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Abstract

Over the past couple of decades, the study of infrared spectra of carbon monoxide
has been the subject of interