 collimators;
S1—S84 fiber splitters; The ticker black lines present vacuum lines. Blue lines show coolants
and the red lines display laser path. Finally, the thin curved lines appear to be fiber optic
cables.

3.2 Experimental procedure

The spectra analyzed in this study were recorded using a 3-channel tunable diode laser
spectrometer designed for line shape studies of gases. It used a New Focus Velocity Laser
System, tunable between 1500 nm to 1640 nm, with a high signal to noise ratio (> 2000)
[7].

The instrument setup is presented in Figure 3.1. The first channel is a temperature and
pressure controlled gas cell. The second channel incorporates a room-temperature reference
gas cell. Both cells have the same path length of 1.54 m. The third channel records the
background signal. An accurate line shape analysis can be performed by measuring the

signals of the three channels simultaneously.
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3.2.1 The three-channel laser spectrometer

The primary components of measuring spectra in the lab were: a light source; the tun-
able diode laser offering a wide range of tunability is used to interact with a sample. The
New Focus Velocity diode laser used, employs a modified Littman-Metcalf laser cavity
which provides mode-hop-free tuning of the wavelength (the laser is capable of scanning
between the user-defined maximum and minimum wavelength range) [102]. The wave-
length of the laser light can be measured using a combination of a Fabry Perot cavity and a
WA-1500 wavemeter from EXFO. A second room-temperature gas cell was also available
in the lab [102].

Several detectors were used for measuring the temperature, pressure, and the absorp-
tion of the light passing through the chamber. The optical design of the tunable diode
laser spectrometer uses three InGaAs (indium gallium arsenide) photodiode detectors. The
transmission was measured through the use of three InGaAs detectors. One of the detectors
measures the incoming light from the gas cell, while the second one covers the incoming
light from the reference cell, and the third detector measures the background power of the
laser.

The entire experimental setup was controlled and monitored using LabVIEW software.
To convert the raw data into transmission spectra, software developed in LabVIEW by
Dr. Povey was used [102]. Creating transmission spectra from the recorded spectra was
very challenging. Because each spectrum is unique (because of thermal differences in the
detectors and diode laser), therefore, careful calculation of a transmission file must be made.
The observations showed that the background channel signal was slightly different than the
signal on the main channel. That’s why the background was corrected as follows. The
calculation of transmission was performed in three steps.

First, the spectral features were cut out of the raw spectrum followed by calculating
the difference between the background spectrum and the measured spectrum. Next step

was fitting the difference using a Chebyshev polynomial and recalculating the background
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correcting it with the polynomial. Note that the background signal was measured with
the same type of detector with similar noise level to eliminate the mechanical noise in the
recorded spectra. Finally, the signal file was divided by the corrected background to create
the transmission spectra.

The double chamber spectrometer made it easier to do the line positions measurements
simultaneously. Then to find out if any time delay or sampling issues existed to create
considerable drift in the line positions, every spectrum was fitted individually for both the
main and reference channels and the difference between the two channels was calculated.
To correct for the inaccuracies in the wavemeter, the spectra were shifted using low-pressure

spectra measured on channel 2.

3.2.2 Temperature and Pressure Measurement

To test the thermal stability and thermal gradient inside the cell, several experiments
were performed. The temperature controlled absorption gas cell which was centred inside
a vacuum jacket to diminish the thermal conductive/convective coupling to the outside cell.
Heating and cooling were achieved by a temperature-controlled fluid (methanol or ethanol)
which was in direct contact with the cell body.

The primary concern in the operation of the variable temperature cell was the temper-
ature gradient along the length of the cell. Though it was not feasible to remove thermal
gradients from the design of the absorption cell completely, improvements were made to
minimize it. Platinum resistor thermometers were positioned on rods in different depths and
distances and attached to the cell flanges. Several sensors were employed for taking tem-
perature measurements and monitoring the temperature variability of the cell over its base
length (the Neslab ULT-80 bath provides temperatures between -80 to +80 degree Celsius),
and the thermometers were calibrated using the triple point of water.

The diagram of the temperature sensor setup is given in Figure 3.2. One of the flanges

has three temperature ports, one pressure port, and a gas inlet port. The other flange has
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Figure 3.2: Side view of the temperature controlled cell. Legend: 1- vacuum port, 2a-
gas inlet, 2b- vacuum field-through for platinum resistors, 3- vacuum valve, 4- temperature
sensors using platinum resistors, 5- CaF> windows mounted at Brewster angle, 6- fins for
directing the coolant through the coolant jacket, 7- coolant jacket, 8- outer cell body, 9- cell
support, 10- valve for de-pressuring of the outer jacket.

four temperature ports and one gas outlet port. Inside the cell, for heating and cooling the
gas, the temperature controlled cell was created using a Neslab ULT-80 thermal bath.

Based on the tests performed at room temperature, the averaged thermal stability in
the gas cell was +0.0052 K over the four hours of measurement as can be seen in Figure
3.3. I also checked the vertical and horizontal thermal gradient inside the cell and found
that larger gradients were formed at the lower temperatures, but at room temperature, the
thermal horizontal gradient between the ends was 1.6 x 10~* K /cm. The measured vertical
temperature gradient was 4.17 x 10~> K /cm which was smaller than the horizontal one.

The pressures of the gas samples were monitored using two MKS Baratron capacitance
manometers with a full-scale reading of 10 Torr (for the temperature controlled gas cell) and
100 Torr (for the reference gas cell), and their accuracy is on the order of 10— Torr. There
was only a negligible drift in the overall pressure with time as a result of local temperature
instabilities in the laboratory.

The pure gas sample of acetylene was provided by Praxair with a quoted concentration
of 99.99%. Using the spectrometer setup described in Section 3.2.1, the spectra for P(25)
transition in the v| + v3 absorption band of C;H> were recorded at an average temperature
of 295.78 K. For this transition, the spectra were recorded at different pressures in the 0.25

Torr to 9 Torr range. The spectra were recorded four times for each pressure, and every
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Figure 3.3: Thermal gradient and thermal stability for 7 thermometers in the inner cell for
four hours.

spectrum is the average of 100 spectra.

3.2.3 Details on Spectrometer’s functionality

To monitor and record the spectra, LabVIEW software was used which operates using a
New Focus Velocity laser system. The interface of the laser virtual instrument in LabVIEW
lets the user a) select the desired wavelength for scanning and b) select specific transitions
to be scanned. For scanning, one can set the laser’s Central wavelength to the preferred
starting wavelength and measure the pressure and temperature. Then, the piezo voltage was
ramped from —3 V up to 2.7 V corresponding to 30 GHz in a user set interval of about
0.001 V. The average and standard deviation of 100 data points for each of the detectors at
every step was measured. When the piezo scan finished, the temperature and pressure were
recorded over again, and then the process was repeated for a new central wavelength.

The spectrometer (introduced in this chapter) combines a Thorlabs SA200-14A Fabry
Perot (FP) interferometer and a wavemeter to do the wavelength calibration. The FP cavity
has a 1.5 GHz (0.05 cm™!) free spectral range and has a high sensitivity. Two critical

aspects in testing the FP cavity were examining the fringe spacing to confirm the Free
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Spectral Range (FSR) of 0.05 cm™!, and then verifying the measurements of line positions.
To confirm the FP cavity’s FSR size, the following experiment was performed.

For this test, the laser piezo was scanned from —2 to 2 V with 3 seconds between
samples to read 3 wavelengths from the WA1500 EXFO wavemeter. The average value
of the wavelengths for every laser piezo voltage was recorded and the standard deviation
was calculated. After a complete laser piezo scan had been recorded, the wavenumbers
associated with each peak were found and subtracted from each other to find the average
FSR for that scan. The results of average spacing for five scans showed that the free spectral
range for the FP cavity is 0.04961640.000381 cm ™. This result confirmed the use of 0.05

cm!

as the correct fringe spacing for any analysis completed with this system. When
the wavelength scale has been set, a transmission file can be built. Chebyshev polynomial
functions were used to correct the background of the spectral files. The frequency was
measured directly by using our calibrated EXFO wavemeter.

The non-linearity of the piezo element was improved through the incorporation of an
FP interferometer in combination with the wavemeter to determine the laser wavelength.
This method enables us to record reliable wavelength scales. When a scan is completed
over multiple FSRs, the wavelength of the laser at the first FP peak is recorded. Using this
wavelength and the properties of the FP cavity, the wavelength of each peak recorded by
the cavity can be obtained. For a complete scan of the piezo in the laser, almost 30 peaks
were observed associated with the FSR of the FP cavity. From previous observations, it is
found that, that the piezo non-linearity is approximately a cubic function. Therefore, these
30 peaks will allow for 29 separate sub-regions where the piezo will appear linear in the
area between successive peaks.

The reproducibility of line-width in the measurement was also examined. To verify the
uncertainty of the line-width measurement, 500 identical spectra were recorded to examine

and determine the uncertainty in the line-width by overplotting them and checking the pos-

sible drifts. At a pressure of about 0.5 Torr, the average line-width at half maximum was
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found to be 0.0098371 cm™! with an error of 0.41 x 10~ cm™! for the line center which
shows the reproducibility of the recordings.

For the low pressure measurements, the spectra of the v| + v3 band of acetylene were
examined. This band was ideal for this experiment because it is a strong absorption band
and perfect line positions are available in the literature [7, 103]. The difference between
each of the retrieved line positions between the two channels was found to be about 1.65 X

107 cm~! on average.

3.3 Spectroscopic Results and Error Analysis

Proper use of line shapes is required to measure the Doppler line width which is related
to kp. The Doppler width is because of the velocity distribution of the molecules in the gas
cell. To obtain accurate modelling of the recorded high-resolution absorption line shapes
and to obtain the Doppler width, different physical effects such as pressure broadening,
pressure-induced shifting, and molecular speed dependent effects have to be taken into
account.

I used the formalism presented by Eq. 2.18 in 2.3 to implement speed dependent Voigt
profile for a single-spectrum simulation using MATLAB software. This program was used
to fit the experimental data to the theoretical line shape.

The analysis of the recorded spectral files was accomplished by first creating a wave-
length scale using the combined information obtained from the wavemeter and the positions
of the Fabry Perot peaks. The transmission profiles were fitted with the SDV line shape
model to obtain the residuals (Observation-Calculation) for each pressure. The software
minimizes the differences between the experimental spectra and the calculated spectra by
adjusting various line parameters through non-linear least squares. The improved quality
of the residuals indicates a higher accuracy in the line shape parameters obtained.

In the analysis procedure, I fitted the line position, intensity, broadening and Doppler

width while fixing the self-shifting values to the highly accurate values determined previ-
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Figure 3.4: Sample plot of the transmission spectrum of the P(25) line of CoH, at pressures
0.25-5 Torr and 295.78 K. Residuals (O — C) under these conditions resulting from least
squares single-spectrum fittings of experimental data to SDV line shape model (bottom
panel)

ously by former group member; Povey et al. [7]. Figure 3.4 shows the spectra of the P(25)
line fitted with the SDV model measured at 295.78 K and different pressures. The upper
panel shows the observed data, and the lower panel shows the residuals plotted for several
pressures. Each of the lower panels was plotted with the same vertical scale to make it
easier to compare them.

Figure 3.4 presents the results of fitting the spectral profile in the pressure range of 0.25
to 5 Torr using the SDV profile. In the implementation of the SDV profile, the broadening
and shift are assumed to depend on collisional speed, and on inverse power law expres-
sion for the intermolecular potential energy surface. I fitted with different values of the ¢
parameter (four values were used, g = 1,5, 6, 12 to see the effect of different type of poten-
tials. Mathematically, the potentials are type of measure functions, which can be assigned
to different points. Then, integrating the measure functions, one can obtain the desired in-
formation needed (i.e., force). For example, g = 6 describes the dispersion energy and the

q = 12 presents the short-range repulsion energy. The ¢ = 5 is not a form of a well-known
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Figure 3.5: Plot of Doppler broadening values (for a single self-broadening value) across
all pressures; the averaged value of Doppler width and the standard error is shown in this
diagram.

potential, however, it is an approximation which was able to minimize the residuals with
smaller RMS value). It is found that ¢ = 5, is in agreement with the findings of Hashemi et
al. [104].

The bottom panel in the Figure 3.4 shows that at lower pressures, SDV profile can sim-
ulate well the recorded spectra within the noise level. It can also be seen the 'w’ shape
structure in the center of the residuals especially in pressures above 1 Torr. The collisions
induce confinement of molecules by the surrounding molecules, which cause the Doppler
contribution of the line shape becomes narrower [30]. To take into account this narrowing
parameter a line shape model such as the partially Correlated Speed Dependent Hard Col-
lision (pCSDHC) model [101] is required. To use such a sophisticated profile, high signal
to noise is needed which was not achievable in our lab.

In the fitting procedure, both the self-broadening (ys) and Doppler broadening (yp) are
related to the width of the line. Thus, they cannot be fitted simultaneously, as they are highly

correlated. To determine a precise value for s, I first calculated the standard deviation of
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3.3. SPECTROSCOPIC RESULTS AND ERROR ANALYSIS

all yp values across all pressures for ys values and plotted the results. Then fitted these
points to a quadratic function and calculated the minimum based on the first derivative of
the equation of best fit. The minimum value obtained, served to be the optimum Yg value.
For the obtained ys value, I fitted for yp and obtained a pressure dependence relationship
for vp.

Hence, the Doppler width values can be plotted as a function of the gas pressure and,
by doing a fit to a linear function, one can take the zero-order coefficient with its statistical
uncertainty as a zero-pressure measurement of the Doppler width. This leads to the correct
evaluation of the statistical uncertainty. It was found that the zero-order width is equal to
0.00125 cm™! with error about 6.12 x 107° cm ™.

The yp values were plotted in a diagram with the pressure in one axis. The yp value
should be constant with pressure as it is only a function of physical constants. Therefore, the
correct Ys coefficient should allow for the retrieval of a constant, yp. Figure 3.5 illustrates
this where yp remains constant as the pressure changes. After finding the ideal value for the
self-broadening coefficient, I was able to refit the data and obtain new values for the yp. For
example for the self-broadening value equal to 0.107 cm™'atm~!, T obtained the averaged
¥p = 0.0012507 cm™"! with a statistical error of 1.066 x 1078 cm~!.

The Boltzmann constant was obtained for each of the Doppler width values, and the
mean value for kg was found as shown in Figure 3.6. In this procedure, 44 spectra were
used. Using these Yp values, I calculated kp using Eq. (3.1) to obtain the accurate values
for kp. It was obtained that in the low pressure the average value of kg is 1.38066 x 10~23

JK~! for SDV model.

3.3.1 Statistical and Systematic Error Analysis

Determining an accurate value for kg requires better knowledge of different error sources.
Considering Eq. (3.1), the uncertainty of the calculation for kg is due to the uncertainties

in measuring V, T and Yp as can be seen in the Eq. (3.2). Moreover, the error resulted from
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Figure 3.6: Plot of calculated Boltzmann constant values within its mean value and standard
error across pressure. The graph shows how at the lowest pressure, because of precision
limit of measuring device, the error of kp is larger.

implemented line shape model should be taken into account. The following expression is

used to determine the error in kg,

Sy &\ S \2  [/&\?
EV“(Y—D) =(3) +(F)- 32

To identify the statistical error in temperature, the standard deviation of the mean for

temperature was calculated to be 0.005 K. The temperature stability of the inner cell was
tested by recording data each 60 second over a time span of about 4 hours. The relative
error contribution of temperature stability for room temperature was 1.75 x 107>. Also, the
error due to the horizontal temperature gradient was considered, and it was obtained that the
relative uncertainty was 8.33 x 10~ for the whole inner chamber. Investigating the vertical
temperature gradient resulted in relative error contribution to be 0.00014 x 10~ which is
smaller compared to the horizontal error along the cell. Therefore, the relative error due to

the temperature measurement was 8.51 x 107>, The statistical errors of the line positions
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3.3. SPECTROSCOPIC RESULTS AND ERROR ANALYSIS

were determined similarly.

The relative uncertainties for the Doppler width (yp), position (V) and temperature (7)
which are the most significant error contributors were found to be 0.84 x 1073, 0.00038 x
1073 and 8.51 x 107 for the average calculation respectively. Line-center frequency mea-
surement showed that the relative error is 0.00025 x 107>, From these errors, the most
significant contributor was due to the temperature measurement within this experiment.
Using these values the relative error for kg is 8.54 x 107> for SDV model.

Taking into account the different error budgets, the systematic error was also calculated
in the measurement. First of all, the combined uncertainty of the temperature measurement
and the resistance or voltage measurement can be expressed as an equivalent temperature
uncertainty in millikelvin (mK). The uncertainty diversifies with temperature due to the
variation of the sensor sensitivity. To read the temperature from the temperature sensor
output, a resistance (R) had to be converted to a temperature (7') using a polynomial derive
from calibration data. This process created another source of uncertainty on how well the
polynomial represents the sensor calibration data. The absolute error was found to be 2.4
mK as the systematic error source of temperature measurement and leads the relative error
contribution of 0.81 x 1072,

The error of frequency scale measurement that comes from frequency calibration from
FP interferometer and EXFO wavemeter was in the order of 107> cm™!. The wavemeter
precision was in the order of 1073 cm~!. However, the calibration processes offer an error

-1

in line position about 107> cm ™! using the FP cavity, the wavemeter and channel 2 spectra,

gives rise to 1.65 x 107> cm™!

error in the wavenumber (as it is explained before).

Furthermore, in fitting with the SDV profile, the influence of the type of interaction
potential was considered in the analysis. Using g = 5 resulted in less error in the simulation
of the spectra and its average relative error calculated to be 0.38 x 1072,

Based on all these error budgets, the relative error of kg is 1.87 x 10~ which is smaller

than the obtained statistical error. Combining both types of error, the global error in the
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calculation of kg was 8.74 x 1075, This error in the measurement was less than the errors
reported in the findings of the previous studies by Casa et al. [92] and Djerroud et al. [94].
They have obtained this uncertainty to be 1.6 x 10~* and 1.9 x 10~ respectively (it is four
times larger than the obtained result by Castrillo et al. [99], where they have obtained the
relative uncertainty to be 2.4 x 1072).

For this study, accurate line shape parameters have been obtained using Speed Depen-
dent Voigt profile to calculate the value for the Boltzmann constant 1.38066 x 10~23 JK~!
with the relative statistical uncertainty of 8.54 x 10~ at low pressure for the SDV model.
Also, the relative systematic error for kg was 1.87 x 107>. Though this value is larger than
the reported uncertainty by CODATA, the work is valuable to find out where most of the
experimental error originated. The results will be provided in the last chapter. The next
chapter is about the particular experiment conducted to do the precise line shape study of

carbon monoxide mixed with carbon dioxide gas.
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Chapter 4

CO; Pressure Broadening and Shift
Coefficients for the 2 — 0 Band of '>C!°0O

The following chapter is reprinted from Journal of Molecular Spectroscopy, 326, 60-72;
R Hashemi, A Predoi-Cross, J Vander Auwera et al. 2016, CO, Pressure Broadening and
Shift Coefficients for the 2 — 0 band of '>C!60, with permission from Elsevier [64]. 4 1 did
this project as my internship at the University of Brussels in Belgium under the supervision
of Dr. Vander Auwera. Discussing different possibilities for performing an experiment at
ULB, I decided to work on 2 — 0 Band of CO primarily for planetary research interest. I
collected the data with help of Dr. Vander Auwera in the Service de Chimie Quantique
et Photophysique. I also did data analysis, prepared the results and figures and wrote the
manuscript. The theoretical calculations were done by Dr. Dudaryonok and Dr. Lavren-
tieva. Dr. Vandaele, a scientist from Belgian space agency, who also involved indirectly in

this project and provided updates about the SOIR satellite data.

4.1 Introduction

Carbon monoxide (CO) exists in Venus’s atmosphere [44], which was until recently
probed by the Solar Occultation in the InfraRed (SOIR) instrument on board the ESA Venus
Express spacecraft [105]. CO is also presents in the atmosphere of Mars [106], which is
studied using the NOMAD instrument on board the ExoMars Trace Gas Orbiter [105]. Be-

cause the atmospheres of Venus and Mars are mostly composed of carbon dioxide [45, 107],

4The copyright permission can be found in Appendix A, Section A.2.
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4.1. INTRODUCTION

precise spectroscopic line shape parameters of CO perturbed by CO, are required to retrieve
CO concentrations from SOIR or NOMAD spectra. Knowledge of temperature dependen-
cies of these parameters is also needed since the temperature changes at the altitudes probed
by these instruments. For example, the temperature varies in the Venus mesosphere from
about 170 to 270 K for altitudes in the range 60-160 km probed by SOIR [108].

Probing carbon monoxide in the atmospheres of Venus and Mars using SOIR or NO-
MAD relies on the first overtone (2 — 0) band of '2C!60, located near 4260 cm™' (2.3 um)
[105]. Table 4.1 summarizes studies carried out for various bands of the primary isotopo-
logue of carbon monoxide, using a different line-shape function. This summary shows that
only a few studies have been devoted to the 2 — 0 band of '>C!60 perturbed by CO, (CO»
is the dominant gas in Venus’s atmosphere, that’s why studying it as a perturber gas is
important).

In the context of the SOIR and NOMAD missions, the present work aimed to mea-
sure shape-specific parameters of absorption lines of the 2 — 0 band of '2C!60 perturbed
by CO; and their dependence on temperature. These measurements were carried out by
simultaneously fitting 21 spectra of CO/CO;, mixtures recorded using Fourier transform
spectroscopy. Three line shape models have been used to reproduce the observed spectra
of carbon monoxide: the Voigt profile (VP) [67], the Rautian profile (RP) [69] to account
for Dicke narrowing effects [30], and the quadratic Speed Dependent Voigt profile (gSDV)
[119, 120] to account for the dependence of line shape parameters on the relative speed of
the molecules.

CO; pressure-induced broadening and shift coefficients of the lines of '>C'°0O have
been determined, together with the temperature dependence of these parameters. Also, line
mixing (LM) coefficients have been measured using all three line shape profiles [71]. The
retrieved parameters were then compared with CO, broadening and shift coefficients cal-
culated using a semi-empirical method. The method used is based on the impact theory of

broadening and includes correction factors, the parameters of which are determined by fit-
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Table 4.1: Previous studies on different bands of '>?C'°0. T is the temperature (“RT” =
room temperature), and BP, GP, HC, P, LRCG, LP, SDVP and VP represent the Benedict,
the Galatry, an empirical Hard Collision and Speed Sependent Lorentz, the Ladenburg Re-
iche Curve of Growth, the Lorentz, the Speed Dependent Voigt and the Voigt profiles,
respectively.

Author(s) Band(s) Perturber(s) T/K Line-shape
Varanasi, 1971 [109] ; B 8 CO, N,, CO; 295 LRCG
He, Ne, Ar
B ich, 1972 [110 2—0 o 300 -
ouanic [110] Kr, Xe
Bouanich & Brodbeck, 1973 [111] 2-0 Egi,l\li?&),oébz 299 -
. CO, 200 — 300
Vi 197 1— LR
aranasi, 1975 [9] 0 Co 100 — 300 CG
Varanasi and Sarangi, 1975 [112] 1-0 N 83 —300 LRCG
Nakazawa and Tanaka, 1982 [11] 1-0 CO, Ny, O, CO, 300 LP, BP
Bouanich, 1983 [113] 2—-0 N,, CO 133 —298 LP
Bouanich, 1984 [114] 2—-0 CcO 85 —298 LP
Bouanich et al., 1996 [115] 2—-0 €O 296 LP
v He, Kr, Oz, N»
CO 296 VP
Predoi-C tal.,2000[13 2—-0
redoi-Cross et a [13] N, 303 LP, HC,P
) 1-0 )
Zou and Varanasi, 2002 [116] ’_0 CO, air 174-296 VP
Brault et al., 2003 [14] 2—0 (6[0) 297 — 301 VP, SDVP
1-0 201 — 300
Sung et al., 2005 [10] 2-0 CO, 298 VP
3—-0 298
N2, Oz, CO,
Colmont et al., 2007 [117] 0-0 He, Ne, Ar, RT VP, GP, SDVP
Kr, Xe
Devi et al., 2012-13 [12, 118] 2—-0 CO, air 150-298 SDVP
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4.2. EXPERIMENTAL DETAILS

ting the calculated broadening or shift coefficients to the experimental data. To compare the
theoretical and experimental results, line-shape-specific parameters had to be measured for
each temperature. Finally, the Exponential Power Gap (EPG) law has been used to obtain
weak CO; line mixing coefficients and CO; broadening parameters at different tempera-

tures.

4.2 Experimental details

High resolution absorption spectra of the 2 — 0 band of carbon monoxide (Matheson,
99.9 % purity) mixed with carbon dioxide (Sigma Aldrich, 99.8 % purity) at total pressures
ranging from 156 to 1212 hPa (117 to 909 Torr) and at 4 different temperatures between
about 240 K and 283 K have been recorded using a Bruker IFS 120 which was upgraded to a
125 HR Fourier transform spectrometer. The instrument was fitted with a Tungsten source,
an entrance aperture with diameter set to 1.00 or 1.15 mm, a CaF; beamsplitter, a band-
pass filter limiting the transmission to the 3980 — 5100 cm ™! range, and an InSb detector
cryogenically cooled to 77 K. The temperatures, total pressures, CO mole fractions (),
maximum optical path differences (8,,,, which will be defined later in this section), and

diameters of the entrance aperture of the spectrometer used for each measurement are listed

in Table 4.2.
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4.2. EXPERIMENTAL DETAILS

The review of Fourier transform spectrometery (FTS) is reduced to a brief overview of
the features related to our research since there are reasonably reliable descriptions accessi-
ble in the literature [121-123]. The Bruker IFS125HR spectrometer is used here, which is
a Michelson interferometer [124], and consists of a beamsplitter dividing a incident light
beam into two parts. There are two reflecting mirrors; one fixed and the other one moving
and sending back the beams to the beamsplitter. Therefore, the two beams travel two differ-
ent paths, leading to constructive and destructive interference. The optical path difference
is obtained using dpp = 2[x, — x1] where x; and x; present the travelled distances from the
beamsplitter to the fixed and moving mirrors.

The interferometer of the FTS at University of Brussels (ULB) includes the source
compartment, the interferometer, the sample chamber, and the detectors. The incident light
is focused on an iris (with varying size between 0.5 to 12 mm). It is then collimated into
a beam with 7 cm diameter to be input of the Michelson interferometer. Upon exiting the
interferometer, the beam then goes to the sample chamber and reaches to the detector. A
schematic diagram of the FTS at ULB is shown in Figure 4.1.

A Fourier transform spectrometer can produce a cosine Fourier transform of the input
beam (with spectral irradiance B(V)) over different values of § as optical path difference
[121],

(3) = / B(9)[1 + cos(2nv8)]d¥. @.1)

The modulated part is written as

1(8) = / B(¥)cos(2nv8)d¥, 4.2)
where 1(9) is called the interferogram. If we obtain its Fourier transform,

BE) = / 1(8) exp (—2imv5)ds. 4.3)

Then the spectral distribution of radiation can be recovered. Regarding optical path
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4.2. EXPERIMENTAL DETAILS

Table 4.2: Experimental conditions, temperature (T in Kelvin), total pressure P, (hPa),
CO mole fraction (x), Maximum Optical Path Difference (MOPD in cm), diameter of the
entrance aperture of the spectrometer (iris in mm).

[a—
(@)
[\
N
e
~

0.100 18.0 1.15
0.078 18.0 1.15
0.106 36.0 1.15
0.053 18.0 1.15
0.129 18.0 1.15
0.092 18.0 1.15

[N I N I
—_ O O o0
[ NS 20 NS T NS I NS I \O]
R S P S |
© oo oW
Whn D o D B~
(WO TN (SR [ I O]

o O O O

# T Pror x  MOPD iris
1 283.2(10) 156.5(8) 0.092 1125 1.00
2 283.4(10) 333(2) 0.043 1125 1.00
3 283.4(10)  660(3) 0.061 1125 1.00
4 283.4(10) 931(5) 0.043 1125 1.00
5 283.4(10) 961(5) 0.084 1125 1.00
6 283.4(10) 1198(6) 0.067 112.5 1.00
7 270.0(10) 165.9(8) 0.081 112.5 1.00
8 270.0(10) 334(2) 0.040 1125 1.00
9 270.0(10)  331(2) 0.118 1125 1.00
10 270.0(10)  653(3) 0.060 1125 1.00
11 270.0(10)  938(5) 0.092 1125 1.00
12 270.0(10) 1212(6) 0.071 1125 1.00
13 255.4(15) 167.9(8) 0219  90.0 1.00
14 2554(15)  333(2) 0.111 360 1.00
15 255.4(15) 601(3) 0061 180 1.15

(15) (5)

(15) (6)

(20) (2)

(20) (3)

(20) (3)

(20) (5)

Note the resolution is equal to 0.9/9,,,. The numbers between parentheses represent the
absolute uncertainty in units of the last digit quoted. The uncertainty given for the sample
pressure is conservatively estimated to be 0.5% of reading. The mole fractions ) are equal
to ratio of the pressure of carbon monoxide, measured when filling the cell, to the total
pressure. The measured temperature span only covers small range of temperature in
Venus’s atmosphere, that we were able to achieve in our lab.

62



4.2. EXPERIMENTAL DETAILS

Retroreflector Mirror

Mirror
Scanner

ExitPort 1 !
. ~~ Detector
<. Detector p
Detectoris] \_jﬁ v
R ] oLl S,
e |
! g Beamsplitter
? Collimating — Retroreflector
y Mirror Mirror
.- 2 \
TN \ s )
Detectoris ‘.,\\“‘, Detectov;} /
D?tec!br =
- = Aperture
Changer
T | !
EdtParty | Filter Changer 1 , Input Port
|
|
and Output Port Eiah B Emission
Xit For Cell Holder

Figure 4.1: Different components of the FTS at ULB. This figure is taken from Ref. [8]
created by Dr. Vander Auwera.
difference, this equation needs both the negative and positive sides up to &,y = .
Because the continuous functions can be split into the summation of an even and an odd
part,
1(8) = %[1(8) +1(-9)]+ %[1(8) —I(—3)] = E(3)+ O(9). 4.4)

Then it can be written as
BE©) =2 / E(8)cos(2n98)d5 — 2i / O(8)sin(2198)ds. 4.5)

The B(V) is real (and even) in case the interferogram is an even function and it is complex
if not. If it is an even function for instance, the spectrum is then computed using the cosine
Fourier transform,

BE) =2 / 1(8)cos(2n98)d3. (4.6)
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4.3. ANALYSIS OF THE SPECTRA

Theoretically, Bzf/) is indistinguishable with B(V). Nevertheless, there are a few expe-
riential issues that cause BN(\NI) be different from the true spectrum B(V). The truncation of
the interferogram, the finite size of the source, phase errors, and optical misalignment are
examples. FTS offers several advantages such as the quality of collected spectra and high
signal to noise ratio, the speed of spectral recording, the high accuracy of the wavelength
measurement, and data reproducibility. Refs [121-123] are suggested for more details.

The gas mixtures were directly prepared in a 19.7 (2) cm long double jacketed stainless
steel cell, closed by CaF, windows and located inside the evacuated spectrometer. The
temperature of the cell was stabilized using methanol circulating in the double cell wall and
an external NESLAB, model ULT-80. It was measured using two thermocouples fixed on
the outside cell wall, at each end of the cell. The gas pressures were measured using two
absolute MKS Baratron gauges model 690A, of 10 and 1000 Torr full-scale ranges. A total
of 21 spectra were recorded. Transmittances were generated for all the spectra using empty
cell spectra recorded at a lower resolution.

The alignment of the interferometer was checked just before recording the spectra re-
ported in this work. The wavenumber scale was confirmed to be the same, taking into
account the changes of the point spacing resulting from the various maximum optical path

differences used.

4.3 Analysis of the spectra

All the measurements performed in the present research involved the analysis of the
entire 2 — 0 band of '2C!0 at once, in the range from 4157 to 4332 cm™'. CO, broadening
and shift coefficients of the P(22) to R(22) lines, together with the temperature dependence
of these parameters and first-order line mixing coefficients [71], have been measured using
a multi-spectrum fitting program developed in Brussels [125, 126]. The software adjusts
a synthetic spectrum to each of any number of observed Fourier transform spectra, using

a Levenberg-Marquardt least-squares fitting procedure. Each synthetic spectrum, interpo-
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Figure 4.2: Transmittance spectrum of the 2 — 0 band of '>C!%0 broadened by CO,, ob-
served [156.5 (8) hPa, No. 1 in Table 4.2] and best-fit calculated at the same conditions
using the gSDV line shape model. The lower graphs present the residuals for the displayed
spectrum of the multi-spectrum analysis of the 21 spectra listed in Table 4.2 with the VP,
RP and qSDV line shape models.

lated 4 times with respect to the observed spectrum, is calculated as the convolution of a
monochromatic transmission spectrum with an instrument line shape function, which in-
cludes the effects of the finite maximum optical path difference and of the finite size of the
entrance aperture in the interferometer as fixed contributions [127]. In the present work,
the Gaussian width of the line shape models used was always held fixed to the value calcu-

lated for the Doppler broadening. The pressure-induced widths by, and shifts AV of the CO
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Figure 4.3: Same as Figure 4.2 for spectrum No. 8 in Table 4.2 [334 (2) hPa].
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absorption lines were modelled using the following expressions,

by = P [b(CO—CO2)(1—x)(To/T)™ + b (self) x (To/T)™]

AV = Py [d°(CO—CO,)(1—x)+d(self) x|,

d(T) = d°(Ty) +d'(T — Tp),

4.7)

(4.8)

(4.9)

where P, is the total sample pressure, 7o = 296 K, x is the mole fraction of CO, and

Y (CO —COy), HY (self), d°(CO — CO,) and d°(self) are the CO, broadening, self broad-

ening, CO; shift, and self shift coefficients of the CO lines, respectively. Parameters n; and

ny are the temperature dependence exponents of the CO;- and self-broadening coefficients

of the CO lines, respectively, and d’ quantifies the temperature dependence of the line shift
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Figure 4.4: Transmittance spectrum of the 2 — 0 band of '>C!°0 broadened by CO,, ob-
served [1199 (6) hPa, No. 17 in Table 4.2] and best-fit calculated at the same conditions
using the qSDV line shape model with weak line mixing. The lower panels present the
residuals for the displayed spectrum of the multi-spectrum analysis of the 21 spectra listed
in Table 4.2 with the VP, RP and qSDV line shape models, and the gSDV line shape model
with weak line mixing. The remaining residual shows the limit of fit quality and the knowl-
edge on the temperature dependence of line mixing effect.

coefficients. Although the latter was not measured in the present work for the CO, shift
coefficients of the '2C!60 lines, the temperature dependence of the self shift coefficients of
these lines was set to available literature information.

The positions and intensities of the '>C!°0 lines were fixed to the values available
in HITRAN [128] (note that they are actually from Farrenq et al. [129] and Devi et al.
[118], respectively). The self-broadening and self-shift coefficients were fixed to the values
reported by Brault er al. [14] (Table 7), while their temperature dependencies were set to
the values of Devi et al. [118]. Initial values of the CO, broadening and shift coefficients

were taken from Sung and Varanasi [10]. Lines not measured by these authors were given
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the approximate initial values of 0.06 cm™!atm~! and —0.005 cm™'atm™!, respectively,
estimated from the results reported by Sung and Varanasi [10].

To properly model the 2 — 0 band of '2C'®0 at higher pressure, first-order line mixing
[71] was included for the P- and R-branch lines, according to (see for example [130]). The
first-order line mixing approach is appropriate for moderate line overlapping cases as of
this study,

g™ = Re(gr) + Y Im(gy), (4.10)

where gi¥ represents the profile of line k affected by line mixing, and Re(g) and Im(g)
are the real and imaginary parts of the normalized line shape function, respectively. The
quantity Yk0 = Y;/P is the so-called first-order line mixing coefficient [see Eq. (4.20) in
section 4.5].

Absorption lines of the 2 — 0 band of 3C'®0 were also observed in the spectra. Their
parameters were taken from HITRAN [128]. Because of the weakness of the corresponding
absorption, the CO»-related line shape parameters were assumed to be equal to the corre-
sponding coefficients provided for air as the perturber gas in HITRAN. To correctly model
the 13C'®0 absorption, it was found necessary to fit the corresponding line intensities. Be-
cause some of the 13C!60 lines are overlapped by stronger lines of the main isotopologue,
we used the same strategy as recently done for weak hot bands of CO; [126]. It involved
adjusting the intensities of all the lines of the 2 — 0 band of '>C!60 simultaneously through
fitting of the square of the transition dipole moment of that band (see Eqs. 2 and 3 of [126]).
The initial values of the parameters involved in that latter quantity, i.e., the square of the
rotationless transition dipole moment and HermanWallis coefficients, were determined by
fitting the line intensities available in HITRAN [128].

The temperature dependence of the line intensities was accounted for using the lower
level energies available in HITRAN [128], and partition functions calculated using the pro-
gram TIPS [131] (June 2011 version) provided with HITRAN. In addition to the parameters

describing the CO, pressure induced effects on the shape of 12C!0 lines, the measurements
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performed required adjusting the following parameters. The baseline in each spectrum was
modelled with a polynomial expansion, involving 1 to 3 fitted parameters. The mole frac-
tion of carbon monoxide in each spectrum was adjusted. Although the line positions were
fixed to literature values (V;;), they were matched to all the spectra by application of the
expression V,, = V;;; (1 4+C), where V,, are the line positions matched to all the spectra
and the factor C was fitted. This solution was preferred to over fitting the individual line
positions because low-pressure spectra were not available.

To compare the results of the multi-spectrum analysis of the 21 spectra listed in Table
4.2 with the VP, RP and qSDV line shape models without first-order line mixing, Figures 4.2
to 4.4 present the residuals obtained for 3 spectra corresponding to the lowest total pressure
achieved in this work, an intermediate and a high total pressure, respectively. The residuals
presented in Figure 4.2 show that, at low pressure, the observed line shapes are narrower
than the VP (although not apparent on the figure, the residuals exhibit the characteristic ‘w’-
shape). The residuals obtained for the RP and gSDV do however not allow discriminating
between these 2 line shape models. Figure 4.3 shows that similar results are obtained at
intermediate total pressures, even though the signatures in the residuals are significantly
smaller. At high pressure, Figure 4.4 shows that the gSDV line shape model, with or without

first-order line mixing, best reproduces the observed line profiles.

4.4 Results of the measurements

4.4.1 CO; broadening and shift coefficients

The CO, pressure broadening coefficients measured in the present work for 12C!60 are
gathered in Table 4.3 (see Appendix A for the complete list of lines and results). They are
depicted and compared with previous studies in Figure 4.5. The broadening coefficients
decrease with increasing |m| (throughout the article, m = —J” and J” 4 1 for P— and R—
branch lines, respectively) and the values retrieved with the gSDV model are slightly larger

than obtained with the VP line shape model, as expected. The reason for this discrepancy
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lies in the narrower absorption line shape obtained with speed-dependent effects compared
to the Voigt profile. As a result, the absorption peak is higher and hence higher broadening

values are obtained for the qSDV profile.

Table 4.3: CO, broadening coefficients at 296 K and their temperature dependence mea-
sured for the 2 — 0 band of '>C!60 by multi-spectrum fitting 21 FTS spectra using the VP,
RP and gSDV profiles

bY(CO — CO,) (cm~atm™1) n

Line VP (unc) RP (unc) gSDV (unc) VP (unc) RP(unc) ¢gSDV (unc)
P(22) 0.05820(41) 0.05506(36) 0.06041 (44) 0.648 (66) 0.711(63) 0.704(55)
P(21) 0.05693(27) 0.05502(24) 0.05755(28) 0.753(43) 0.803(41) 0.761(38)
P(20) 0.05845(19) 0.05747(17) 0.05979 (21) 0.694(29) 0.740(1227) 0.712(25)
P(19) 0.05975(14) 0.05904 (13) 0.06133(15) 0.713(21) 0.764(19) 0.725(18)
P(18) 0.06029 (10) 0.05990(9) 0.06183(11) 0.710(15) 0.745(14) 0.722(13)
P(17) 0.06154(8) 0.06137(7) 0.06296 (9) 0.694(11) 0.728(10) 0.704 (10)
P(16) 0.06223(6) 0.06226(6) 0.06358(7) 0.710(8) 0.739(8) 0.717(7)
P(15) 0.06300(5) 0.06336(5) 0.06419(5) 0.729(7) 0.746(6) 0.730(6)

'unc’ are the statistical uncertainties (16) estimated by the least squares fitting procedure.

The present results are in excellent agreement with the CO, broadening coefficients
reported by Sung and Varanasi [10], with improved uncertainties. The measured CO;
broadening values with qSDV line shape are larger than the ones measured with VP and
RP line shapes. The speed dependent effects result in narrower line shapes compared to
those found by using the Voigt and Rautian profiles. Then the absorption peak would be
higher and results in higher broadening values. The temperature dependence of the CO,
broadening coefficients measured in this work using the 3 line shape models is presented
in Figure 4.6 and listed in Table 4.3. Interestingly, the present measurements exhibit an
intensity dependence, similar to the three line shape models. This dependence may also be
seen in the measurements reported for the fundamental band by Sung and Varanasi [10].
The results reported by Nakazawa and Tanaka [11] for the R branch of the fundamental
band do exhibit a minimum for the same m value as in the present work, but not at higher J.

The present results are improved by at least one order of magnitude compared to previous
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Figure 4.5: CO, broadening coefficients for the 2 — 0 band of '2C'®0 at 296 K measured
in this work with the VP (1), RP (2) and qSDV (3) line shape models, and in previous
studies (4: at 299 K [9]; 5: at 298 K using a VP [10]). The error bars associated with
the present measurements represent the uncertainty of measurement (16), estimated by the
least squares fitting algorithm. The measured CO; broadening values with qSDV line shape
are larger than the ones measured with VP and RP line shapes.

studies.

The measured CO; shift coefficients are gathered in Table 4.4 and are compared with
previous results in Figure 4.7. The three sets of measurements are more precise (by a factor
of 5) than the ones reported by Sung and Varanasi [10]. The reason may lie in the systematic
discrepancies among the experimental conditions such as the temperature measurements
and the used line shape in the modelling (i.e., Sung and Varanasi [10], have used the Voigt
profile in modelling the observed spectra).

To allow comparisons with the theoretical calculations, the CO, broadening and shift
coefficients were also measured using the gSDV line shape model including first-order line
mixing, separately at each of the four temperatures. The results of these measurements
are reported in Tables 4.5, 4.6 and 4.11 (see Appendix A for the complete list of lines and

results).
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4.4.2 Speed dependence of CO;-broadening coefficients and first-order line mixing

The speed dependence of the CO,-broadening coefficients and the first-order line mix-
ing coefficients obtained in this work using the qSDV profile are listed in Table 4.7. Based
on these results, the speed-dependent parameter depends on angular momentum as the line
broadening parameter is J dependent, so is the speed-dependent parameter. Broadening and
speed dependence is linked to the collisions, and the impact of collisions change when the
angular momentum is changing.

The former parameters, divided by the corresponding CO;-broadening coefficients, are
compared in Figure 4.8 with the speed dependence coefficients reported by Devi et al. [12]
for pure CO and a CO-air mixture (the speed dependence was assumed to be independent
of the perturber gas in that work). The rotational dependence of both sets of coefficients
agrees very well, the values in the present work are about 50% larger because of the effect
of the mass of the different broadener used in the study by Devi et al. [12] (the discrepancy
in results for different molecular systems is due to having different mass, moment of inertia,

and absorber-perturber intermolecular potentials).

Table 4.4: CO; line shift coefficients for the 2 — 0 band of '>C'®0 measured by multi-
spectrum fitting 21 FTS spectra using the VP, RP and qSDV profiles

Line d°(CO - CO,) (cm™ 'atm™)

v (cm™ 1 VP (unc) RP (unc) SDV (unc)
P(22) 4159.5595  —0.00748 (25) —0.00735(22) —0.00750(21)
P(21) 4164.8408  —0.00676(16) —0.00659 (15) —0.00673 (14)
P(20) 4170.0551 —0.00637(11) —0.00628 (10) —0.00627 (10)
P(19) 41752024  —0.00685(8) —0.00675(8) —0.00673 (7)
P(18) 4180.2825  —0.00701(6) —0.00694(6) —0.00687 (5)
P(17) 41852952  —0.00698(5) —0.00692(4) —0.00688 (4)
P(16) 4190.2404  —0.00669 (4) —0.00663(3) —0.00657 (3)
P(15) 4195.1180  —0.00633(3) —0.00630(3) —0.00624 (3)

‘unc’ are the statistical uncertainties (10) estimated by the least squares fitting procedure.

The first-order line mixing coefficients determined for the 3 line shape models are pre-

72



4.4. RESULTS OF THE MEASUREMENTS

sented and compared with previous studies [12-14] in Figure 4.9. Even though the ob-
tained values are small, taking the line mixing effects into account was vital as they affect
the measured CO; shift coefficients. All the reported Yko coefficients follow a similar rota-
tional dependence and agree quite well. The measurements reported for a CO-air mixture
[12] and pure CO [12, 14] agree very well, even though weak line mixing coefficients for
different perturbers are not expected to be the same. The measurements for CO-N, by
Predoi-Cross et al. [13] tend to be systematically lower. The present results (for CO-CO»,)
in the P branch are in better agreement (with improved uncertainty) with Brault et al. [14]
and Devi et al. [12] than with Predoi-Cross et al. [13], while the opposite is observed for the
R branch. These observations may be an indication of the difficulties to retrieve first-order

line mixing coefficients from measured spectra.

Table 4.5: CO, broadening coefficients measured for the 2 — 0 band of '>2C'°0O using the
gSDV profile by multispectrum fitting all the spectra recorded at each temperature

b9(CO — CO,) (cm ™ 'atm™7)

Line 2834 270.0 2554 240.5
P(22) 0.0603 (150) 0.0609 (100) 0.0586(120) 0.0626 (130)
P(21) 0.0571(22) 0.0580 (30) 0.0596(73)  0.0545(190)
P(20) 0.0604 (20) 0.0589(22) 0.0596(49) 0.0618 (160)
P(19) 0.0607(12) 0.0616(17) 0.0621(37)  0.0605 (75)
P(18) 0.0621(10) 0.0615(12) 0.0612(26) 0.0628 (64)
P(17) 0.0629 (6) 0.0626 (9) 0.0631(20)  0.0630(42)
P(16) 0.0633(6) 0.0635(7) 0.0636 (16)  0.0634 (33)
P(15) 0.0639 (4) 0.0643 (5) 0.0640(13)  0.0640 (26)

‘unc’ are the statistical uncertainties (16) estimated by the least squares fitting procedure.

4.4.3 Narrowing parameters and Mass diffusion coefficient
The narrowing coefficients B° measured using the RP (Rautian-Sobelman) line shape
model are also listed in Table 4.7 and presented in Figure 4.10. Displayed in Figure 4.10,

is the dynamic friction coefficient Bgiff, deduced from the relation [132, 133],
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where kp is the Boltzmann constant, 7 is the temperature, c is the velocity of light, m is the
mass of the active molecule, and D, is the mass diffusion coefficient of CO — CO, binary

system. The latter was estimated at 296 K and 1 atm using the expression [133, 134]
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where €p = 3/8 [134], M| and M, are the molecular weights of CO and CO,, lez’l) (T5)
is a dimensionless reduced collision integral function of the reduced temperature, 775 =
kT /€12; G12 and €, are scaling parameters for the spherical part of the interaction poten-
tial. Using €15 /kp=155.2 K and €1 =3.711 X 10~8 ¢cm, we obtained D> = 0.103 and 0.140
cm 2571, at the lowest (240.5 K) and highest (283.4 K) temperatures achieved experimen-
tally, leading to Bgi = 0.0368 and 0.0320 cm™~'atm™! respectively. Note that, as already
indicated, measurements with the RP line shape model were carried out assuming that the
narrowing coefficient B was independent of temperature. As also observed for example
for self-broadened O, [135], the measured narrowing coefficients presented in Figure 4.10
seem to indicate that the narrowing effect induced by velocity changing collisions decreases
with increasing m. Technically, for the higher J values, the narrowing parameter should be
larger than the ones for the lower Js. Because as the J values increases, the molecule rotates
faster and as a result narrowing effect should be more. However, as Figure 4.10 shows, most
of the larger measured narrowing parameters are associated with lower Js and except few
values at high J, the measured narrowing coefficients are larger than the theoretical Bgi £
which indicates that the broadening coefficients may be affected by speed dependence [135]
and that the RP line shape model is probably not appropriate. The obtained results

Experiments and theoretical calculations are complimentary for determining the line

shape parameters. Theoretical calculations of line shape parameters for some cases are
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complicated to be performed directly in the line-by-line simulations. Typically, the experi-

mentalists measure some of the lines in the lab and provide the results to the theoreticians

to be used in modelling and calculation of line lists.

4.5 Theoretical calculations of CO,>-broadened and CQO,-shift coeffi-

cients

To calculate the CO; broadening and shift coefficients of rovibrational lines of carbon

monoxide, two known approaches were used: a technique [136] that incorporates correction

factors the parameters of which being determined by fitting calculated broadening or shift

coefficients to experimental data, and the Exponential Power Gap (EPG) law.

Table 4.6: CO; shift coefficients measured for the 2 — 0 band of '>C'®0 using the qSDV

profile by multi-spectrum fitting all the spectra recorded at each temperature

Line do(T)(CO - COy) (cm™'atm™1)

V(ecm™T) 283.4 270.0 255.4 240.5
P(22) 4159.5595  —0.00749(28) —0.00716(34) —0.00881(64) —0.00721 (130)
P(21) 4164.8408  —0.00635(19) —0.00686(23) —0.00758(43) —0.00751 (74)
P(20) 4170.0551  —0.00605(14) —0.00622(16) —0.00708(29) —0.00661 (52)
P(19) 41752024  —0.00644(10) —0.00675(11) —0.00745(21) —0.00725 (36)
P(18) 4180.2825  —0.00662(8) —0.00667(8)  —0.00769 (15) —0.00795 (25)
P(17) 41852952  —0.00668(6) —0.00686(6) —0.00722(11) —0.00770 (18)
P(16) 4190.2404  —0.00640(5) —0.00650(5) —0.00696(9)  —0.00721 (14)
P(15) 41951180  —0.00598(4) —0.00616(4) —0.00688(7) —0.00671(11)

unc’ are the statistical uncertainties (10) estimated by the least squares fitting procedure.

4.5.1 Calculations of CO;, broadening and CO; shift coefficients with the straight-

line trajectory approximation

To calculate the CO, broadening and shift coefficients of rovibrational lines of carbon

monoxide, a technique is used [136] that is performed in the framework of the binary im-

pact approximation. The well-known general assumptions of the theory are the following:
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Table 4.7: Speed dependence of the broadening (SDB) coefficients and weak line mixing
(LM) parameters, and narrowing parameters (in cm~'atm~!) measured for the 2 — 0 band
of 2C'60 by multi-spectrum fitting 21 FTS spectra with the gSDV and RP models, respec-
tively

Line qSDV RP

V(cm™) SDB LM Narrowing
P(22) 4159.5595  0.0112(56) —0.0086(26)  0.028(11)
P(21) 4164.8408  0.00351(58) 0.0009(17) 0.007 (5)
P(20) 4170.0551  0.00751(32) —0.0002(12)  0.027(5)
P(19) 4175.2024  0.00849(23) —0.0010(8) 0.046 (5)
P(18) 4180.2825  0.00843(17)  0.0013(6) 0.034 (3)
P(17) 4185.2952  0.00800(13)  0.0047 (4) 0.043 (3)
P(16) 4190.2404  0.00776(11)  0.0018 (3) 0.043 (2)
P(15) 4195.1180  0.00696(9)  —0.0030(3) 0.043(2)

unc’ are the statistical uncertainties (16) estimated by the least squares fitting procedure.

the collisions are considered to be binary, the duration of a collision is less than the time
between collisions of molecules, colliding particles are assumed to follow classical, pre-
scribed paths, and no line mixing effects occur. In this case, the general equations for the

CO,-broadened halfwidth ;s and CO,-broadened shift d; r of the transition i — f can be

written as
Yir = A(i, f) + Y D*(ii' | Pi(wy) + Y D> (1) Pi(@yp), (4.13)
l'/ f/
8ir = B(i, f) + Y D*(ii' )P () + Y D*(ff'[1)Pr(w ). (4.14)
i s
Here,
Ali,f) =n/cY p(2) /vadvb%(vﬂ,i,f), (4.15)

2
is a term derived from the Anderson theory [137, 138] and due to integral cut-off, where n

and p(p) are the density and p-level rotational populations of the perturbing molecules, v
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is the relative molecular velocity, and by (v, p) is the cut-off parameter. In Eq. 4.14, the first

term

B(i,f)=n/c(ay—a) Y p(2) /wvdvb03(v,2), (4.16)

> 0
is the contribution of the isotropic part of the potential. Here, oy and «; are the polar-
izabilities of molecules in the upper and lower vibrational states, respectively. The sums
in Egs. 4.13 and 4.14 include the transitions of different tensor rank ¢ (for dipole ¢ =1,
quadrupole ¢ = 2 and other ¢ = ...) and can be represented as products of two different

factors D?(ii’|l) and P;(®), where

1%

<2ﬂ€bo(1?,i,f)

Pi®) = n/eY p(p) Y. Al (pp!IU)Ey <m+wppf>) L@

l/pl
is the efficiency function for the scattering channel i — i, f — f’. The efficiency function

can be represented in the form of

P(w) = P (0)C(w), (4.18)

where Pf‘(w) is the efficiency function calculated in the Anderson approximation [137,
138]. The factor C;(®) represents the corrections for different factors ignored in the An-
derson theory, and can be determined by fitting to experimental data. It was found that the

correction factor in the case of CO-CO; calculations is sufficient as a J-dependent function,

Cl((’)ii’)zcz\/;ﬁ (H— 1+C4(C.2—C5>2)7 (4.19)
where ¢| — c5 are the fitting parameters. The calculations were performed with ¢y = 1.9,
¢ =0.25,¢c3=-2.7x 10747 +0.165, c4 = 0.05 and ¢5 = 10 for CO, broadening coeffi-
cients, and ¢y = 2.5, ¢c; = 1.0, ¢c3 =0, ¢4 = 0 and ¢5 = 0 for CO; shift coefficients. It was
found that such a modification of the impact theory allowed us to reproduce correctly the

measured CO; broadening and CO; shift coefficients.
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The calculated values take into account the contributions due to dipole-quadrupole and
quadrupole-quadrupole interactions, as well as the induction and dispersion terms in the ex-
pansion of intermolecular potential. The CO molecular constants, i.e., the dipole moment,
the components of quadrupole moment and the dipole polarizability, were taken from [139].
The rotational constants of the ground and excited vibrational levels were taken from [140],
and the spectroscopic parameters for the carbon dioxide molecule were taken from [141].
For the line shift calculation, we used one more adjusted parameter in the upper vibrational
level, i.e., the effective dipole polarizability oy = ocg)c[l + cq\/J] where the required values
o) = —2.5x 107*T +2.039 and cq = 5.4 x 107°T +0.0002 were obtained from the fit to
the experimental data.

The results for CO;, broadening and CO; shift coefficients can be found in Tables 4.8
and 4.9, respectively (see supplementary file for the complete list of lines and results).
Comparison of the theoretical CO, broadening coefficients with the parameters measured
at different temperatures (listed in Table 4.5) shows that, for the lower temperatures, the
differences between the calculated and experimental values are considerable. The best
agreement is obtained for 296 K and 283.4 K, as Figure 4.11 shows. Similarly, theoretical
CO; shift coefficients have been compared to the parameters measured at each tempera-
ture (listed in Table 4.6, where the complete list of lines and results are provided in the
supplementary file). Figure 4.12 compares coefficients measured at two temperatures and
calculated at the same temperatures and 296 K. The rotational dependence of the CO; shift
coefficients observed in the P branch is rather well reproduced by the calculations, while
the agreement is worse for the R branch. The temperature dependence of the CO, broaden-
ing coefficients were also determined. The calculated temperature dependence exponents
ny are compared with the experimental values in Figure 4.6. Note that I could not obtain
a reliable temperature dependence of the CO; shift coefficients, because the temperature

span was too small.
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4.5.2 Semi-empirical calculations of CO, broadening and CO; line mixing coeffi-
cients

The CO, broadening coefficients and weak CO, line mixing coefficients of the '>C!60
lines have been calculated using a semi-empirical method known as the Exponential Power
Gap law (EPG). Both the CO, broadening coefficients and associated CO, line mixing
coefficients can be approximated using elements of the relaxation matrix that provides in-
formation on the physical state and collisional transfer between pairs of energy levels of the
CO molecules perturbed by carbon dioxide molecules. The amplitude of the line mixing
component is directly proportional to the pressure.

The weak line mixing effects are quantified as an asymmetry added to the gSDV line-
shape used to retrieve the experimental CO;-broadened coefficients. If we take into account

the collisional energy transfer between two energy levels labelled j and k, we can write

di Wi
=2 A 4.20
Z 4T (4.20)

where YkO(T) is the weak CO; line mixing coefficient of the transition of interest, dj and
d; are components of the dipole moment, Wj; are off-diagonal elements of the relaxation
matrix, V; and Vi are line positions in cm~ L. In the relaxation matrix formalism, the CO,
broadening coefficients are the real parts of the diagonal elements of the relaxation ma-
trix. The off-diagonal elements are directly related to the collisional transfer rates K, as
Wix = —Bxjx where B = 0.55. The value of § = 0.55 has been determined as the value that
offers the lowest standard deviation between calculated and experimentally retrieved line
mixing coefficients. Presented in Figure 4.13, is the experimental line mixing coefficients
extrapolated to 296 K along with the calculated line mixing coefficients for a few [ values.
The detailed balanced relation connects the rate of transfer from state k to j to the rate of

transfer from j to k

PrXKjk = PjKkjs 4.21)
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where py is the population of the rotational level k. The Exponential Power Gap (EPG) law
provides an expression for the collisional transfer rates from the lower rotational level k to
a higher rotational level j as

Kje = a(T) {@} exp (%) . (4.22)

with AE ;. as the energy gap between the two rotational levels in cm™!, By as the rotational
constant in the lower energy level, and a, b, and ¢ as the parameters to be optimized using
nonlinear least squares. Assuming that the collisional rates are the same in the upper and

lower vibrational levels, the diagonal elements of the relaxation matrix can be written as

ijk] : (4.23)
j

lower

Wi = 1/2 [ijk] +1/2
/ upper

J

Table 4.8: Theoretical CO, broadening coefficients for the 2 — 0 band of '>C!60 at different
temperatures and resulting temperature dependence exponent 7

Line bY(CO - CO,) (cm~atm™1)

V(cm 1 296 2834  270.0 2554 2405  n
P(22) 4159.5595  0.05740 0.05924 0.06137 0.06391 0.06677 0.727
P(21) 4164.8408  0.05774 0.05960 0.06173 0.06428 0.06716 0.728
P(20) 4170.0551  0.05814 0.06000 0.06215 0.06471 0.06761 0.725
P(19) 41752024  0.05860 0.06047 0.06263 0.06521 0.06812 0.724
P(18) 4180.2825  0.05915 0.06103 0.06320 0.06579 0.06872 0.721
P(17) 4185.2952  0.05983 0.06171 0.06389 0.06649 0.06944 0.715
P(16) 4190.2404  0.06066 0.06255 0.06474 0.06736 0.07033 0.709
P(15) 41951180  0.06172 0.06363 0.06582 0.06846 0.07145 0.702

The CO, line mixing coefficients retrieved using the qSDV profile from spectra recorded
at each of the four temperatures of the present work are presented in Figure 4.14 and Table

4.11 (the complete list of lines and results can be found in the supplementary file). The
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Table 4.9: Theoretical CO; shift parameters for the 2 — 0 band of CO at different tempera-

tures

Line do(T) (cm~'atm™1)
v (cm™ 1 296 283.4 270.0 255.4 240.5
P(22) 4159.5595 —0.00697 —0.00719 —-0.00744 —0.00771 —0.00798
P(21) 4164.8408 —0.00683 —0.00707 —0.00732 —0.00760 —0.00789
P(20) 4170.0551 —0.00670 —0.00694 —0.00720 —0.00749 —0.00780
P(19) 4175.2024 —0.00655 —0.00680 —0.00708 —0.00738 —0.00770
P(18) 4180.2825 —0.00640 —0.00666 —0.00694 —0.00726 —0.00759
P(17) 4185.2952 —0.00625 —0.00651 —0.00680 —0.00713 —-0.00746
P(16) 4190.2404 —0.00608 —0.00635 —0.00665 —0.00698 —0.00732
P(15) 4195.1180 —0.00589 —0.00617 —0.00646 —0.00679 —0.00716

temperature dependence of the line mixing coefficients is minimal if any. Nevertheless, the

empirical fit parameters a, b and ¢ (Eq. 4.22) were determined from analysis of the col-

lisional rates inferred from these measured line mixing coefficients. The values obtained

are listed in Table 4.10. The parameter a changes with temperature and we quantify this

temperature dependence as a(7) = aog(Ty/T)™ for each of the R- and P-branches. Both the

ap and n3 values are presented in the last two columns of our Table 4.10. It can be observed

that b is nearly constant and c is slowly increasing with temperature.
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Similarly, the CO, broadening coefficients were calculated using the EPG method.
These calculated values are listed in Table 4.12 (the complete list of lines and results can be
found in the Appendix A), and overlaid with the theoretical and experimental coefficients
in Figure 4.11. As can be seen, there is a good agreement between the semi-empirical
calculation and observed broadening coefficients for the stronger lines. The results will
be presented later on in Chapter 6 of the dissertation. A similar study was performed to

improve the line shape of methane spectra which will be discussed in chapter 5.
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Table 4.11: CO, weak line mixing coefficients Yko (atm ™) for the 2 — 0 band of '2C!°0
measured using the gSDV profile by multi-spectrum fitting all the spectra recorded at each
temperature, and corresponding values calculated using the EPG law

2405 K 255.4K 270.0K 283.4K
Line qSDV  EPG  qSDV  EPG ¢SDV EPG ¢SDV  EPG
P(22) —0.0673 0.004 0.0066 0.004 —0.0055 0.0039 —0.0105 0.0039
P21) —0.0005 0.004 0.0153 0.004 —0.0053 0.0039  0.003 0.0039
P(20)  0.0053 0.0041 —0.0094 0.004  0.0008 0.004 0000  0.0039
P(19) —0.011 0.0041  0.0054 0.004 —0.0016 0.004 —0.0014 0.0039
P(18)  0.0014 0.0041 —0.0015 0.0041  0.0017 0.004  0.001 0.0039
P(17)  0.0125 0.0041  0.0006 0.0041  0.0037 0.004  0.0057 0.0039
P(16)  0.0022 0.0041  0.0007 0.004  0.001 0.0039  0.0028 0.0038
P(15) —0.0072 0.0041 —0.0014 0.004 —0.0038 0.0039 —0.0024 0.0038

Table 4.12: CO, broadening coefficients for the 2 — 0 band of '>C'®0 calculated using EPG

calculations at four different temperatures.

Line

240K

255K

270 K

285K

296 K

P(22)
P21)
P(20)
P(19)
P(18)
P(17)
P(16)
P(15)

0.065146
0.066075
0.067023
0.067996
0.069001
0.070048
0.071148
0.072317

0.062536
0.063431
0.064345
0.065285
0.066257
0.067271
0.068338
0.069473

0.060092
0.060955
0.061837
0.062746
0.063687
0.064669
0.065704
0.066806

0.058150
0.058988
0.059846
0.060729
0.061645
0.062603
0.063613
0.064688

0.056358
0.057171
0.058006
0.058866
0.059759
0.060693
0.061679
0.062730
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Figure 4.6: Temperature dependence exponent of the CO, broadening coefficients for the
2 — 0 band of '2C!%0 measured in this work with the VP (1), RP (2) and qSDV (3) line
shape models. The error bars associated with these measurements represent the uncertainty
of measurement (10), estimated by the least squares fitting algorithm. Measurements re-
ported for the fundamental band of '>C'®0 by Nakazawa and Tanaka using the Lorentz
profile [11] (4) and by Sung and Varanasi [10] using the VP (5), and values calculated us-
ing a semi-classical method are also shown. The measured temperature dependence of CO;
broadening coefficients are improved at least by one order of magnitude using gSDV line
shape. The graph also shows how the rotational dependence of n changes with the intensity
of the transitions. The reason the present results are more precise, is that the values reported
in Ref. [10] are retrieved based on only three temperature measurement and analyzed using
the Voigt profile. For Ref. [11], only R branch line were measured and analyzed using the
Lorentzian profile.
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Figure 4.7: CO, shift coefficients for the 2 — 0 band of '2C!60 at 296 K measured in this
work with the VP (1), RP (2) and qSDV (3) line shape models, and reported at 298 K by
Sung and Varanasi [10] (4). The error bars associated with the present measurements repre-
sent the uncertainty of measurement (1), estimated by the least squares fitting algorithm.
The present results show improved uncertainty compared to Ref. [10].
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Figure 4.8: Relative quadratic speed dependence of the CO; broadening coefficients mea-
sured in this work for the 20 band of 12C!60 with the qSDV line shape model,and measure-
ments reported by Devi et al. [12] for pure CO and a CO-air mixture (the speed dependence
was assumed to be independent of the perturber gas in that work). The present measure-

ments divided by 1.5 are al

so shown to indicate the effect of molecular mass of the perturber

gas. The error bars associated with the present measurements represent the uncertainty of
measurement (16), estimated by the least squares fitting algorithm.
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Figure 4.9: Weak line mixing coefficients for the 2 — 0 band of '>C'®0 measured in the
present work with the VP (1), RP (2) and gSDV (3) line shape models. The error bars asso-
ciated with these measurements represent the uncertainty of measurement (16), estimated
by the least squares fitting algorithm. Measurements reported in the literature for CO-N,
[13] (4) and CO-air [12] (5) mixtures, and pure CO (6: [13], 7: [12], 8: [14]) are also
presented. This graph shows that gSDV (3) has smoother rotational dependence compared
to other results with improved precision.
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Figure 4.10: CO, narrowing coefficients for the 2 — 0 band of '>C!'0 measured using the
Rautian and Sobelman (RP) line shape model. The error bars represent the uncertainty of
measurement (16), estimated by the least squares fitting algorithm. The dynamic friction
coefficient [32 iff estimated at the lowest (240.5 K) and highest (283.4 K) experimental tem-
peratures are also shown as black and red dashed lines, respectively. Most of the measured
narrowing values are larger than the calculated dynamic friction coefficient.
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Figure 4.11: Comparison of CO, broadening coefficients measured at 2 temperatures in the
2 — 0 band of '>C'®0 with semi-classical calculations and EPG calculation. The results are
in excellent agreement proving the validity of the experimental results.
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Figure 4.12: Same as Figure 4.11 for the CO; shift coefficients. The calculated shift coeffi-
cients shown by dash lines are in agreement with the measured shift values in the P branch,

proving the reliability of the experimental results. For the R branch, the agreement is better
for 283 K.
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Figure 4.13: Weak line mixing coefficients measured at 296 K in the 2 — 0 band of '>C'®0
and calculated using the EPG law with different values of B. The value B = 0.55 was
determined as the value offers the lowest standard deviation between calculated and exper-
imentally retrieved line mixing coefficients.
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Figure 4.14: Weak line mixing coefficients in the 2 — 0 band of '>C!60, measured and
calculated using the EPG law with B = 0.55 at the same temperatures. The solid lines
presents the EPG calculation. The behaviour of the lines near |m = 1| can be explained by
looking at the Eq. (4.22), where it is sensitive to AE j; value.
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Chapter 5

Spectroscopic line parameters of '>’CH,
for atmospheric composition retrievals
in the 4300-4500 cm ! region

The chapter is reprinted from Journal of Quantitative Spectroscopy and Radiative Transfer,
186, 106117; Hashemi R, Predoi-Cross A, Nikitin A.V, et al. 2017, Spectroscopic line
parameters of CH, for atmospheric composition retrievals in the 4300-4500 cm™' region
[142], with permission from Elsevier. > In this research, the precise line shape study of
methane is performed. To do this project, the experimental data were recorded by Dr.
Smith (at NASA Langley), Dr. Devi (at College of William and Mary) and, Dr. Sung (at
the Jet Propulsion Laboratory, JPL) in the 4100-4500 cm™~! region. Of the several bands
in the recorded region, I suggested working on the v3 4 v4 band located in the 4300-4500
cm™! region. I calibrated the spectra in the pre-processing stage and analyzed the data.
Then, I prepared the tables and figures of results and wrote the manuscript. A section of
this project for the theoretical calculation of parameters was done by and Dr. Nikitin and

Tyuterev from Tomsk University.

5.1 Introduction

The aim of this study is to further our knowledge of Earth’s carbon cycle through spec-
troscopic remote sensing of methane (>CHy). The yearly increase rate of methane in the

Earth’s atmosphere is about 1%, while the information on the increase sources is limited.

3>The copyright permission can be found in Appendix A, Section A.2.
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5.1. INTRODUCTION

Studying the strength of different sources and their distribution by using remote sensing
techniques, can help in enhancing knowledge on the sources.

The management of sinks and emissions of this long-lived gas relies on having accurate
laboratory measurements to interpret atmospheric spectra [143, 144].

These laboratory spectroscopic results will be helpful to achieve vertical profiles of
methane. Vertical profile information arises from the spectral line shape study, where the
wing segments of the lines provide knowledge of the atmospheric elements closer to the
surface, and the central segment of the line is impacted more by gas at higher elevations
[145]. When looking at atmospheric spectra, we are measuring through a non-homogeneous
medium (i.e., pressure, temperature, etc are changing with altitude). By breaking that at-
mosphere up into small intervals, we can assume those small intervals are homogeneous
(like a gas cell in the lab) and at each of those intervals we can compute a spectrum for a
set of atmospheric conditions that describe that particular interval. The final spectrum that
we see is the addition of all the spectrum’s from the different atmospheric levels.

We know that pressure of the atmosphere decreases with altitude. We also know that
(assuming a simple Voigt) the spectral line shape is the convolution of pressure broadening
and Doppler broadening. Hence, when closer to the ground pressure broadening will be
the most important, making the spectral line broader contributing more absorption in the
wings of the spectral line of the solar absorption spectrum. While higher in the atmosphere
Doppler broadening is more important and since it is a narrower line shape it contributes
more absorption in the line center. To the best of our knowledge, the wings of the spectral
line are susceptible to line mixing and the line center is influenced predominantly by speed
dependent effects. Therefore, these advanced parameters must be examined in retrieval
algorithms to achieve vertical profiles more accurately.

Obtaining information on the temperature dependence of CH4-CH4 and CHy-air-broadened
half-widths and shifts are needed for the interpretation of spectra that are recorded by in-

struments on spacecraft, balloons, and ground-based platforms. A laboratory spectroscopic
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study of CHy in the 4300 to 4500 cm™! (2.22 to 2.33 um) spectral region over the range of
terrestrial atmospheric temperatures was performed.

Previous published studies in the 1.6 to 7.5 um region have provided line parameters
(CH4-CHy and CHg-air-broadened half-widths and shifts and their temperature depen-
dences exponents) for a large number of transitions of the three most abundant methane
isotopologues [146—174].

The temperature dependencies of the CHy-air-broadened half-widths coefficients have
been previously determined for the strongest transitions [15, 16]. Similarly, relaxation ma-
trix element coefficients have been measured in the P- and R-branch in the octad region
[15, 16]. However, some dense spectral regions, such as Q-branches and several weaker
lines have not been analyzed thoroughly.

In this study, the CH4-CHy and CHy-air-broadened half-width and pressure-shift coef-
ficients, along with their temperature dependencies for methane transitions in the v3 + V4
band were measured. The off-diagonal relaxation matrix element coefficients and quadratic
speed dependence were taken into account for several transitions. Theoretical calculations

were also performed to obtain line positions and intensities.

5.2 Experiment

High-resolution spectra of 99.99% '?>C-enriched samples of pure methane and dilute
mixtures in dry air at temperatures between 148 K and room temperature were used in this
study. The signal to noise ratio was above 2000. A total of 14 spectra were recorded by
Dr. Smith, Dr. Sung and Dr. Devi at a resolution of 0.005 cm™! using the Bruker IFS 125
HR Fourier transform spectrometer (FTS) located at JPL. The coolable absorption cell has
an optical path of 20.38 cm and has been built to fit inside the sample compartment of the
Bruker FT spectrometer [175, 176].

The spectrometer setup consisted of a Globar source, a CaF, beam-splitter and a liquid-

N> cooled InSb detector. The diameter of the aperture was set to 1 mm. It took nearly 20
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Figure 5.1: A experimental normalized transmitted spectrum in the spectral region of the
V3 + V4 band of methane recorded at P=4.52 Torr and T=148.4 K (spectrum number 7 in the
Table 5.1). This example spectrum shows different transitions in short wavenumber region
for methane.

minutes for the sample mixtures in the cell to reach equilibrium and for the pressure and
temperature to stabilize. Sample pressures were controlled using periodically calibrated
Baratron gauges of the appropriate range. For wavenumber calibration purpose, the water
vapour transitions of the v3 band appearing within the filter bandpass of 3750-5200 cm ™!
were used because of the presence of residual trace amounts of H,O and CO; in the evacu-
ated FT spectrometer. For more details see Ref. [177]

Of the 14 spectra, eight spectra were recorded with pure methane samples and 6 of the
spectra were obtained with dilute mixtures of the >CHy in dry air. The experimental gas
conditions are listed in Table 5.1.

In Figure 5.1, an example of experimental spectrum is presented.
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Table 5.1: Experimental conditions of spectra used in this study. VMR is the volume mixing
ratio, P is the pressure in Torr and T is the temperature in K.

# Gassample VMR P (Torr) T (K)
1 2CH, 1.00 385.00 298.4
2 12CH, 1.00 2220 250.0
3 2CH, 1.00 121.51 250.0
4 12CcHy 1.00 990 200.0
5 12CHy 1.00 4395 200.0
6 12CH, 1.00  169.00 200.0
7 12CHy 1.00 452 1484
8 2CH, 1.00 149.06 148.5
9  2CHy+air 0.055 112.60 250.0
10 '2CHg+air 0.057 254.58 250.0
11 '2CHg+air 0.073 148.49 200.0
12 "2CH+air 0.074 299.95 200.0
13 '2CHg+air 0.096 95.06 148.4
14 '2CHg+air 0.043 225.37 148.4

5.3 Analysis of the spectra

The analysis of spectra was performed in the spectral interval of 4300-4500 cm ™! of the
v3+ V4 band. A multispectrum fitting program [178] was used to retrieve the spectroscopic
parameters by fitting short spectral intervals to cover the entire band. The program fits the
line parameters such as the position, the intensity, and the width for each of the spectral
lines. It is an iterative procedure for minimizing the sum of the squares of the differences
between the simulated spectrum and the observed spectrum. To take into account the spec-
tral distortions, parameters such as the background level (100 % transmission level) and
instrumental line shape should be considered as part of the least squares solution. In the
fitting procedure, by fitting each specific intervals from all 14 spectra simultaneously, one
value was derived for each of the fitted parameters. Detailed explanations can be found in
Ref. [178].

The spectral line parameters to initiate the least-squares fittings were taken from the
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HITRAN database [179]. A multispectrum fitting software was used to analyze the set of
spectra using the qSDV and VP profiles [67, 180]. Line mixing was included for selected
transitions using the off-diagonal relaxation matrix elements formalism [181].

The speed dependence line profile is related to molecular collision velocity; hence the
Lorentz width can be described as a function of velocity as it is explained in Refs. [170,

182],

b = by (vVin) (1+S

g e

where v is the speed of the molecular collision, v,, is the mean speed of the molecular
collision, v, is the most probable speed of the collision, and § is the speed dependence
parameter (SD) reported in this study. c is a constant and its value is taken to be 1.5 so that
the Lorentz width will be the same when § = 0 as that usually used in the Lorentz equation
when speed dependence is neglected.

Short spectral intervals (2-5 cm~!) were fitted at a time. I added the spectra one by one
starting from the ones recorded at the lowest pressure until all 14 spectra were included
in the fits. The reason the spectra were added one by one is that, I was able to fit for
each spectra and find the best initial line parameters to start the multispectrum fit. The line
positions and intensities, the Lorentz CH4-CH4 and CH4-air-broadened half-width and shift
coefficients, and their temperature dependencies were retrieved. The initial value for the
speed dependence parameter was fixed to an average value I found in HITRAN [179]. The
background also was fitted to a first order Chebyshev polynomial. The speed dependence
parameter was measured for the strong and medium strength transitions.

The multispectrum fitting software optimizes the statistical errors and retrieves precise
line parameters for all the transitions in the entire band of study. In Figure 5.2, the top panel
shows all the experimental spectra, and in the bottom panels, the weighted residuals mul-
tiplied by 1000 (Observed-Calculated) are presented. Each spectrum was given a weight

(maximum of 1) depending on their S/N ratio. Most of the spectra had a high S/N ratio, and
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RANGE

hence the weight of 1.0 was given.

5.4 Calculated line list for methane transitions in the octad range

Several studies have been devoted to theoretical predictions [183—185] of methane line
positions and intensities in the octad range. Four normal mode frequencies of CH, exhibit
an approximate relation of stretching and bending frequencies with v| ~ v3 ~ 2v, ~ 2v4
resulting in vibrational levels being grouped into polyads with levels of nearby energies.
In terms of this resonant polyad structure, the spectral interval considered in this work
corresponds to strong bands of the methane octad. The analysis of methane spectra is
a complicated problem due to high degeneracies and quasi-degeneracies of ro-vibrational
levels and numerous accidental perturbations [186, 187].

Physically meaningful values of resonance coupling parameters can be quite accurately
obtained from molecular ab initio potential energy surface (PES) calculations using high-
order contact transformations (CT) [188] of the full nuclear motion Hamiltonian [189].
This enabled reducing the number of adjustable parameters and avoiding strong correla-
tions among them. The resulting mixed effective polyad model [188] that used information
obtained from first principles of quantum chemistry calculations have shown a more robust
behaviour with respect to the convergence of the least squares fit.

As an initial step, a full set of ro-vibrational terms in the Effective Hamiltonian (EH)
were accurately derived from the PES of Nikitin et al. [190] using the MOL-CT program
suite [188]. At the second step, some of the diagonal parameters are relaxed through the em-
pirical optimization. These are the parameters that are well determined in the least squares
fit experimental data of Hilico et al. [191], Albert et al. [192], Daumont et al. [193] and
Brown et al. [194]. The MIRS computational code [195] was used for the fit.

General characteristics of the calculated list were as follows. Over 10000 line positions
(including those of lower polyads) have been included in the EH fit using an extrapolation

polyad scheme that resulted in a RMS deviation of 0.002 cm™!. About 3500 line intensities
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Table 5.2: Sample table for the results obtained by theoretical calculations. V is wavenum-
ber in em™ Y, I is the intensity in HITRAN units cm~'/(molecule cm™?) at T =296 K, C is
vibration-rotation Td symmetry type and n is polyad vibration-rotation ranking number.

Y Intensity Jlowerstatet C n Jupperstate C n
4300.0493  7.65 x 10722 3 F1 1 3 F2 22
4300.3643 1.71 x 102! 3 A2 1 2 Al 8
4305.1870 2.29 x 10722 2 F2 1 2 F1 16
4305.5436 7.37 x 10722 8 Al 1 8 A2 20
43249324 1.38x 1072 1 F1 1 1 F2 11
4329.0086 6.79 x 10~%2 2 E 1 2 E 14
4330.1071 1.12x 1072 2 F2 1 2 F1 19
4330.6318 1.04 x 10722 3 F2 1 3 F1 28
4330.9139 5.51 x 10722 2 E 1 2 E 15

belonging to 24 sub-bands in the total octad range (3500-4800 cm~!) have been fitted with
the overall RMS deviation of 7%. Errors in strong lines intensities (5 x 1072! —2 x 10722
cm™!/(molecule cm™2)) were in the 2-3% range and in the medium size lines (10722 —
10723 cm~!/(molecule cm™2)) in the range ~ 5% that roughly corresponded to experimen-
tal uncertainties.

The final calculations and details of the method are described in [196]. Table 5.2
presents a sample of the line list. The entire list is available in the supplemental file in

Table A.10.

5.5 Measured line shape parameters

The retrieved line positions were calibrated on an absolute scale using positions of v3 of
water vapour line positions as described in Ref. [197]. The comparison of some of the line
parameters with HITRAN [179] is shown in Figure 5.3. The existing values in HITRAN
are reported based on a semi-empirical calculation of other bands in the octad region [15,
16]. Therefore, the differences obtained for line positions and line intensities make sense,

and the present results are considered good substitutions of the older existent values in
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5.5. MEASURED LINE SHAPE PARAMETERS

HITRAN. The reason why the current measurements are reliable lies in the vibrational
dependence of line parameters that cannot be neglected for achieving high accuracies.

The line positions and intensities have been measured and compared to our theoretically
calculated values and the values in the databases. These parameters are plotted in Figure
5.4. These comparisons of positions and intensities suggest that the present results agree
well with HITRAN and GEISA [4] databases. For line positions, the agreement is on the
order of 1074 cm~!. To obtain the differences, the values are subtracted from observed
results (i.e., cal — obs). For the intensities, the percentage difference were obtained (i.e.,
(eal_obs) » 100) and it is less than 4% for most of the cases compared to HITRAN [179]
and GEISA [4] databases.

A sample of the measured line parameters for the transitions in the v3 + v4 band is
shown in Table 5.3. The entire table is presented in the supplemental file attached to this
document as Appendix A. For each transition listed, the upper and lower rotational assign-
ment, line position, line intensity, Lorentz CH4-CH4 and CHg-air-broadened half-width
coefficients, temperature dependence for CH4-CH4 and CHy-air-broadened half-width co-
efficients and their uncertainties are reported. Included in Table 5.4 are the CH4-CHy
and CHy4-air-pressure-shift coefficients and the temperature dependencies of CH4-CH,4 and
CHy-air-shift coefficients and their uncertainties. The speed dependence parameter and its
uncertainty were included in this table. (The entire list is available in Table A.12 in the

Appendix A.)

Table 5.4: Measured CHy-air-shift coefficients, CH4-CHjy- shift coefficients in cm~—! and
speed dependence parameters (SD) of methane obtained by multispectrum fitting using
gSDV profile and the temperature dependencies of CHy-air-shift coefficients (T.d.a.s) and
CH4-CHg4-shift coefficients (T.d.s.s). Both T.d.a.s and T.d.s.s are multiplied by factor of 10°
in this table. Note that US shows upper state and LS presents lower state.

LS US CHy-air-shift CH4-CHy-shift  T.d.a.s T.d.s.s SD

3F11 3F222 —0.0079(2) —0.0107(1)  4.132(2) 9.552(9) 0.044(2)

3A21 2A18 —0.0071(2) —0.0091(1) 1.876(1) 7.638(10) 0.064(2)
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3F11 3F223 —0.0075(2) —0.0110(2) 4.038(2) 8.859(13) 0.069(2)
3F21 3F125 —0.0069(2)  —0.0091(2)  3.903(2) 9.720(15) 0.070(3)
IFI1 1F211 —0.0070(1)  —0.0096(1)  3.820(1) 8.396(6) 0.069(1)
2E1  2E14 —0.0070(2) —0.0087(1) 3.459(2) 8.885(7) 0.076(2)
2F21 2F119 —0.0067(1)  —0.0092(1) 2.852(1) 7.293(6) 0.081(1)
2F21 2F119 —0.0066(2)  —0.0098(1)  2.545(2) 6.700(9) 0.071(2)
3F11 3F227 —0.0071(3)  —0.0106(1)  4.021(3) 7.951(12) 0.066(3)

3F21 3F129 —0.0073(2) —0.0097(1) 1.947(2) 6.987(11) 0.075(2)

The measured pressure broadening and pressure shift parameters for the transitions in
the 4300-4500 cm' region are plotted Figures 5.5 and 5.6 as a function of m (m = —J", J"
and J” + 1, for the P, Q and R branches, respectively). The present values of the Lorentz
width and pressure-shift coefficients have been compared to the previous room temperature
measurements [198, 199] and it can be concluded that the present results are in very good
agreement (in terms of their behaviour with quanta m) with the measured results from Refs.
[198, 199]. The measured air- and self- half width coefficients decrease for larger quantum
numbers. In Figures 5.5 and 5.6 these results are plotted.

Figure 5.5 shows that the Lorentz CH4-CHgy-broadened half-widths were larger than
the CHy-air-broadened half-widths measured for the same transitions. The reason lies in
the mass ratio of the perturber and absorber gas; where the mass of perturber molecule is
smaller, the broadening of line is larger. Also, it is found that the measured CH4-CHy-shift
coefficients are slightly larger in magnitude than CHg-air-shift coefficients measured for
the same transitions. The results are also compared with published results in Refs. [15, 16]
for the v4 and v, bands. Figure 5.7 shows that the CHy-air-broadening and temperature
dependencies of CHy-air-broadening coefficients in the present study are larger than the

results obtained for the v4 band and smaller than the corresponding results in the v, band
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Table 5.3: Measured wavenumber (V) in cm ™, intensities in cm~!/(molecule cm~2), CHa-
air-broadened half-width coefficients (air-b) and CH4-CH4-broadened half-width coeffi-
cients (self-b) of methane in cm'atm~! obtained by multispectrum fitting using qSDV
profile and their temperature dependencies (n1) and ny respectively. Note that US shows
upper state and LS presents lower state.

LS US v Int. x 1022 air-b self-b n ny

3F1 1 3F222 4300.052054 7.4380(2) 0.0651(2) 0.0821(1) 0.899(3) 0.813(2)
3A21 2A18 4300367139 16.858(5) 0.0670(1) 0.0844(1) 0.883(2) 0.815(2)
IF11 1F211 4324935011 13.462(3) 0.0617(1) 0.0807(4) 0.867(3) 0.783(1)
2E1 2E 14 4329.010901 6.3530(2) 0.0648(1) 0.0824(1) 0.875(2) 0.810(2)
2F21 2F119 4330.110245 10.892(2) 0.0639(1) 0.0811(1) 0.879(4) 0.801(1)
2F21 2F119 4330.110259 10.858(4) 0.0634(1) 0.0815(1) 0.890(4) 0.791(2)
2E1 2E15 4330916544 5.3680(2) 0.0666(2) 0.0839(1) 0.910(1) 0.830(2)
3F21 3F129 4332661710 4.7620(1) 0.0663(3) 0.0833(1) 0.860(1) 0.850(3)

of methane. Note that each of the points in this figure is averaged for several P—, Q— and
R— branch lines over the |m| value.

The temperature dependencies of CH4-CH4 and CHg4-air-broadened half-width coeffi-
cients are plotted in Figure 5.8. A power law model was used to obtain the temperature
dependencies of CH4-CHy4 and CHy-air-broadened half-width coefficients (shown by Eq.
(4.7)). In the top panel, the temperature dependencies exponents for CH4-CHy4-broadened
half-width coefficients are shown and in the bottom panel shows the results of temperature
dependence of the air-width. The temperature dependence exponents for the CH4-CHy-
broadened half-width coefficients were slightly lower than the temperature dependence ex-
ponent for CHy-air-broadened half-width coefficients.

Temperature dependencies of CH4-CHy4 and CHy-air-pressure-shift coefficients are plot-
ted in Figure 5.9. In this case, a linear model (Eq. (4.9)) was used to calculate the tem-
perature dependence of CHy-CHy and CHy-air-shift coefficients (with units of cm ! atm™!
K~1). As can be seen, the temperature dependence exponents of CH,-CHy-shift coeffi-

cients are higher than those for air-shift parameters for the same reason that was mentioned
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for the self- and air- half-width coefficients. For both CH4-CH4- and CHy-air-broadening,
the temperature dependencies of the shifts are mostly positive.

The Voigt profile is not able to fit the spectra within the experimental noise levels at
higher pressures. Furthermore, at high pressures, some intervals include pairs of transitions
with line mixing. To remedy the fault, line mixing for both CH4-CH4 and CHy-air- broad-
ening was modelled using the off-diagonal relaxation matrix formalism [181]. The results
are presented in Table 5.5. The off-diagonal coefficients reported in Table 5.5 is chosen
to be Wy, where j denotes the spectral line with the more significant lower state energy,
i.e., the larger E”. The temperature dependence of line mixing were not determined for the
measured transitions. I fixed the temperature dependence of both off-diagonal coefficient
elements to an average value of 0.8 [179], resulted in smaller residuals. Figure 5.10 shows
the graph of the CHy-air- and CH4-CHy- broadening coefficients. (The line parameters

measured by Voigt profile can be found in the supplemental file.)

Table 5.5: Measured off-diagonal relaxation matrix coefficients elements of methane ob-
tained by multispectrum fitting using qSDV profile. The units are the same as for the
broadening coefficients.

Identification Line mixing pairs Wavenumber CHy-CHy-bro. CHygy-air-bro.

Q) TF2 < TF1 4315.9529 0.01041(12) 0.00502(9)
7F1 <+ TF2 4316.2335
Q(14) 14F2 < 14F1 4301.0252 0.00572(8) 0.04046(22)

14F1 < 14F2 4301.0758
Q(10) 10F1 < 10F2 4304.5201 0.00335(5) 0.00232(6)

10F2 < 10F1 4304.9658

Q(3) 3F2 < 3F1 4303.1202 0.00184(3) 0.00275(10)
3F1 « 3F2 4303.1993
Q1D 11F2 < 11F1 4309.8862 0.03052(34)  0.01599(25)

11F1 + 11F2 4309.9593
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Q(12)

Q(7)

Q(6)

R(9)

Q(12)

Q)

Q(6)

Q(3)

R(12)

Q4)

R(4)

Q(4)

R(6)

12F1 < 12F2

12F2 + 12F1

7F2 + TF1

7F1 «+ TF2

6F2 < 6F1

6F1 «+ 6F2

9F2 + 8F1

9F1 + 8F2

12F1 < 12F2

12F2 < 12F1

9F1 < 9F2

9F2 + 9F1

6F2 + 6F1

6F1 < 6F2

3F2 + 3F1

3F1 < 3F2

12F1 «+ 11F2

12F2 < 11F1

4F2 < 4F1

4F1 «+ 4F2

4F1 < 3F2

4F2 < 3F1

4F1 < 4F2

4F2 < 4F1

6F1 < 5F2

6F2 « SF1

4305.5770

4306.1222

4308.3480

4308.9931

4310.2885

4310.5247

4311.2963

4311.2615

4312.8945

4312.9909

4313.0702

4313.1003

4313.5633

4313.9262

4332.0556

4332.6617

4334.6284

4334.8528

4335.4462

4335.9395

4336.4328

4336.4554

4339.1155

4339.3148

4345.6286

4345.8555
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0.03552(15)

0.01557(14)

0.00799(6)

0.03475(21)

0.05142(34)

0.00452(4)

0.00831(5)

0.00244(1)

0.04988(12)

0.00338(6)

0.00297(1)

0.00238(2)

0.00562(4)

0.04048(10)

0.00142(2)

0.01262(11)

0.03842(18)

0.04617(28)

0.00814(7)

0.00801(4)

0.00405(3)

0.00765(5)

0.00384(8)

0.00029(1)

0.00265(5)

0.00207(3)
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R(5)

P(10)

R(7)

R(8)

Q(11)

R(10)

QM)

R(4)

R(9)

Q(13)

P(8)

R(11)

R(10)

SF1 < 4F2

SF2 < 4F1

OF1 + 10F2

9F2 + 10F1

7F1 < 6F2

7F2 + 6F1

8F1 < 7F2

8F2 + 7F1

11F1 < 11F2

11F2 < 11F1

10F2 + 9F1

10F1 « 9F2

9F2 + 9F1

9F1 + 9F2

4F2 < 3F1

4F1 < 3F2

9F2 + 8F1

9F1 « 8F2

13F1 < 13F2

13F2 + 13F1

7F1 + 8F2

7F2 + 8F1

11A1 < 10A2

11A2 < 10A1

10F2 + 9F1

10F1 « 9F2

4347.2279

4347.4451

4348.8625

4349.0847

4349.9837

4350.0760

4354.0281

4354.3298

4354.5254

4354.8744

43554112

4356.1034

4356.6425

4357.0117

4356.8961

4357.2511

4358.1561

4359.0025

4359.3724

4359.4715

4363.1162

4363.2974

4366.1335

4366.7579

4456.2596

4456.6824
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0.03748(17)

0.00916(4)

0.00999(8)

0.02665(12)

0.07300(60)

0.03653(32)

0.01023(16)

0.02040(13)

0.03387(15)

0.00342(1)

0.00263(8)

0.04111(12)

0.03190(19)

0.05300(25)

0.00788(8)

0.00635(7)

0.03613(17)

0.01701(49)

0.05600(26)

0.00668(24)

0.02508(21)

0.00875(7)

0.00435(6)

0.00430(7)

0.04843(18)
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P(8)

P(4)

R(9)

R(8)

R(13)

7F1 < 8F2

7F2 + 8F1

3F1 «+ 4F2

3F2 «+ 4F1

9F1 « 8F2

9F2 < 8F1

8F1 < 7F2

8F2 + 7F1

13F1 < 12F2

13F2 < 12F1

4459.4667

4459.4939

4494.4075

4494.8964

4496.3316

4496.8113

4498.2368

4498.8457

4499.3494

4499.9996

0.00146(4)

0.00825(5)

0.00816(4)

0.00174(1)

0.06500(11)

0.00437(6)

0.00025(1)

0.02924(16)

0.00556(4)

0.00540(4)

The finding of this part of research will be addressed at the last section in the conclusions

chapter.
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Figure 5.2: An example of a multispectrum fitted interval of the v3 4 v4 band of pure
methane and methane broadened by air (see Table 5.1). The upper panel shows the observed
spectra at different pressures and temperatures (each of the blue lines present the spectra of
pure methane and red ones present the methane spectra mixed with air). The bottom panels
show the residuals of VP and qSDV profile considering line mixing.
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Figure 5.3: Comparison of measured line parameters for transitions in the v3 +v4 band of
methane with HITRAN. The broadening and shift coefficients are in cm™! atm~! at 296
K. The obtained discrepancy between the values can be explained by the difference in the
retrieval approaches; in HITRAN the semi-empirical method employed is based on older
measured parameters in the octad region for different bands. The top panels (a) and (b) com-
pare the measured self and air- broadening coefficients with the values in HITRAN2012.
Clearly, the present measured values are different than HITRAN, as if they were identical,
they would have lined up on a straight y = x line. Similarly, panel (c) and (d) represents
air- shift coefficients, and temperature dependence of air-broadening compared to HITRAN
database. As can be seen there are multiple values for each point which is as a results of
the polyad quantum numbers.
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Figure 5.4: Comparison of measured line positions and intensities of v3 4+ v4 band of
methane with HITRAN, GEISA databases and theoretical calculations for both P and R
branches (shown with |m|). As can be seen there are several values for each |m| num-
bers (based on Table 5.2 information). These multiple points for each |m|, results from
the polyad quantum number and different symmetry species (A, F, and E). Polyad quan-
tum number accounts for higher-order terms in the potential energy expansion due to the
anharmonic vibrations of methane molecule.
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Figure 5.5: CH4-CH4 and CHg-air- broadening coefficients of the v3 + v4 band of methane
compared with previous studies and their rotational dependence (the same explanation for
multiple values for each |m| as Figure 5.4.)
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compared with previous studies.
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Figure 5.7: Comparison of obtained air- broadening coefficients and temperature dependen-
cies of air- broadening coefficients in the v3 + v4 band of methane with published results
of v, and v4 band (present study/vavs) [15, 16]. We note that each of these data points
representing the average of several transition over |m| value. The present measured air-
broadening values are larger than v4 band ans smaller than v, band values, stating that
there is a vibrational dependence for the air- broadening of methane. The bottom panel
presents the same type of comparison for the temperature dependence of air- broadening
coefficient.
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Figure 5.8: Temperature dependence of CH4-CH4 and CHy-air-broadened half-width co-
efficients in the v3 + v4 band of methane for A, E, and F symmetry species. A rotational
dependence trend can be seen in both panels for the temperature dependence of self and air-
broadening coefficients.
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Figure 5.9: Temperature dependence exponents of CH4-CH4 and CHy-air-shift coefficients
in the v3 + v4 band of methane for A, E, and F symmetry species.
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Figure 5.10: Off-diagonal relaxation matrix coefficients elements in the vz + v4 band of
methane compared to Refs. [15, 16]. The graph shows that there is a rotational dependence
for the line mixing coefficients. The comparison with other band results, presents that how
most of the values are overlapped, indicating that there is not strong vibrational dependence
for the line mixing coefficients.
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Chapter 6

Conclusions

Collecting information on the shape of a spectral line and measuring the line shape pa-
rameters contribute to understanding the underlying mechanism controlling the absorption
and emission of radiation in planetary atmospheres. There is immense interest in specific
spectroscopic parameters that are used in the simulation of high-resolution observations
recorded by satellites to circumvent systematic errors in concentration calculation due to
using incorrect line shape parameters. The error on concentration retrieval results in diffi-
culties in obtaining valid information on climate change and on variation of the sources and
sinks of the atmospheric greenhouse gases.

To avoid the errors due to using inaccurate line shape parameters, recording laboratory
spectra with high resolution and signal to noise ratio is necessary. Several remote sensing
missions will profit from these line shape investigations. Example satellite missions include
GOSAT, and ACE.

Line shape coefficients, such as line positions, intensities, pressure broadening, pres-
sure shifts, speed dependence and line mixing are needed. With these parameters, remote
sensing spectra can be simulated, and the concentration of different species existing in the
probed atmospheres can be determined. The simulation produced by using least squares

fitting of the calculated model to the observed spectra.
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6.2. THE RESULTS AND FINDINGS

6.1 Summary

The first part of the thesis was on the calculation of the Boltzmann constant with high
accuracy based on the spectral line shape study of acetylene recorded using a tunable diode
laser. This method is an alternative creative method of obtaining precise values to find out
where most of the experimental errors originate (the error sources will be discussed later
in this chapter). In this investigation, it was intended to collect the line shape parameters
using the speed dependent Voigt profile to calculate absorption coefficients. The next focus
of the thesis was the investigation of line parameters for two atmospheric trace gases (CO
and CH4 molecules) using different line shape models including the effects of line mixing.
High-resolution spectra under a variety of laboratory conditions were recorded. The EPG
formalism was employed to get off-diagonal relaxation matrix elements (line mixing coef-
ficients). For acetylene, I did not apply the line mixing effect because of the low pressure
of the spectra.

The most recent HITRAN database is HITRAN 2016, and part of the present research
has contributed to this database by adding more validated laboratory results. The task
also involves creating semi-empirical models for interpolating and extrapolating these data
to complete the database beyond the existing measured parameters. These data will be

invaluable for modelling and interpreting spectra of planetary atmospheres.

6.2 The results and findings

This document introduces a useful approach to use more advanced line shape parame-
ters in spectroscopic communities, by using a line profile which is capable of simulating the
observed absorption spectra with high accuracy, at a low computational cost. Throughout
the thesis, it was shown that by using the speed dependent Voigt profile in the analysis of
experimental spectra, more precise values for line parameters were obtained. Therefore,
for the future spectroscopic databases, this model including line mixing can replace the

Voigt profile. Calculating the experimental spectra based on the line-by-line method is a
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challenging task since most often the spectra are collected in a wide range of pressures and
temperatures (based on the atmospheric conditions). The multispectrum technique is used
in the present thesis to fit the spectra simultaneously and includes the correlations among
the different parameters.

The laboratory spectroscopy of atmospheric trace gases acetylene, carbon monoxide,
and methane have been described, and a line shape study is used to explain the acquired
spectra. The proposed gases are of interest for planetary researchers to obtain information

on the gas quantity.

6.2.1 Acetylene study

The purpose of this study was Doppler thermometry of acetylene for measuring the
Boltzmann constant. In any experiments, two sorts of errors may affect the residual ob-
tained for each atmospheric spectra. The first type is random error often emerging from
instrumental noise. The second type of error is the systematic error related to the line
shape parameters where they enter in radiative transfer codes. The most accurate spectro-
scopic parameters help atmospheric scientists avoid under/overestimation of concentration
calculation. Therefore, for reducing these type of errors, laboratory spectra with higher res-
olution are needed to retrieve the spectroscopic parameters. Following is a test performed
on acetylene gas to understand the experimental error sources.

The spectra were recorded at room temperature and low gas pressures to complete
Doppler thermometry. The reason why acetylene was used for this experiment is because
previously several experiments on this gas were performed in our lab and I had prior knowl-
edge about the experimental procedure. Besides, it is a linear molecule, and its spectra were
easy to analyze. Room temperature was a good choice to conduct experiments since the
thermal stability was achievable faster and more dependably. It was crucial to do the mea-
surement in low pressure to avoid line center shifts and drifts. Line shape parameters have

been obtained by examining the commonly used Voigt profile, and speed dependent Voigt
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profiles. Using the Voigt function was not adequate for calculating the Boltzmann con-
stant as the calculated error value was too large. The calculated value for the Boltzmann
constant using Doppler thermometry in the test using speed dependent Voigt model was
1.38066 x 10723 JK—! with relative statistical uncertainty of 8.54 x 107 at low pressure.
The relative systematic error for kg was 1.87 x 1072,

The conclusion for the first part of this study was that the signal to noise ratio requires
the use of a more robust line shape model. In this experiment with the average signal to
noise ratio (S/N=2000), the SDV model outperformed the Voigt profile resulting in higher
accuracy (which was almost one order of magnitude higher). However, the signal to noise
ratio was not high enough to allow us to distinguish the difference between different asym-
metric components (because the fit error can not be lower than noise level). Therefore, this
more advanced partially correlated speed dependent hard collision (pcSDHC) model did
not result in any better performance.

Utilizing error analysis, the most significant uncertainty in this analysis was due to the
temperature measurement, and the second most significant uncertainty was due to the line
shape model that was used. The relative uncertainties for the Doppler width (yp), line posi-
tion (v) and temperature (7) 0.84 x 107>, 0.00038 x 107> and 8.51 x 107, respectively. It
is found that for temperature measurements, the thermal gradient was the most substantial
error contributor. The uncertainty in the modelling of collisional effects was limited by the
knowledge on the fitting parameters such as self-broadening, Doppler width, and parameter
q as the type of potential and thus parameters m and n in the implementing the SDV model.

This experiment was a good examination case to estimate the accuracy of the experi-
mental setup and the spectrometer. Based on the relative systematic error in the measure-
ment of kg (1.87 x 107>), it can be concluded that the first step in improving the accuracy
was to re-calibrate and improve the thermometers and be careful in temperature stability
(i.e., keeping the room temperature stable during the experiment) for spectroscopic exper-

iments. For getting a more improved result, there are methods such as designing smaller
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sample cell and better measurement devices and detectors for recording accurate line posi-
tions.

The wide range of experimentalists who perform similar measurements can benefit from
the result of this project. Knowing where are the major sources of errors, they can make

adjustments to obtain more exact data measurement.

6.2.2 Carbon monoxide study

In the second phase of this dissertation, completed at the University of Brussels (ULB),
a detailed analysis of high-resolution Fourier transform spectra of CO mixed with CO, at
total pressures up to 1212 hPa were carried out using a multispectrum least squares fitting
technique. The necessity of this research was studying the CO-CO; interaction on Venus’s
atmosphere. The qSDV profile with weak line mixing adequately modelled the observed
molecular line shapes, to within the noise level.

The CO, broadening and shift coefficients for transitions in the 2 — 0 band of 12¢16(,
up to J” = 22 were measured. The temperature dependence of the broadening parameters,
as well as the weak line mixing coefficients, were obtained. The data tables provided in
chapter 4 were outstanding results since they have been used to populate the HITRAN
database as the most accurate results measured so far and will appear in the next update of

the HITRAN2020 paper. Following improvements were achieved:
e The broadening values were improved by 1-2 % over the existing HITRAN values.

e The pressure shift coefficients obtained had higher precision and three to five times
higher accuracy compared to the existing shift coefficient values on the database (see

Figure 4.7).

e As is shown in Table 4.3, temperature dependencies of the broadening parameters
obtained with an accuracy of 10~2, resulting in one order of magnitude improvement

to the existing values.
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e More importantly, the speed dependent and line mixing parameters are added and

have been used to populate all the bands of CO.

For the temperature dependencies of the broadening parameters, an interesting trend
was found. The temperature dependencies had an inverse relation with intensity, and the
lower intensity lines had stronger temperature dependence.

Moreover, semi-empirical calculations were performed to obtain CO; broadening and
CO; shift parameters. Comparison with the corresponding observed coefficients revealed
that the calculated values are comparable at 296 K. Also, the weak CO, line mixing coef-
ficients were collected using the EPG method. It is found that the temperature dependency
is small for line mixing and CO;-shift coefficients mostly because of the small temperature
span used. The remaining residual structure in the modelling of this spectra is because we
neglected the temperature dependence of line mixing.

The line intensities in this study did not vary noticeably when various line profiles were
used (VP profile was 2 to 3 % less than the qSDV function). The narrowing and speed
dependent effects result in narrower line shapes compared to those found by using the
Voigt profile. Then the absorption peak would be higher and will lead to higher broadening
values. An impressive finding of this study was that there is a rotational dependence for
speed dependent parameter, therefore, for both P and R branches, we can extrapolate the
results to get the values for higher quantum numbers. Furthermore, the graph of results
for the speed dependence parameter showed the reduction of speed-dependent effect with
perturber gas mass.

Using the gSDV line shape for CO-CO; represented an improvement in the computation
accuracy compared to previous studies, affirming that this profile can advance concentration
retrievals from satellite data meeting the threshold limit (the CO detection limit for SOIR
instrument is 15 part per billion).

A study plan for the future will be to find out if there is a vibrational dependence be-

tween different bands. If for the existing experimental results, we find a trend, then we can
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predict the values for more bands without doing further experiments. This will be advanta-
geous where we cannot comfortably experiment (e.g., weaker bands or higher temperatures

not achievable in the lab).

6.2.3 Methane study:

The last part of my thesis was dedicated to line shape study of methane. The v3 +v4
band of methane is an important band and had never been modelled using advanced line
parameters for high-resolution spectroscopy. The existing line parameters in the HITRAN
database are from a semi-empirical calculation of other bands in the octad region and should
be revised in order to obtain accurate methane concentration. Therefore, the nature of this
study was to determine the accurate line shape parameters such as CH4-CHy4 and CHy-air-
broadened half-width, CH4-CH,4 and CHy4-air-shift parameters and line mixing coefficients.
The temperature dependence of CH4-CH4 and CHgy-air-broadened half-width, CH4-CH4
and CHy4-air-shift parameters in the v3 4+ Vv4 band of methane were also needed.

Comparison of intensities and line positions of a selected number of strong transitions
showed good agreement between the present work, HITRAN, GEISA databases and the-
oretical calculation. A difference of about 5% was expected since the existing values are
reported based on the semi-empirical calculations in HITRAN. The findings of this research
are expected to be included in the database after validation.

Comparisons of the present results and HITRAN2012 values showed that the average
deviation of line intensities was between 1 to 4% for methane. This improvement is capable
of providing accuracy conditions for the satellite missions for Earth’s atmospheric research.
The desired accuracy for GOSAT is 0.4%, and it means achieving 8 part per billion uncer-
tainty in concentration measurements. The improved results obtained for the present study,
are able to decrease the standard deviation of the concentrations at least five times by taking
into account the right values for pressure-induced shift coefficient.

Comparisons of the line positions with HITRAN, the absolute differences were found
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to be in the order of 1073 cm™! to 10™* cm™!. This discrepancy was about five percent
for most of the lines. Even this much variation in radiative transfer calculations is non-
negligible and should be taken into account.

The determined temperature dependence for CH4-CH4 and CHy-air-broadening were
often close, and for several transitions, the temperature dependence exponents for self-
broadened half-width coefficients were slightly higher compared with those to air-broadened
half-width coefficients. Similarly, the temperature dependence for CH4-CHg4-shift coeffi-
cients that were more significant corresponded with those for CHy-air-shift coefficients.

The quadratic speed dependent Voigt profile including line mixing through the oft-
diagonal relaxation matrix elements formalism showed better residuals. Fitting the spectra
in a limited wavenumber range each time, the line mixing parameters were determined
for several mixed pairs of transitions. The difference between CH4-CH4 and CHy-air-line
mixing coefficients was small. It is hoped that the performed measurement presented in the
thesis will encourage the implementation of better quantum mechanical models for methane

line shapes.

6.3 Closing remarks

Laboratory spectroscopic studies help to improve estimating of atmospheric composi-
tions mole fractions leading to enhanced capability for understanding environmental con-
cerns. Better uncertainties of atmospheric retrievals can be gained by removing the sources
of systematic errors in calculations, by adding spectral line parameters. Accordingly, ad-
vanced molecular line shapes should be examined.

To assess atmospheric spectra with high accuracy, the individual absorption spectral
lines can be computed in the frequency range of the measured spectrum, in a variety of pres-
sures and temperatures gauged by the instrument line-of-sight. In the line by line model,
the lines are taken from the HITRAN. For every frequency, the line-by-line calculation is

made to obtain the participation of each spectral line for a particular molecule.
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The evaluation of existing spectroscopic databases and their updates with the latest spec-
troscopic data requires an open-ended practice. In particular, the validation of the spec-
troscopic parameters in the most extended range of temperature, pressure, and absorber
amounts appropriate to the specifications of existing or future instruments are essential to
fully exploit their observing capabilities.

The results of this laboratory study discussed the broad aims of the Atmospheric Com-
position Laboratory Research Program to advance the observation and knowledge of terres-
trial atmospheric and planetary formation [194] and to provide an improved measurements

of the environment.
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Appendix A

Appendix A including the tables for
Chapters 4 and 5

A.1 The table of results for Chapters 4 and 5

Following tables present the complete list of measured and calculated line shape param-
eters for 2 — 0 band of CO. Table A.1 contains CO, broadening coefficients at 296 K and
their temperature dependence for CO followed by Table A.2 showing the measured results
for CO, line shift coefficients for the 2 — 0 band of 2C!00. The next ones are Table A.3
and A.4 which include CO, broadening and shift coefficients measured for the 2 — 0 band
of 12C'%0 using the qSDV profile by multi-spectrum fitting all the spectra recorded at each
temperature. Speed dependence of the broadening (SDB) coefficients and weak line mixing
(LM) parameters, and narrowing parameters (in cm~ 'atm~!) measured for the 2 — 0 band
of 12C'%0 are presented in Table A.5. Theoretical CO, broadening coefficients for the 2 — 0
band of >C!®0 at different temperatures and resulting temperature dependence exponents
are combined in Table A.6 followed by Table A.7 including Theoretical CO; shift param-
eters for the 2 — 0 band of CO at different temperatures. Moreover, CO, weak line mixing
coefficients Yk0 (atm™") for the 2 — 0 band of '2C'®0 measured using the gSDV profile are
gathered in Table 4.11. The last table for chapter 4 is Table A.9 presenting CO; broadening
coefficients for the 2 — 0 band of '>C!0 calculated using EPG calculations.

Table A.1: CO, broadening coefficients at 296 K and their temperature dependence mea-
sured for the 2 — 0 band of '>C'60 by multi-spectrum fitting 21 FTS spectra using the VP,
RP and qSDV profiles

bg(CO —CO») (ecm'atm™1) ny

Line VP (unc) RP (unc) gSDV (unc) VP (unc) RP (unc) gSDV (unc)
P(22) 0.05820(41) 0.05506(36) 0.06041 (44) 0.648(66) 0.711(63) 0.704(55)
P(21) 0.05693(27) 0.05502(24) 0.05755(28) 0.753(43) 0.803(41) 0.761(38)
P(20) 0.05845(19) 0.05747(17) 0.05979 (21) 0.694(29) 0.74027) 0.712(25)
P(19) 0.05975(14) 0.05904 (13) 0.06133(15) 0.713(21) 0.764(19) 0.725(18)
P(18) 0.06029 (10) 0.05990(9) 0.06183(11) 0.710(15) 0.745(14) 0.722(13)
P(17) 0.06154(8) 0.06137(7) 0.06296 (9) 0.694(11) 0.728(10) 0.704(10)
P(16) 0.06223(6) 0.06226(6)  0.06358 (7) 0.710(8) 0.739(8) 0.717(7)
P(15) 0.06300(5) 0.06336(5) 0.06419(5) 0.729(7) 0.746(6) 0.730(6)
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P(14)
P(13)
P(12)
P(11)
P(10)
P(9)
P(8)
P(7)
P(6)
P(5)
P(4)
P@3)
PQ2)
P(1)
R(1)
R(2)
R(3)
R(4)
R(5)
R(6)
R(7)
R(8)
R(9)
R(10)
R(11)
R(12)
R(13)
R(14)
R(15)
R(16)
R(17)
R(18)
R(19)
R(20)
R(21)
R(22)

0.06452 (4)
0.06587 (4)
0.06740 (3)
0.06910 (3)
0.07147 (3)
0.07414 (3)
0.07705 (3)
0.08062 (3)
0.08412 (3)
0.08796 (3)
0.09199 (4)
0.09625 (4)
0.1009 (6)
0.1075 (12)
0.1076 (11)
0.1009 (6)
0.09594 (4)
0.09189 (3)
0.08792 (3)
0.08397 (3)
0.08019 (2)
0.07676 (2)
0.07378 (2)
0.07107 (2)
0.06883 (2)
0.06680 (2)
0.06526 (3)
0.06413 (3)
0.06287 (3)
0.06184 (4)
0.06069 (5)
0.05988 (6)
0.05922 (8)
0.05796 (10)
0.05735 (14)
0.05565 (19)

0.06487 (4)
0.06601 (3)
0.06767 (3)
0.06941 (3)
0.07175 (3)
0.07442 (3)
0.07731 (3)
0.08088 (3)
0.08432 (3)
0.08812 (3)
0.09206 (3)
0.09607 (4)
0.1006 (6)
0.1067 (11)
0.1071 (10)
0.1008 (5)
0.09597 (4)
0.09205 (3)
0.08815 (3)
0.08428 (2)
0.08055 (2)
0.07715 (2)
0.07409 (2)
0.07141 (2)
0.06906 (2)
0.06707 (2)
0.06542 (2)
0.06423 (3)
0.06288 (3)
0.06177 (4)
0.06053 (4)
0.05968 (5)
0.05849 (7)
0.05728 (9)
0.05550 (13)
0.05375(17)

0.06587 (5)
0.06730 (4)
0.06886 (4)
0.07007 (3)
0.07314(3)
0.07596 (3)
0.07901 (3)
0.08283 (3)
0.08654 (3)
0.09059 (4)
0.09483 (4)
0.09945 (5)
0.1046 (7)
0.1110(13)
0.1111(13)
0.1042 (7)
0.09894 (5)
0.09468 (4)
0.09047 (3)
0.08627 (3)
0.08229(3)
0.07869 (3)
0.07570 (2)
0.07272 (2)
0.07052 (3)
0.06823 (3)
0.06667 (3)
0.06559 (3)
0.06430 (4)
0.06323 (4)
0.06194 (5)
0.06111 (6)
0.06082 (8)
0.05902 (11)
0.05898 (15)
0.05642 (20)

0.707 (6)
0.697 (5)
0.684 (4)
0.674 (4)
0.657 (3)
0.644 (3)
0.639(3)
0.642 (3)
0.649 (3)
0.658 (3)
0.671(3)
0.682 (4)
0.683(5)
0.689 (8)
0.699 (8)
0.694 (5)
0.684 (3)
0.680 (3)
0.667 (3)
0.661 (3)
0.655(3)
0.649 (3)
0.648 (3)
0.662 (3)
0.672(3)
0.691 (3)
0.698 (3)
0.703 (4)
0.708 (5)
0.712(5)
0.706 (7)
0.709 (9)
0.694 (11)
0.726 (16)
0.669 (22)
0.665 (32)

0.724 (5)
0.714 (4)
0.696 (4)
0.681(3)
0.664 (3)
0.649 (3)
0.642 (3)
0.647 (3)
0.654 (3)
0.665 (3)
0.681(3)
0.696 (3)
0.700 (4)
0.710(8)
0.718(8)
0.708 (4)
0.694 (3)
0.687 (3)
0.672(3)
0.661 (2)
0.652(2)
0.644 (2)
0.647 (2)
0.661 (3)
0.676 (3)
0.695 (3)
0.709 (3)
0.719 (4)
0.728 (4)
0.736 (5)
0.733 (6)
0.742 (8)
0.739(11)
0.770 (14)
0.728 (21)
0.708 (30)

0.706 (5)
0.697 (4)
0.680 (3)
0.667 (3)
0.650 (3)
0.636 (3)
0.628 (3)
0.631(3)
0.636 (3)
0.646 (3)
0.659 (3)
0.672(3)
0.676 (4)
0.686 (7)
0.693 (7)
0.685 (4)
0.675(3)
0.664 (3)
0.653(2)
0.646 (2)
0.638(2)
0.633(2)
0.633(2)
0.650 (2)
0.661 (3)
0.683 (3)
0.693 (3)
0.702 (3)
0.710(4)
0.716(5)
0.712(6)
0.718(7)
0.710(10)
0.737 (14)
0.693 (19)
0.665 (28)

unc’ are the statistical uncertainties (16) estimated by the least squares fitting procedure.

Table A.2: CO, line shift coefficients for the 2 — 0 band of '?C!0 measured by multi-

spectrum fitting 21 FTS spectra using the VP, RP and qSDV profiles
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Line d°(CO = CO») (cm™'atm™)

v (cm™ 1) VP (unc) RP (unc) SDV (unc)
P(22) 4159.5595 —0.00748 (25) —0.00735(22) —0.00750(21)
P(21) 4164.8408 —0.00676(16)  —0.00659 (15) —0.00673 (14)
P(20) 4170.0551 —0.00637 (11)  —0.00628 (10) —0.00627 (10)
P(19) 4175.2024 —0.00685(8)  —0.00675(8)  —0.00673(7)
P(18) 4180.2825 —0.00701(6)  —0.00694 (6)  —0.00687 (5)
P(17) 4185.2952 —0.00698 (5)  —0.00692(4)  —0.00688 (4)
P(16) 4190.2404 —0.00669 (4)  —0.00663(3)  —0.00657 (3)
P(15) 4195.1180 —0.00633(3)  —0.00630(3)  —0.00624 (3)
P(14) 4199.9277 —0.00525(2) —0.00623(2) —0.00617 (2)
P(13) 4204.6695 —0.00581(2) —0.00579(2) —0.00571(2)
P(12) 4209.3432 —0.00563(2) —0.00560(2) —0.00553(2)
P(11) 4213.9486 —0.00525(2) —0.00523(2) —0.00515(2)
P(10) 4218.4857 —0.00527(2)  —0.00525(1) —0.00517 (1)
P(9)  4222.9542 —0.00494 (2)  —0.00492(1)  —0.00483 (1)
P(8)  4227.3540 —0.00469 (2)  —0.00467 (1)  —0.00458 (1)
P(7)  4231.6850 —0.00426 (2)  —0.00424(1) —0.00414(1)
P(6)  4235.9470 —0.00381(2) —0.00380(2) —0.00370(1)
P(5)  4240.1399 —0.00347(2)  —0.00346(2)  —0.00337(2)
P(4)  4244.2635 —0.00342(2)  —0.00342(2) —0.00333(2)
P(3)  4248.3176 —0.00287(3)  —0.00286(2) —0.00279(2)
P(2)  4252.3022 —0.00272(4)  —0.00269(3)  —0.00268 (3)
P(1) 4256.2171 —0.00238(7)  —0.00225(6)  —0.00238 (6)
R(1) 4263.8372 —0.00319(7) —0.00308(6)  —0.00281 (6)
R(2) 4267.5421 —0.00278 3)  —0.00270(3)  —0.00251 (3)
R(3) 4271.1766 —0.00293(2)  —0.00286(2) —0.00272(2)
R(4)  4274.7407 —0.00333(2) —0.00326(2) —0.00315(2)
R(5) 4278.2343 —0.00376(2)  —0.00370(1)  —0.00361 (1)
R(6)  4281.6570 —0.00397 (1)  —0.00392(1)  —0.00384 (1)
R(7)  4285.0089 —0.00405 (1)  —0.00401(1)  —0.00394 (1)
R(8)  4288.2898 —0.00451 (1)  —0.00449(1)  —0.00441 (1)
R(9)  4291.4994 —0.00462 (1 —0.00460 (1)  —0.00453 (1)
R(10) 4294.6378 —0.00486 (1)  —0.00485(1)  —0.00478 (1)
R(11) 4297.7046 —0.00498 (1)  —0.00496(1)  —0.00490 (1)
R(12) 4300.6999 —0.00526 (1)  —0.00525(1)  —0.00519(1)
R(13) 4303.6233 —0.00510(2)  —0.00509(1)  —0.00503 (1)
R(14) 4306.4749 —0.00540(2)  —0.00539(2) —0.00534(2)
R(15) 4309.2544 —0.00538(2) —0.00537(2) —0.00532(2)
R(16) 4311.9617 —0.00556(2)  —0.00555(2) —0.00551(2)
R(17) 4314.5966 —0.00595(3)  —0.00592(3) —0.00589(3)
R(18) 4317.1590 —0.00558 (4)  —0.00558(3)  —0.00554 (3)
R(19) 4319.6488 —0.00575(5)  —0.00571(4)  —0.00568 (4)
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R(20) 4322.0658 —0.00640(6) —0.00637(6) —0.00637 (5)
R(21) 4324.4098 —0.00569 (8)  —0.00555(8)  —0.00562 (7)
R(22) 4326.6808 —0.00671 (12) —0.00648 (11) —0.00666 (10)

unc’ are the statistical uncertainties (16) estimated by the least squares fitting procedure.

Table A.3: CO; broadening coefficients measured for the 2 — 0 band of '>C!60 using the
gSDV profile by multi-spectrum fitting all the spectra recorded at each temperature

bg(CO —CO») (ecm'atm™1)

Line 283.4 270.0 255.4 240.5
P(22) 0.0603(150) 0.0609(100) 0.0586(120) 0.0626(130)
PQ21) 0.0571(22) 0.0580 (30) 0.0596(73)  0.0545(190)
P(20) 0.0604(20) 0.0589(22)  0.0596(49)  0.0618 (160)
P(19) 0.0607(12) 0.0616(17) 0.0621(37)  0.0605(75)
P(18) 0.0621(10) 0.0615(12)  0.0612(26)  0.0628 (64)
P(17) 0.0629(6)  0.0626(9)  0.0631(20)  0.0630(42)
P(16) 0.0633(6)  0.0635(7)  0.0636(16)  0.0634(33)
P(15) 0.0639(4)  0.0643(5)  0.0640(13)  0.0640(26)
P(14) 0.0656(4)  0.0656(4)  0.0650(11)  0.0655(22)
P(13) 0.0671(3)  0.0663(4)  0.0663(8)  0.0672(15)
P(12) 0.0688(3)  0.0679(3)  0.0680(7)  0.0690(13)
P(11) 0.0708(2)  0.0701(3)  0.0696(7)  0.0707(10)
P(10) 0.0729(2)  0.0729(3)  0.0718(7)  0.0726(9)
PO) 0.0759(2)  0.0750(2)  0.0736(5)  0.0765(9)
P@8) 0.0787(2)  0.0788(2)  0.0778(5)  0.0791(9)
P(7) 0.0829(2)  0.0826(2)  0.0810(5)  0.0829(9)
P(6) 0.0868(2)  0.0865(3)  0.0843(6)  0.0872(8)
P(5)  0.0908(2)  0.0901(3)  0.0886(6)  0.0908(9)
P@) 0.0951(2)  0.0952(3)  0.0939(8)  0.0958(11)
P(3) 0.0998(3)  0.0989(4)  0.0988(9)  0.1004(13)
PQ2) 0.104(57  0.1043(6)  0.1033(12)  0.1053(19)
P(1)  0.1098(10) 0.1109(12) 0.1119(29)  0.1101 (43)
R(1) 0.1099(10) 0.1117(14)  0.1108(30)  0.1104 (41)
R(2) 0.1043(5)  0.1033(6)  0.1032(13)  0.1050(20)
R(3) 0.0991(3)  0.0978(4)  0.0983(9)  0.0995(14)
R4) 0.0942(2)  0.0953(3)  0.0937(7)  0.0943(11)
R(5) 0.0904(2)  0.0900(2)  0.0890(5)  0.0905 (8)
R(6) 0.0861(2)  0.0856(2)  0.0851(5)  0.0860(7)
R(7) 0.0820(2)  0.0819(2)  0.0810(4)  0.0825(6)
R(8) 0.0786(2)  0.0781(2)  0.07754)  0.0780(7)
R() 0.0757(1)  0.0755(2)  0.0733(5)  0.0765(7)
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R(10)
R(11)
R(12)
R(13)
R(14)
R(15)
R(16)
R(17)
R(18)
R(19)
R(20)
R(21)
R(22)

0.0725 (2)
0.0706 (2)
0.0683 (2)
0.0665 (2)
0.0653 (2)
0.0641 (2)
0.0629 (2)
0.0616 (3)
0.0612 (5)
0.0608 (4)
0.0587 (9)
0.0586 (8)
0.0576 (19)

0.0720 (2)
0.0701 (2)
0.0685 (2)
0.0663 (2)
0.0657 (2)
0.0641 (3)
0.0634 (3)
0.0620 (4)
0.0607 (5)
0.0610 (8)
0.0587 (8)
0.0596 (13)
0.05554 (31)

0.0706 (4)
0.0683 (4)
0.0668 (5)
0.0651 (5)
0.0636 (6)
0.0632 (8)
0.0623 (9)
0.0620 (12)
0.0612 (14)
0.0596 (21)
0.0601 (25)
0.0582 (38)
0.0566 (49)

0.0712 (6)
0.0709 (7)
0.0685 (7)
0.0663 (9)
0.0658 (12)
0.0644 (13)
0.0634 (13)
0.0614 (22)
0.0611 (34)
0.0618 (30)
0.0582 (71)
0.0592 (44)
0.0589 (180)

unc’ are the statistical uncertainties (16) estimated by the least squares fitting procedure.

Table A.4: CO; shift coefficients measured for the 2 — 0 band of '>C!0 using the gSDV

profile by multi-spectrum fitting all the spectra recorded at each temperature

Line do(T)(CO - COy) (cm~'atm™1)
V(em™) 283.4 270.0 255.4 240.5

P(22) 4159.5595 —0.00749(28) —0.00716(34) —0.00881(64) —0.00721 (130)
P(21) 4164.8408 —0.00635(19) —0.00686(23) —0.00758 (43) —0.00751 (74)
P(20) 4170.0551 —0.00605 (14) —0.00622(16) —0.00708 (29) —0.00661 (52)
P(19) 41752024 —0.00644 (10) —0.00675(11) —0.00745(21) —0.00725 (36)
P(18) 4180.2825 —0.00662(8)  —0.00667 (8)  —0.00769 (15) —0.00795 (25)
P(17) 4185.2952 —0.00668(6)  —0.00686(6)  —0.00722(11) —0.00770(18)
P(16) 4190.2404 —0.00640(5)  —0.00650(5)  —0.00696(9)  —0.00721 (14)
P(15) 4195.1180 —0.00598 (4)  —0.00616(4)  —0.00688(7)  —0.00671(11)
P(14) 4199.9277 —0.00593(3)  —0.00614(3)  —0.00653(6)  —0.00676 (9)
P(13)  4204.6695 —0.00544(3)  —0.00571(3)  —0.00612(5)  —0.00616(7)
P(12) 4209.3432 —0.00529(2)  —0.00546(3)  —0.00605(4)  —0.00590 (6)
P(11) 4213.9486 —0.00494(2)  —0.00504(2)  —0.00563(4)  —0.00557 (6)
P(10) 4218.4857 —0.00496(2)  —0.00508(2)  —0.00560(4)  —0.00551 (5)
P(9) 42229542 —0.00463(2)  —0.00473(2)  —0.00534(4)  —0.00510(5)
P(8)  4227.3540 —0.00437(2)  —0.00449(2)  —0.00497(4)  —0.00489 (5)
P(7)  4231.6850 —0.00396(2) —0.00398(2)  —0.00462(4)  —0.00450(5)
P(6)  4235.9470 —0.00346(2)  —0.00355(2)  —0.00427(4)  —0.00406 (5)
P(5)  4240.1399 —0.00310(2)  —0.00326(2) —0.00397(4)  —0.00353 (5)
P(4)  4244.2635 —0.00312(3)  —0.00321(3)  —0.00383(5)  —0.00352(6)
P(3) 42483176 —0.00258 (4)  —0.00266(3)  —0.00328(5)  —0.00297 (7)
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P(2) 42523022  —0.00257(5) —0.00241(5) —0.00299(7)  —0.00319(10)
P(1) 42562171  —0.00222(10) —0.00239(10) —0.00245(14) —0.00273(19)
R(1) 4263.8372  —0.00283(10) —0.00286(9) —0.00261(13) —0.00316(19)
R(2) 4267.5421  —0.00248(5) —0.00229(5) —0.00297(7)  —0.00254(10)
R(3) 42711766  —0.00250(3) —0.00269(3) —0.00312(5)  —0.00273 (7)
R(4) 42747407  —0.00300(3) —0.00311(3) —0.00338(4)  —0.00330(6)
R(5) 42782343  —0.00342(2) —0.00353(2) —0.00399(4)  —0.00378 (5)
R(6) 4281.6570  —0.00367(2) —0.00378(2) —0.00409(3) —0.00417 (5)
R(7) 42850089  —0.00370(2) —0.00388(2) —0.00434(3) —0.00432(4)
R(8) 4288.2898  —0.00414(2) —0.00429(2) —0.00498(3) —0.00488 (4)
R(9) 4291.4994  —0.00430(2) —0.00439(2) —0.00498(3) —0.00512(4)
R(10) 4294.6378  —0.00451(2) —0.00471(2) —0.00528(3) —0.00521 (4)
R(11) 42977046  —0.00468(2) —0.00478(2) —0.00534(3) —0.00539 (4)
R(12) 43006999  —0.00493(2) —0.00509(2) —0.00574(3) —0.00568 (5)
R(13) 4303.6233  —0.00480(2) —0.00497(2) —0.00545(4)  —0.00552(5)
R(14) 43064749  —0.00518(2) —0.00521(2) —0.00579(4)  —0.00576 (6)
R(15) 4309.2544  —0.00507(2) —0.00521(3) —0.00590(5)  —0.00579 (7)
R(16) 43119617  —0.00530(3) —0.00543(3) —0.00604(6) —0.00587 (8)
R(17) 43145966  —0.00568(4) —0.00586(4) —0.00635(7) —0.00639(11)
R(18) 4317.1590  —0.00531(4) —0.00544(5) —0.00620(9)  —0.00620 (14)
R(19) 4319.6488  —0.00539(6) —0.00558(6) —0.00655(11) —0.00622(19)
R(20) 4322.0658  —0.00619(8) —0.00630(8) —0.00694(15) —0.00732(26)
R(21) 43244098  —0.00535(10) —0.00560(11) —0.00647 (21) —0.00600 (38)
R(22) 4326.6808  —0.00626(14) —0.00672(16) —0.00775(30) —0.00734(56)

unc’ are the statistical uncertainties (16) estimated by the least squares fitting procedure.

Table A.5: Speed dependence of the broadening (SDB) coefficients and weak line mix-
ing (LM) parameters, and narrowing parameters (in cm™'atm~!) measured for the 2 — 0
band of '>C!60 by multi-spectrum fitting 21 FTS spectra with the gSDV and RP models,
respectively

Line qSDV RP

¥ (cm™ 1) SDB LM Narrowing
P(22) 4159.5595 0.0112(56)  —0.0086 (26) 0.028 (11)
P(21) 4164.8408 0.00351(58)  0.0009 (17) 0.007 (5)
P(20) 4170.0551 0.00751(32) —0.0002(12) 0.027(5)
P(19) 4175.2024 0.00849 (23) —0.0010(8) 0.046 (5)
P(18) 4180.2825 0.00843 (17) 0.0013 (6) 0.034(3)
P(17) 4185.2952 0.00800 (13) 0.0047 (4) 0.043(3)
P(16) 4190.2404 0.00776 (11) 0.0018 (3) 0.043(2)
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P(15)
P(14)
P(13)
P(12)
P(11)
P(10)
P(9)
P(8)
P(7)
P(6)
P(5)
P4)
P(3)
P(2)
P(1)
R(1)
R(2)
R(3)
R(#)
R(5)
R(6)
R(7)
R(8)
R(Y)
R(10)
R(11)
R(12)
R(13)
R(14)
R(15)
R(16)
R(17)
R(18)
R(19)
R(20)
R(21)
R(22)

4195.1180
4199.9277
4204.6695
4209.3432
4213.9486
4218.4857
4222.9542
4227.3540
4231.6850
4235.9470
4240.1399
4244.2635
4248.3176
4252.3022
4256.2171
4263.8372
4267.5421
4271.1766
4274.7407
4278.2343
4281.6570
4285.0089
4288.2898
4291.4994
4294.6378
4297.7046
4300.6999
4303.6233
4306.4749
4309.2544
4311.9617
4314.5966
4317.1590
4319.6488
4322.0658
4324.4098
4326.6808

0.00696 (9)
0.00770 (8)
0.00822 (6)
0.00838 (6)
0.00907 (5)
0.00955 (5)
0.01032 (5)
0.01097 (5)
0.01209 (5)
0.01300 (5)
0.01391 (6)
0.01481 (6)
0.01626 (8)
0.01812(11)
0.01811(22)
0.01769 (22)
0.01678 (11)
0.01567 (7)
0.01463 (6)
0.01373 (5)
0.01266 (5)
0.01176 (4)
0.01090 (4)
0.01081 (4)
0.00956 (4)
0.00959 (4)
0.00834 (4)
0.00821 (5)
0.00831 (5)
0.00810 (6)
0.00786 (7)
0.00718 (8)
0.00715 (10)
0.00863 (12)
0.00606 (19)
0.00863 (22)
0.00389 (39)

—0.0030(3)
0.0010(2)
0.0000 (2)

—0.0001 (1)
0.0003 (1)
0.0004 (1)
0.0006 (1)
0.0000 (1)

—0.0012(1)

—0.0018 (1)

—0.0024 (1)

—0.0027 (1)

—0.0039 (2)

—0.0054 (2)

—0.0050 (4)
0.0043 (4)
0.0045 (2)
0.0021 (1)
0.0008 (1)
0.0003 (1)

—0.0004 (1)

—0.0019 (1)

—0.0021 (1)

—0.0031 (1)

—0.0042 (1)

—0.0043 (1)

—0.0045 (1)

—0.0064 (1)

—0.0061 (1)

—0.0071(2)

—0.0083 (2)

—0.0084 (3)

—0.0078 (3)

—0.0092 (5)

—0.0088 (6)

—0.0135(9)

0.0007 (12)

0.043 (2)
0.054 (2)
0.052(2)
0.058 (2)
0.055(2)
0.069 (2)
0.078 (2)
0.080(2)
0.107 (3)
0.104 (3)
0.123 (4)
0.145(5)
0.133(6)
0.158 (10)
0.178 (21)
0.181(21)
0.176 (10)
0.121(5)
0.149 (5)
0.143 (4)
0.114(3)
0.102(2)
0.086 (2)
0.081(2)
0.074 (2)
0.060 (1)
0.053 (1)
0.048 (1)
0.049 (1)
0.044 (1)
0.043 (2)
0.036(2)
0.040 (2)
0.038(2)
0.031(3)
0.024 (3)
0.005 (3)

unc’ are the statistical uncertainties (16) estimated by the least squares fitting procedure.
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Table A.6: Theoretical CO, broadening coefficients for the 2 — 0 band of '>C'°0 at different
temperatures and resulting temperature dependence exponent 7

Line hY(CO - CO,) (cm 'atm™1)

V(cm™) 296 283.4 270.0 2554  240.5 ni
P(22) 4159.5595 0.05740 0.05924 0.06137 0.06391 0.06677 0.727
P(21) 4164.8408 0.05774 0.05960 0.06173 0.06428 0.06716 0.728
P(20) 4170.0551 0.05814  0.06000 0.06215 0.06471 0.06761 0.725
P(19) 4175.2024 0.05860 0.06047 0.06263 0.06521 0.06812 0.724
P(18) 4180.2825 0.05915 0.06103 0.06320 0.06579 0.06872 0.721
P(17) 4185.2952 0.05983 0.06171 0.06389 0.06649 0.06944 0.715
P(16) 4190.2404 0.06066 0.06255 0.06474 0.06736 0.07033 0.709
P(15) 4195.1180 0.06172 0.06363 0.06582 0.06846 0.07145 0.702
P(14) 4199.9277 0.06308 0.06499 0.06720 0.06986 0.07287 0.690
P(13)  4204.6695 0.06480 0.06672 0.06895 0.07162 0.07465 0.677
P(12) 4209.3432 0.06689 0.06883 0.07108 0.07377 0.07682 0.662
P(11) 4213.9486 0.06932 0.07129 0.07356 0.07627 0.07934 0.647
P(10) 4218.4857 0.07202 0.07402 0.07632 0.07906 0.08215 0.632
P(9)  4222.9542 0.07496 0.07701 0.07937 0.08216 0.08529 0.621
P(8)  4227.3540 0.07817 0.08032 0.08278 0.08568 0.08892 0.622
P(7)  4231.6850 0.08167 0.08397 0.08658 0.08966 0.09309 0.634
P(6)  4235.9470 0.08541 0.08789 0.09071 0.09404 0.09774 0.654
P(5)  4240.1399 0.08936 0.09204 0.09510 0.09871 0.10274 0.676
P(4)  4244.2635 0.09371  0.09659 0.09989 0.10380 0.10817 0.694
P(3)  4248.3176 0.09893 0.10204 0.10560 0.10983 0.11458 0.709
P(2)  4252.3022 0.10627 0.10965 0.11352 0.11813 0.12333 0.718
P(1) 4256.2171 0.12215 0.12598 0.13039 0.13562 0.14149 0.709
R(1) 4263.8372 0.10939 0.11283 0.11677 0.12146 0.12672 0.710
R(2) 4267.5421 0.10214 0.10538 0.10909 0.11351 0.11849 0.716
R(3)  4271.1766 0.09652 0.09954 0.10301 0.10712 0.11174 0.707
R(4)  4274.7407 0.09201 0.09484 0.09807 0.10189 0.10618 0.693
R(5) 4278.2343 0.08807 0.09070 0.09371 0.09726 0.10122 0.674
R(6)  4281.6570 0.08437 0.08681 0.08959 0.09287 0.09652 0.652
R(7)  4285.0089 0.08081 0.08308 0.08566 0.08870 0.09209 0.633
R(8)  4288.2898 0.07745 0.07957 0.08200 0.08487 0.08807 0.620
R(9)  4291.4994 0.07434 0.07637 0.07870 0.08147 0.08457 0.620
R(10) 4294.6378 0.07148 0.07346 0.07574 0.07845 0.08152 0.630
R(11) 4297.7046 0.06885 0.07080 0.07305 0.07573 0.07878 0.645
R(12) 4300.6999 0.06647 0.06840 0.07063 0.07330 0.07633 0.662
R(13) 4303.6233 0.06442 0.06634 0.06855 0.07120 0.07421 0.678
R(14) 4306.4749 0.06275 0.06465 0.06685 0.06949 0.07248 0.690
R(15) 4309.2544 0.06143  0.06332 0.06551 0.06813 0.07110 0.700
R(16) 4311.9617 0.06040 0.06229 0.06446 0.06707 0.07002 0.709
R(17) 4314.5966 0.05959 0.06147 0.06364 0.06623 0.06917 0.716
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R(18) 4317.1590 0.05894 0.06081 0.06297 0.06555 0.06847 0.720
R(19) 4319.6488 0.05841 0.06027 0.06242 0.06499 0.06789 0.723
R(20) 4322.0658 0.05796 0.05982 0.06196 0.06451 0.06740 0.726
R(21) 4324.4098 0.05758 0.05942 0.06155 0.06410 0.06697 0.726
R(22) 4326.6808 0.05724 0.05908 0.06120 0.06373 0.06659 0.728

Table A.7: Theoretical CO; shift parameters for the 2 — 0 band of CO at different tempera-
tures

Line do(T) (cm~'atm™1)
V(cm™) 296 283.4 270.0 2554 240.5
P(22) 4159.5595 —0.00697 —0.00719 —0.00744 —0.00771 —0.00798
P(21) 4164.8408 —0.00683 —0.00707 —0.00732 —0.00760 —0.00789
P(20) 4170.0551 —0.00670 —0.00694 —0.00720 —0.00749  —0.00780
P(19) 4175.2024 —0.00655 —0.00680 —0.00708 —0.00738  —0.00770
P(18) 4180.2825 —0.00640 —0.00666 —0.00694 —0.00726  —0.00759
P(17) 4185.2952 —0.00625 —0.00651 —0.00680 —0.00713  —0.00746
P(16) 4190.2404 —0.00608 —0.00635 —0.00665 —0.00698 —0.00732
P(15) 4195.1180 —0.00589 —0.00617 —0.00646 —0.00679 —0.00716
P(14) 4199.9277 —0.00567 —0.00593 —0.00623 —0.00658 —0.00696
P(13) 4204.6695 —0.00539 —0.00566 —0.00597 —0.00633 —0.00674
P(12) 4209.3432 —0.00508 —0.00536 —0.00568 —0.00606 —0.00648
P(11) 4213.9486 —0.00477 —0.00505 —0.00538 —0.00576 —0.00620
P(10) 4218.4857 —0.00445 —0.00474 —0.00507 —0.00546  —0.00590
P(9) 42229542 —0.00415 —0.00443 —0.00477 —0.00516 —0.00561
P(8)  4227.3540 —0.00385 —0.00414 —0.00448 —0.00488 —0.00533
P(7)  4231.6850 —0.00355 —0.00385 —0.00419 —0.00460 —0.00506
P(6)  4235.9470 —0.00324 —0.00354 —0.00389 —0.00431 —0.00478
P(5)  4240.1399 —0.00290 —0.00321 —0.00356 —0.00398 —0.00446
P4) 42442635 —0.00261 —0.00291 —0.00326 —0.00367 —0.00415
P(3)  4248.3176 —0.00253 —0.00284 —0.00320 —0.00363 —0.00411
P(2)  4252.3022 —0.00265 —0.00306 —0.00353 —0.00410 —0.00473
P(1)  4256.2171 —0.00202 —-0.00263 —0.00335 —0.00422 —0.00523
R(1)  4263.8372 —0.00140 —0.00172 —0.00206 —0.00246  —0.00289
R(2) 4267.5421 —0.00161 —0.00199 —0.00241 —0.00291 —0.00345
R(3) 4271.1766 —0.00188 —0.00228 —0.00274 —0.00328 —0.00388
R@4)  4274.7407 —0.00222 —0.00263 —0.00311 —0.00367 —0.00429
R(5)  4278.2343 —0.00241 —-0.00284 —0.00333 —0.00391 —0.00455
R(6) 4281.6570 —0.00260 —0.00306 —0.00358 —0.00420 —0.00490
R(7)  4285.0089 —0.00285 —0.00334 —0.00391 —0.00460 —0.00537
R(8)  4288.2898 —0.00316 —0.00369 —0.00431 —0.00505 —0.00589

159



A.1. THE TABLE OF RESULTS FOR CHAPTERS 4 AND 5

R@O) 4291.4994 —0.00348 —0.00405 —0.00472 —0.00551 —0.00641
R(10) 4294.6378 —0.00380 —0.00440 —0.00510 —0.00593 —0.00687
R(11) 4297.7046 —0.00410 —-0.00472 —0.00544 —0.00629 —0.00725
R(12) 4300.6999 —0.00435 —0.00499 —0.00572 —0.00659 —0.00756
R(13) 4303.6233 —0.00457 —0.00521 —0.00595 —0.00682 —0.00780
R(14) 4306.4749 —0.00475 —0.00540 —0.00614 —0.00701 —0.00798
R(15) 4309.2544 —0.00487 —0.00554 —0.00629 —0.00716 —0.00813
R(16) 4311.9617 —0.00495 —0.00563 —0.00640 —0.00728 —0.00824
R(17) 4314.5966 —0.00503 —0.00571 —0.00648 —0.00737 —0.00834
R(18) 4317.1590 —0.00509 —0.00577 —0.00654 —0.00744 —0.00841
R(19) 4319.6488 —0.00516 —0.00583 —0.00660 —0.00750 —0.00847
R(20) 4322.0658 —0.00522 —0.00589 —0.00666 —0.00756 —0.00853
R(21) 4324.4098 —0.00528 —0.00595 —0.00672 —0.00761 —0.00859
R(22) 4326.6808 —0.00533 —0.00601 —0.00677 —0.00767 —0.00864

Table A.8: CO, weak line mixing coefficients Yk0 (atm™1) for the 2 — 0 band of 2C'°0O
measured using the gSDV profile by multi-spectrum fitting all the spectra recorded at each
temperature, and corresponding values calculated using the EPG law

2405 K 2554 K 270.0K 283.4K

Line qSDV EPG qSDV EPG qSDV EPG qSDV EPG

P(22) —0.0673 0.004 0.0066 0.004 —0.0055 0.0039 —0.0105 0.0039
P(21) —0.0005 0.004 0.0153 0.004 —0.0053 0.0039 0.003 0.0039
P(20) 0.0053 0.0041 —0.0094 0.004 0.0008 0.004 0000 0.0039
P(19) —0.011 0.0041 0.0054 0.004 —0.0016 0.004 —-0.0014 0.0039
P(18) 0.0014 0.0041 —0.0015 0.0041 0.0017 0.004 0.001 0.0039
P(17) 0.0125 0.0041 0.0006 0.0041 0.0037 0.004 0.0057 0.0039
P(16) 0.0022 0.0041 0.0007 0.004 0.001 0.0039 0.0028 0.0038
P(15) —0.0072 0.0041 —-0.0014 0.004 —0.0038 0.0039 —0.0024 0.0038
P(14) —0.0004 0.004 0.0009 0.0039 0.0009 0.0038 0.001 0.0037
P(13) —0.0007 0.0039  —0.0003 0.0038 0 0.0037 0.0002 0.0036
P(12) 0.0009 0.0038 —0.0008 0.0037 —0.0007 0.0035 0.0003 0.0035
P(11) 0.0002 0.0037 —0.0004 0.0035 0.0005 0.0034 0.0003 0.0033
P(10) —0.0003 0.0034 0.0011 0.0032 0.0001 0.0031 0.0005 0.003
P9) 0.0008 0.003 0.0003 0.0029 0.0006 0.0028 0.0006 0.0026
P8  —0.0001 0.0026 0.0001 0.0025 —0.0003 0.0023 0000 0.0022
P(7)  —0.0018 0.002 —0.0008 0.0019  —0.001 0.0017 —0.0015 0.0017
P(6) —0.0018 0.0011 —0.0018 0.001 —0.0017 0.001 —0.0021 0.0009
P(5) —0.002 0000 —0.0025 -0.0001 —-0.0024 —0.0001 —0.0027 —0.0002
pP4) —-0.0022 -0.0017 -0.0032 —-0.0017 —-0.0026 —0.0017 —0.0028 —0.0017
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P@3)
P(2)
P(1)
R(1)
R(2)
R(3)
R(4)
R(5)
R(6)
R(7)
R(8)
R(9)
R(10)
R(11)
R(12)
R(13)
R(14)
R(15)
R(16)
R(17)
R(18)
R(19)
R(20)
R(21)
R(22)

—0.0038
—0.0062
—0.0046

0.0038

0.0044

0.0024

0.0002

—0.001
—0.0007
—0.0023
—0.0016
—0.0034
—0.0048
—0.0049
—0.0041
—0.0072
—0.0082
—0.0108
—0.0146
—0.0127
—0.0013
—0.0151
—0.0017
—0.0347

0.0198

—0.0043
—0.0086
—0.0184
0.0344
0.0105
0.0065
0.0038
0.0018
0.0003
—0.001
—0.002
—0.0028
—0.0035
—0.0041
—0.0047
—0.0052
—0.0056
—0.006
—0.0064
—0.0067
—0.007
—0.0074
—0.0077
—0.008
—0.0083

—0.0044
—0.0055
—0.0039
0.007
0.0042
0.0019
0.0005
0.0006
—0.0008
—0.0025
—0.0029
—0.004
—0.005
—0.0055
—0.0059
—0.0068
—0.0063
—0.0065
—0.008
—0.0099
—0.0118
—0.0068
—0.011
—0.0076
—0.0098

—0.0041
—0.0083
—0.0176

0.0326

0.0101

0.0063

0.0037

0.0018

0.0003
—0.0008
—0.0018
—0.0026
—0.0033
—0.0039
—0.0045

—0.005
—0.0054
—0.0058
—0.0062
—0.0066
—0.0069
—0.0072
—0.0075
—0.0078
—0.0082

—0.0037
—0.0053
—0.0053

0.0039

0.0049

0.0019

0.0008

0.0005
—0.0003
—0.0019
0.0022

—0.003
—0.0045
—0.0041
—0.0049
—0.0068
—0.0064
—0.0069
—0.0082
—0.0092
—0.0097
—0.0076
—0.0137
—0.0103

0.0044

—0.004
—0.008
—0.0168
0.0309
0.0097
0.0061
0.0036
0.0018
0.0004
—0.0008
—0.0017
—0.0025
—0.0031
—0.0037
—0.0043
—0.0048
—0.0052
—0.0056
—0.006
—0.0064
—0.0067
—0.007
—0.0074
—0.0077
—0.008

—0.0041
—0.0053
—0.0049

0.0044

0.0041

0.0022

0.0012

0.0003
—0.0001
—0.0017
—0.0018

—0.003
—0.0036
—0.0041
—0.0038
—0.0058
—0.0056
—0.0072
—0.0079
—0.0068
—0.0061
—0.0112
—0.0048
—0.0162
—0.0023

—0.0039
—0.0077
—0.0161

0.0295

0.0094

0.0059

0.0036

0.0018

0.0004
—0.0007
—0.0016
—0.0024
—0.0031
—0.0036
—0.0041
—0.0046
—0.0051
—0.0055
—0.0059
—0.0062
—0.0066
—0.0069
—0.0073
—0.0076

—0.008

Table A.9: CO, broadening coefficients for the 2 — 0 band of '>C!60 calculated using EPG
calculations

Line

240 K

255K

270 K

285 K

296 K

P(22)
PQ21)
P(20)
P(19)
P(18)
P(17)
P(16)
P(15)
P(14)
P(13)
P(12)
P(11)

0.065146
0.066075
0.067023
0.067996
0.069001
0.070048
0.071148
0.072317
0.073574
0.074942
0.076454
0.078148

0.062536
0.063431
0.064345
0.065285
0.066257
0.067271
0.068338
0.069473
0.070694
0.072024
0.073493
0.075139

0.060092
0.060955
0.061837
0.062746
0.063687
0.064669
0.065704
0.066806
0.067992
0.069285
0.070713
0.072313

0.05815

0.058988
0.059846
0.060729
0.061645
0.062603
0.063613
0.064688
0.065847
0.067111
0.068506
0.070069
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0.056358
0.057171
0.058006
0.058866
0.059759
0.060693
0.061679
0.06273

0.063863
0.065098
0.066462
0.067989
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P(10) 0.080078 0.077013 0.074132 0.071844 0.069724
P9) 0.082313 0.079179 0.076233 0.073893 0.071723
P(8)  0.084945 0.081728 0.078699 0.076295 0.074063
P(7)  0.088105 0.084779 0.081647 0.07916  0.076851
P6) 0.091972 0.088503 0.085235 0.082641 0.080231
P(5)  0.096806 0.093145 0.089696 0.086957 0.084414
P4)  0.102997 0.099068 0.09537  0.092433 0.089708
P(3) 0.111115 0.106806 0.102758 0.099542 0.096564
P(2) 0.121759 0.116912 0.112372 0.108768 0.105438
P(1)  0.128186 0.123046 0.118233 0.114411 0.110882
R(1) 0.133988 0.128554 0.12347  0.119318 0.11575
R(2) 0.127164 0.122044 0.117251 0.113348 0.10997
R@3) 0.115622 0.11109  0.106835 0.103406 0.10034
R4) 0.106848 0.102731 0.098859 0.095769 0.09293
R(5) 0.100169 0.096345 0.092745 0.089897 0.08722
R(6) 0.094958 0.091345 0.087943 0.085272 0.08271
R(7) 0.090795 0.087339 0.084084 0.081546 0.07908
R(8) 0.0874 0.084062 0.08092  0.078484 0.07608
R() 0.084579 0.081332 0.078278 0.075921 0.07357
R(10) 0.082195 0.07902  0.076036 0.073741 0.07143
R(11) 0.080147 0.077031 0.074103 0.07186  0.06959
R(12) 0.078362 0.075294 0.072414 0.070212 0.06797
R(13) 0.076784 0.073757 0.070918 0.06875  0.06654
R(14) 0.075369 0.072379 0.069575 0.067436 0.06525
R(15) 0.074085 0.071127 0.068354 0.06624  0.06408
R(16) 0.072904 0.069976 0.067232 0.065139 0.063
R(17) 0.071807 0.068907 0.06619  0.064116 0.06201
R(18) 0.070776 0.067903 0.065212 0.063155 0.06107
R(19) 0.069799 0.066952 0.064286 0.062244 0.06019
R(20) 0.068865 0.066043 0.063402 0.061374 0.05934
R(21) 0.067964 0.065168 0.062551 0.060537 0.05853
R(22) 0.067091 0.06432  0.061728 0.059726 0.05775

For v3 +v4 band of methane the complete list of tables are as follows: Table A.10 rep-
resents the results obtained by theoretical calculations. Next is Table A.11 that includes
measured wavenumber in cm ™!, intensities in cm~!/(molecule cm~2), CHy-air- broadened
half- width coefficients and CH4-CHy4- broadened half-width coefficients of methane in
cm~'atm™! obtained by multispectrum fitting using quadratic SDV profile and their tem-
perature dependences (n1) and n; respectively. Similarly, Table A.12 contains the measured
CH4-CHy- and CHy-air-shift coefficients in cm ™! and speed dependence parameters (SDV)
of methane obtained by multispectrum fitting using quadratic SDV profile and the temper-
ature dependences of CH4-CHy4- and CHy-air-shift coefficients. The last table (Table A.13)

162



A.1. THE TABLE OF RESULTS FOR CHAPTERS 4 AND 5

included as supplemental file presenting the results obtained by Voigt profile.

Table A.10: Sample table for the results obtained by theoretical calculations. V is wavenum-
ber in cm~!, I is the intensity in HITRAN units cm_ll(molecule cm_z) atT =296 K, C is
vibration-rotation Td symmetry type and n is polyad vibration-rotation ranking number.

v Intensity Jlowerstate C n Jupperstate C n
4300.0493  7.65 x 10722 3 F1 1 3 F2 22
4300.3643 1.71 x 1072} 3 A2 1 2 Al 8
4305.1870 2.29 x 107%? 2 F2 1 2 F1 16
4305.5436 7.37 x 107%2 8 Al 1 8 A2 20
43249324 1.38 x 102! 1 F1 1 1 F2 11
4329.0086 6.79 x 10722 2 E 1 2 E 14
4330.1071 1.12x 10~ 2 F2 1 2 F1 19
4330.6318 1.04 x 1022 3 F2 1 3 F1 28
43309139 5.51x 10722 2 E 1 2 E 15
4331.2198 2.67 x 1072 2 F2 1 2 F1 20
4332.0532 3.52x 1072 3 F1 1 3 F2 27
4332.6586 5.06 x 10722 3 F2 1 3 F1 29
4333.4374 1.32x 1072 3 A2 1 3 Al 9
4333.6686 4.31 x 102! 0 Al 1 1 A2 5
4334.6313 3.37x 1072 2 F2 1 3 F1 25
4334.9264 2.66 x 10722 3 F2 1 3 F1 30
43354241 1.49x 102 3 F1 1 3 F2 28
4335.8904 2.23 x 1072 4 E 1 4 E 25
4336.4926 3.57 x 10722 3 F2 1 3 F1 32
4336.9571 2.48 x 1022 5 F2 1 5 F1 47
4337.3179 2.03 x 10722 5 E 1 5 E 32
4337.4245 6.67 x 10722 3 A2 1 3 Al 10
4337.5484 1.14x 107! 1 F1 1 2 F2 19
4339.1143 539 x 10722 4 F2 1 4 F1 39
4339.3144 4.58 x 10722 4 F1 1 4 F2 41
4339.4788 2.81 x 1072 4 Al 1 4 A2 12
4346.0979 6.43 x 10722 4 F2 1 5 F1 39
4346.3956 1.25x 10721 5 F1 1 5 F2 50
4346.7338  6.42 x 10722 2 F2 1 3 F1 26
4347.3360 5.77 x 10722 6 Al 1 6 A2 19
43477331 1.29 x 102 2 E 1 3 E 17
4348.1653 4.53 x 107%2 7 A2 1 7 Al 21
43489378 2.62 x 107! 1 F1 1 2 F2 20
4350.4034 5.40 x 10722 6 Al 1 7 A2 17
43549975 1.13 x 107! 7 F1 1 7 F2 68
43558171 1.62x 102! 3 A2 1 4 Al 12
43572485 7.86 x 10722 3 F2 1 4 F1 32
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43575058 2.17 x 1072 3 F1 1 4 F2 35
43593168 1.46x 1072 8 Al 1 8 A2 25
4359.5085 8.02x 10722 8 Fl1 1 8 F2 81
4359.5764 5.49 x 10722 8 E 1 8 E 54
4371.1751 3.60x 10723 7 A2 1 6 Al 26
4381.2134 1.70 x 10722 3 Fl 1 4 F2 41
4381.5272 1.18 x 10722 6 Fl 1 7 F2 54
4382.9364 7.19 x 10722 6 A2 1 7 Al 17
4384.8238 1.34x 1072 6 Al 1 7 A2 20
4392.6477 1.67 x 1072 7 F1 1 8 F2 63
43947415 4.03 x 1072 4 Al 1 5 A2 17
4396.0255 1.27 x 1072 4 Al 1 5 A2 18
4398.2566 3.05 x 10722 7 2 2 8 Fl 63
4398.3607 9.94 x 10~22 7 A2 1 8 Al 22
4400.0102 1.65x 10723 8 E 2 9 E 45
4400.8689 3.32x 10722 8 E 1 9 E 46
4407.5790 6.23 x 10722 5 E 1 6 E 38
4410.3159 4.92x 10722 5 Fl 1 6 F2 61
4414.5454 3.13x 10722 6 Fl 1 7 F2 62
4414.7645 3.40x 10722 9 A2 1 10 Al 29
44278176 1.29 x 10~ 7 F1 2 8 F2 75
4430.4188 9.71 x 10722 7 E 1 8 E 50
4430.7593 1.31x 1072 7 2 2 8 F1 72
4431.2749 1.79 x 107! 7 A2 1 8 Al 25
4432.6604 1.06 x 10~2! 7 F1 2 8 F2 76
4433.4198 4.17 x 10722 7 E 1 8 E 51
4433.6520 5.70 x 10722 7 2 2 8 F1 73
4436.3926 1.40x 1072 7 F2 1 8 F1 75
4455.7048 1.54 x 1072 9 Al 1 10 A2 29
4461.2106 7.30x 10722 8 Al 1 7 A2 32
4461.3509 4.22 x 10722 8 Fl1 1 7 F2 91
4468.4597 6.56 x 10722 7 A2 1 6 Al 28
4468.9716 3.12x 10722 7 2 2 6 F1 78
4469.1655 2.46 x 10722 7 E 1 6 E 53
4469.3256 5.30x 10722 7 F1 2 6 F2 80
4489.8954 4.04 x 10722 5 E 1 4 E 37
4489.9408 6.33 x 10722 5 F1 2 4 F2 56
4491.0758 6.36 x 10722 5 2 1 4 Fl1 54
4491.1296 5.49 x 10722 5 Fl 1 4 F2 57
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Table A.11: Measured wavenumber (V) in cm™

I intensities in cm_ll(molecule cm_z),

CHy-air-broadened half-width coefficients (air-b) and CH4-CHy4-broadened half-width co-

efficients (self-b) of methane in cm™latm™!

obtained by multispectrum fitting using

quadratic SDV profile and their temperature dependences (n1) and n, respectively. Note

that US shows upper state and LS presents lower state.

LS US v Intensity air-b self-b n ny

3F11 3F222 4300.052054 7.4380(2) x 10722 0.0651(2) 0.0821(1) 0.899(3) 0.813(2)
3A21  2A18 4300367139  1.6858(5) x 10721 0.0670(1) 0.0844(1) 0.883(2) 0.815(2)
IF11  1F211 4324935011 1.3462(3) x 10721 0.0617(1) 0.08072(4) 0.867(3) 0.783(1)
2E1  2E14  4329.010901 6.3530(2) x 10722 0.0648(1) 0.0824(1) 0.875(2) 0.810(2)
2F21 2F119 4330.110245 1.0892(2) x 10721 0.0639(1) 0.0811(1) 0.879(4) 0.801(1)
2F21 2F119 4330.110259 1.0858(4) x 10721 0.0634(1) 0.0815(1) 0.890(4) 0.791(2)
2E1  2E15 4330916544 5368(2)x 10722 0.0666(2) 0.0839(1) 0.910(1) 0.830(2)
3F21 3F129 4332661710 4.7620(1) x 10722 0.0663(3) 0.0833(1) 0.860(1) 0.850(3)
3A21 3A19 4333441604 1.2507(5) x 10721 0.0660(1) 0.0845(1) 0.885(3) 0.807(3)
0Al1 1A25 4333.670822 4.2194(10) x 1072'  0.0605(1) 0.0804(1) 0.802(5) 0.765(2)
2F21 3F125 4334.633837 3.2500(1) x 10722 0.0642(3) 0.0817(1) 0.860(1) 0.819(2)
3F21 3F130 4334929742  2.5210(1) x 10722 0.0646(4) 0.0811(1) 0.880(1) 0.853(3)
3F11 3F228 4335426543 1.4540(3) x 102! 0.0657(1) 0.0828(1) 0.897(3) 0.811(2)
4E1  4E25  4335.89168  2.2840(1) x 10722 0.0596(4) 0.0772(1) 0.830(1) 0.842(3)
3F21 3F132 4336496244 3.5400(2) x 10722 0.0645(3) 0.0825(1) 0.910(1) 0.852(3)
3A21 3A110 4337425156  7.1490(2) x 10722 0.0646(2) 0.0829(1) 0.866(3) 0.831(3)
IF11  2F219 4337.550831 1.1089(4) x 10721 0.0626(1) 0.0817(1) 0.866(2) 0.766(2)
4F21 4F139 4339.115494 5.3850(2) x 10722 0.0646(2) 0.0821(1) 0.860(1) 0.829(2)
4F11 4F241 4339.314783  4.5840(2) x 10722 0.0665(2) 0.0840(1) 0.880(1) 0.841(3)
4A11 4A212 4339.480862 2.7354(8) x 1072 0.0662(1) 0.0823(1) 0.889(2) 0.811(3)
4F21 SF139 4346.100102 6.2730(3) x 10722 0.0671(2) 0.0844(1) 0.870(1) 0.825(3)
SF11 5F250 4346.398219 1.2700(3) x 1072 0.0632(2) 0.0809(1) 0.859(3) 0.812(3)
2F21 3F126 4346.735927 6.2210(3) x 10722 0.0643(2)  0.0824(1)  0.890(1) 0.800(3)
2E1  3E17 4347735476  1.2565(5) x 10721 0.0670(1) 0.0841(1) 0.899(4) 0.805(2)
IF11  2F220 4348.939398 2.5536(7) x 10721 0.0632(1) 0.0820(1) 0.876(3) 0.769(2)
6A11 TA217 4350405466 5.4020(2) x 10722 0.0640(3) 0.0820(2) 0.840(1) 0.826(3)
TJF1 1  7F268 4354999355 1.1464(3) x 102"  0.0579(2) 0.0760(1) 0.780(1) 0.830(3)
3A21 4A112 4355819081 1.5861(6)x 10721 0.068(1)  0.0849(2) 0.875(4) 0.806(3)
3F21 4F132 4357.251065 7.6840(3) x 10722 0.0664(3) 0.0839(2) 0.890(1) 0.789(3)
3F11 4F235  4357.50802 2.1125(10) x 10721 0.0664(1) 0.0817(1) 0.872(4) 0.804(3)
8A11 8A225 4359.318389 1.4905(6) x 1072  0.0543(2) 0.0734(1) 0.750(1) 0.804(3)
SE1  8ES4  4359.578023 5.5860(4) x 10722 0.0554(4) 0.0744(2) 0.770(2) 0.797(4)
3A21 4A113  4371.178597  6.474(3) x 10722 0.0570(2)  0.0754(1)  0.850(1) 0.789(3)
3F11 4F241 4381.213706 1.6590(1) x 10~%2 0.0832(2) 0.880(2) 0.861(4)
6A21 TA117 4382938826 7.0560(3) x 10722 0.0638(3) 0.0823(1) 0.840(1) 0.839(3)
6A11 TA220 4384.826943 1.3219(5) x 10721 0.0644(2) 0.0809(1) 0.854(5) 0.809(3)
4A11 5A218 4396.027323  1.2532(3) x 10721 0.0669(1) 0.0842(1) 0.876(3) 0.818(2)
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TF2 1
TA2 1
8E 1
SE1
6F1 1
7F1 1
7TE 1
TF2 1
7A2 1
7F1 1
TE 1
9A11
8Al 1
8F11
TA2 1
7F1 1
SE1
S5F11
SE 1
S5F11
SF2 1
SF11

8F1 63
8A1 22
9E 45
6E 38
7F2 62
8F2 75
8E 50
8F1 72
8Al 25
8F2 76
8E 51
10A2 29
TA2 32
7F291
6A1 28
6F2 80
4E 37
4F2 56
4E 37
4F2 56
4F1 54
4F2 57

4398.260444
4398.364425
4400.098489
4407.581652
4414.546128
4427.818202
4430.420020
4430.760762
4431.276913
4432.662519
4433.421696
4455.706253
4461.212937
4461.353302
4468.461306
4469.326872
4489.897238
4489.942558
4489.897217
4489.942539
4491.078175
4491.132043

2.9470(3) x 10722
9.6950(4) x 10722
5.1180(4) x 10722
6.2400(3) x 10722
3.1170(2) x 10~22
1.2829(7) x 10721
9.7180(5) x 1022

1.3180(4) x 10721

1.7962(7) x 10~21
1.0549(4) x 10721
4.1700(4) x 10~22

7.3380(4) x 10722
4.2350(4) x 10722
6.5880(4) x 10~22

5.3470(3) x 10722
4.0380(2) x 10722
6.3340(3) x 10722

4.0330(2) x 10722
6.3370(3) x 10722
6.3650(2) x 10722

(3) x
(4)
(4)
(3)
(2)
(7)
(5)
4)
(7) x
(4) x
(4) x
1.5524(3) x 1072
(4)
(4)
(4)
(3)
(2)
(3)
(2) x
(3) x
(2) x
(4)

5.4320(4) x 10722

0.0613(5)
0.0608(2)
0.0597(5)
0.0624(3)
0.0609(4)
0.0628(2)
0.0559(2)
0.0620(2)
0.0588(1)
0.0601(2)
0.0509(3)
0.0577(2)
0.0535(3)
0.0573(5)
0.0582(3)
0.0605(3)
0.0565(2)
0.0629(2)
0.0564(3)
0.0633(2)
0.0646(2)
0.0641(2)

0.0788(2)
0.0788(1)
0.0797(2)
0.0801(2)
0.0787(1)
0.0777(1)
0.0721(1)
0.0788(1)
0.0769(1)
0.0763(1)
0.0676(2)
0.0748(1)
0.0726(1)
0.0758(2)
0.0774(1)
0.0782(2)
0.0757(1)
0.0819(1)
0.0756(1)
0.0814(1)
0.0831(1)
0.0823(1)

0.810(2)
0.820(1)
0.790(2)
0.840(1)
0.850(1)
0.840(1)
0.780(1)
0.820(1)
0.781(4)
0.820(1)
0.740(1)
0.780(1)
0.750(1)
0.770(2)
0.750(1)
0.830(1)
0.830(1)
0.850(1)
0.830(1)
0.840(1)
0.870(1)
0.830(1)

0.815(3)
0.829(2)
0.805(3)
0.839(3)
0.825(3)
0.845(3)
0.828(3)
0.835(3)
0.809(3)
0.843(3)
0.789(4)
0.837(3)
0.837(3)
0.829(4)
0.819(3)
0.843(3)
0.809(3)
0.821(2)
0.805(3)
0.835(3)
0.809(3)
0.775(3)

Table A.12: Measured CHy-air-shift coefficients, CH4-CHy- shift coefficients in cm ™!
and speed dependence parameters (SD) of methane obtained by multispectrum fitting us-

ing quadratic SDV profile and the temperature dependences of CHy-air-shift coefficients
(T.d.a.s) and CH4-CHgy-shift coefficients (T.d.s.s). Both T.d.a.s and T.d.s.s are multiplied

by factor of 10° in this table. Note that US shows upper state and LS presents lower state.

LS US CHy-air-shift CHy-CHy-shift T.d.a.s T.d.s.s SD
3F11 3F222 —0.0079(2) —0.0107(1) 4.132(2) 9.552(9) 0.044(2)
3A21 2A18 —0.0071(2) —0.0091(1) 1.876(1) 7.638(10) 0.064(2)
3F11 3F223 —0.0075(2) —0.0110(2) 4.038(2) 8.859(13) 0.069(2)
3F21 3F125 —0.0069(2) —0.0091(2) 3.903(2) 9.720(15) 0.070(3)
IF11 1F211 —0.0070(1) —0.0096(1) 3.820(1) 8.396(6)  0.069(1)
2E 1 2E 14 —0.0070(2) —0.0087(1) 3.459(2) 8.885(7) 0.076(2)
2F21 2F119 —0.0067(1) —0.0092(1) 2.852(1) 7.293(6)  0.081(1)
2F21 2F119 —0.0066(2) —0.0098(1) 2.545(2) 6.7009) 0.071(2)
3F11 3F227 —0.0071(3) —0.0106(1) 4.021(3) 7.951(12) 0.066(3)
3F21 3F129 —0.0073(2) —0.0097(1) 1.947(2) 6.987(11) 0.075(2)
3A21 3A19 —0.0051(2) —0.0070(1) -0.571(2) 2.922(12) 0.066(2)
0A11 1A25 —0.0065(1) —0.0109(1) 3.420(1) 9.122(15) 0.107(2)
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3F21 3F130 —0.0071(3)  —0.0094(1)  12292) 6.369(12) 0.045(3)
3F11  3F228 —0.0068(1)  —0.0096(1)  2.869(1)  6.027(12) 0.063(2)
3A21 3A110  —0.0066(2)  —0.0095(1)  1.540(2)  6.017(10) 0.070(2)
IF11  2F219  —0.0065(1)  —0.0092(1)  2.768(1)  7.245(11) 0.083(2)
4F21 4F139  —0.0066(2)  —0.0081(1)  0.508(2)  6.610(10) 0.076(2)
4F11 4F241 —0.0079(2)  —0.0101(1)  6.016(2) 10.432(14) 0.070(2)
4A11  4A212  —0.0070(1)  —0.0082(1)  3.676(1)  8.719(18) 0.067(2)
2F21 3F126 —0.0072(3)  —0.0095(1)  0.826(3)  6.292(13) 0.063(3)
2F21 3F127 —0.0066(3)  —0.0085(2)  1.171(3)  6.986(20) 0.061(3)
2E1  3E17  —0.0067(2)  —0.0092(1)  1.737(2)  6.082(10) 0.062(2)
IF11 2F220 —0.0063(1)  —0.0084(1)  1.440(1)  7.616(11) 0.073(2)
7A21 7A122  —0.0059(2)  —0.0088(1)  1.808(3)  5.661(15) 0.076(3)
6A21 7A116 —0.0078(3) —0.0122(3)  5.287(3)  9.606(27) 0.086(5)
6A11 7A217 —0.0044(3)  —0.0064(2)  0.306(3) 2.802(14) 0.074(3)
6A21 6A122 —0.0056(1)  —0.0080(1)  1.914(1)  6.174(13) 0.089(2)
7F11  7F268 —0.0080(2)  —0.0114(1)  4.5352) 7.476(12) 0.091(2)
3A21 4A112  —0.0045(2)  —0.0078(2)  -1.600(2) 3.381(16) 0.079(2)
3F21  4F132 —0.0063(3)  —0.0100(2)  1.650(2)  4.674(17) 0.061(3)
3F1 1 4F235  —0.0066(2)  —0.0084(1)  2.137(2)  6.414(14) 0.071(3)
8AI1 8A225 —0.0083(2) —0.0114(1)  5911(2)  9.398(10) 0.090(2)
8F11 8F281 —0.0073(3) —0.0107(1)  4.209(4)  7.933(13) 0.086(3)
2E1  3EI8  —0.0061(3)  —0.0092(1)  2.896(2) 6.852(13) 0.083(3)
4A11 5A214  —0.0068(1)  —0.0088(2)  3.728(1)  6.454(24) 0.061(3)
2F21 3F132  —0.0062(2)  —0.0088(2)  0.835(2) 4.967(22) 0.071(3)
3F21  4F138  —0.0060(1)  —0.0082(1)  1.362(1)  5.364(17) 0.083(2)
3A21 4A115  —0.0056(1)  —0.0074(1)  -0.8070(1) 5.522(15) 0.090(2)
3F1 1 4F240 —0.0068(1)  —0.0088(1)  2.316(1)  8.513(13) 0.075(2)
6A11 7A220 —0.0051(2)  —0.0083(1) -0.5970(2) 4.021(9) 0.088(2)
4F21 5F148  —0.0050(1)  —0.0082(1)  -0.7340(1) 2.906(13) 0.087(2)
7JF11  8F263 —0.0075(2)  —0.0113(1)  5.0642) 6.957(13) 0.090(3)
4E1  SE33  —0.0067(1)  —0.0101(2) 494(1)  6.289(22) 0.100(3)
4F11 5F246  —0.0070(1)  —0.0096(1)  3.865(1)  8.691(14) 0.069(2)
4A11 5A217  —0.0064(1)  —0.0093(1)  3.499(1)  5.275(14) 0.059(2)
4A11 5A218  —0.0084(2)  —0.0115(1)  5.032(2)  8.497(9) 0.067(2)
7A21 8A122  —0.0072(2)  —0.0103(1)  4.953(2)  7.458(9) 0.109(2)
8F11 9F268 —0.0083(3) —0.0118(1)  4.426(4)  8.832(13) 0.085(3)
8A11 9A224 —0.0088(2)  —0.0129(2)  7.184(2) 10.006(17) 0.070(3)
SFI1  6F257 —0.0047(2)  —0.0077(1)  -0.0920(2) 4.221(12) 0.087(3)
SE1  6E36  —0.0047(2)  —0.0070(1)  -0.713(2)  4.237(15) 0.096(3)
SFI1  6F258 —0.0051(2)  —0.0043(1)  0.101(2) 4.747(12) 0.041(3)
SF21 6F156 —0.0076(1)  —0.0094(2)  4.562(1)  9.104(20) 0.101(2)
SFI1  6F259 —0.0067(2)  —0.0093(1)  3.565(2)  6.498(12) 0.079(3)
6A11 7A223  —0.0038(1)  —0.0075(1)  -1.443(1) 2.922(10) 0.088(2)
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6F1 1
6F2 1
6A2 1
6F2 1
7TE 1
TF2 1
7TA2 1
7F1 1
7F1 1
9A11
9A2 1
6A2 1

7F2 64
7F1 66
7A1 21
7F1 68
8E 50
8F1 72
8Al 25
8F2 76
8F2 78

10A2 29
10A1 33
5A122

—0.0043(2)
—0.0051(2)
—0.0086(1)
—0.0066(2)
—0.0047(3)
—0.0052(2)
—0.0062(2)
—0.0063(3)
~0.0072(3)
—0.0056(2)
—0.0058(2)
—0.0082(3)

—0.0073

—0.0086
—-0.0114

—0.0098

—0.0079
—0.0082

—0.0091

—0.0094

—0.0093

—0.0072
—0.0080
—0.0124

2
3

— e
~— — O e e N N

2
1
2
2

o~ R~~~ e~ —\ ==~~~

-0.330(2)
1.341(2)
5.990(1)
3.967(2)
-0.679(3)
1.238(2)
2.334(2)
1.152(3)
5.202(3)
1.345(2)
3.328(2)
4.082(3)

2.465(11)
4.991(11)
11.715(19)
6.006(28)
3.657(13)
4.294(12)
5.789(13)
4.787(13)
8.434(17)
6.097(10)
9.413(17)
8.518(20)

0.102(2)
0.091(2)
0.114(2)
0.083(3)
0.093(2)
0.081(2)
0.096(2)
0.077(3)
0.103(3)
0.085(2)
0.074(3)
0.076(2)

Table A.13: Measured wavenumber (V) in cm™

I intensities in cm™!/(molecule cm™?2),

CHy-air- broadened half-width coefficients (air-b) and CH4-CHy4- broadened half-width co-

efficients (self-b) of methane in cm™'atm™

! obtained by multispectrum fitting using Voigt

profile and their temperature dependences (n) and ny respectively, CH4-CHy4- and CHy-air-
shift coefficients and their temperature dependences (T.d.a.s and T.d.s.s).

LS Us v Intensity air-b self-b ny ny air-s self-s T.d.as T.ds.s.
3F1 1 3F222 4300.052055(4) 7.4450(2) x 10~27 0.0653(2) 0.0824(1) 0.899(4) 0.809(2) —0.0079(2) —0.0107(1) 9.557(9)
3F2 1 4F1 31 4356.029257(5) 7.4980(5) x 10722 0.0666(2) 0.0835(2) 0.877(6) 0.832(5) —0.0061(3) —0.0095(2) 4.0750(3) 4.586(21)
7F22 7F1 57 4313.621103(9) 7.507(6) x 10~22 0.0615(4) 0.0812(2) 0.875(13) 0.803(7) —0.0065(6) —0.0067(2) 0.588(6) 14.01(31)
3F2 1 4F1 32 4357.251089(5) 7.704(4) x 10722 0.0674(3) 0.0848(1) 0.879(7) 0.807(4) —0.0069(4) —0.0092(2) 6.449(4) 7.355(17)
3F1 1 3F225 4315.396042(6) 7.7820(5) x 10~ 22 0.0646(3) 0.0823(3) 0.889(7) 0.816(11) —0.009(4) —0.0124(3) 1.737(3) 9.301(41)
1F1 1 OF2 5 4308.730000(6) 7.870(6) x 1022 0.0594(2) 0.0812(1) 0.814(5) 0.779(3) —0.0085(3) —0.0127(1) 5.026(3) 9.208(14)
2F2 1 3F127 4347.476020(4) 7.9380(4) x 10~ 22 0.0644(2) 0.0826(2) 0.892(6) 0.792(5) —0.0067(3) —0.0085(2) 6.196(3) 6.997(20)
6F2 2 6F1 58 4346.460646(6) 8.0600(5) x 10-22 0.063(3) 0.0816(2) 0.853(10) 0.797(6) —0.0051(5) —0.007(2) 1.106(5) 4.995(26)
7A2 1 8A123 4400.527496(9) 8.1300(7) x 10~22 0.0571(3) 0.0748(2) 0.819(11) 0.830(7) —0.0072(4) —0.0078(3) 0.774(5) 9.297(27)
9F2 1 10F1 95 4463.651062(8) 8.1720(5) x 1022 0.0498(3) 0.0683(1) 0.695(13) 0.821(4) —0.0077(4) —0.0107(2) 4.654(5) 7.619(19)
8F1 1 8F2 81 4359.509977(8) 8.2620(6) x 10722 0.0543(3) 0.0741(1) 0.752(11) 0.792(4) —0.0073(4) —0.0105(1) 3.929(4) 8.058(14)
9F2 1 10F1 75 4407.942762(13) 8.5480(13) x 1022 0.0515(3) 0.0728(3) 0.798(17) 0.75(12) —0.0065(5) —0.0105(3) 4.213(6) 8.305(41)
9A11 9A2 26 4313.189654(22) 8.6110(28) x 10722 0.0587(9) 0.0813(6) 0.786(38) 0.607(23) —0.0083(10) —0.0059(7) 4.365(12) 9.493(80)
SF11 5F2 38 4311.842668(6) 8.6450(3) x 10722 0.0665(2) 0.0852(1) 0.909(7) 0.846(3) —0.0084(4) —0.0111(1) 1.592(4) 11.208(13)
8F22 9F1 83 4439.653032(11) 8.8100(11) x 10722 0.0615(3) 0.0784(1) 0.833(13) 0.817(3) —0.0042(5) —0.0064(1) 7.700(5) 4.402(12)
10A2 1 11A126 4415.083816(18) 8.8980(8) x 10722 0.0494(2) 0.0688(1) 0.730(14) 0.794(3) —0.0078(3) —0.012(1) -0.036(4) 8.496(12)
9F11 10F2 76 4408.061597(9) 8.9830(6) x 10722 0.049(3) 0.0688(2) 0.715(15) 0.786(5) —0.0082(4) —0.0112(2) 4.105(5) 8.797(17)
6F1 1 6F2 49 4313.563334(6) 9.0550(3) x 10722 0.0624(3) 0.0809(2) 0.859(8) 0.789(5) —0.0064(3) —0.0095(2) 5.175(2) 6.267(20)
10A2 1 11A134 4476.934823(11) 9.2480(11) x 10722 0.0498(4) 0.0693(2) 0.623(21) 0.768(6) —0.0053(5) —0.0083(3) 1.755(7) 12.819(28)
SF2 1 5F152 4347.199251(10) 9.4050(25) x 10-22 0.0658(8) 0.0804(3) 0.846(18) 0.839(8) —0.0074(12) —0.0103(3) 6.922(10) 5.980(39)
7A2 1 8A127 4437.234202(8) 9.4940(4) x 10~ 22 0.0604(3) 0.0800(1) 0.786(9) 0.803(3) —0.0059(4) —0.0090(1) 0.395(4) 3.998(11)
7A2 1 8A122 4398.364425(5) 9.6930(4) x 10~22 0.0608(2) 0.0787(1) 0.815(6) 0.829(2) —0.0072(2) —0.0103(1) 2.372(2) 7.437(9)
6F1 1 6F2 50 4316.988367(9) 9.7040(11) x 1022 0.0579(6) 0.0752(4) 0.967(14) 0.889(8) —0.0076(9) —0.0136(5) 4.931(7) 4.561(31)
7TE 1 8E 50 4430.420020(6) 9.7190(4) x 10~22 0.0559(2) 0.0721(1) 0.784(7) 0.828(3) —0.0047(3) —0.0079(1) 1.221(3) 3.658(13)
2E 1 3E 18 4362.530751(5) 9.7540(4) x 10722 0.0600(2) 0.0776(1) 0.869(5) 0.783(3) —0.0061(2) —0.009(1) -0.678(2) 6.985(11)
6E 1 6E 40 4350.534312(7) 9.8440(9) x 10~22 0.0614(3) 0.0807(2) 0.831(10) 0.810(6) —0.0067(5) —0.0088(2) 2.952(5) 8.474(27)
6E 1 6E 40 4350.534286(8) 9.8980(11) x 1022 0.0623(4) 0.0820(2) 0.819(12) 0.816(6) —0.0065(6) —0.0088(3) 5.800(6) 9.134(32)
6A21 5A122 4481.082045(5) 9.9850(5) x 10~22 0.0604(2) 0.0787(1) 0.849(6) 0.817(4) —0.0083(3) —0.0125(2) 5.771(3) 8.462(20)
1F1 1 1F2 10 4316.355610(5) 1.0439(6) x 10721 0.0598(2) 0.0808(3) 0.856(5) 0.742(9) —0.0077(2) —0.0111(3) 4.073(2) 10.043(32)
9A2 1 10A1 33 4456.318802(11) 1.0468(4) x 10721 0.0574(2) 0.0744(1) 0.822(10) 0.874(4) —0.0059(2) —0.0076(2) 5.656(2) 9.843(17)
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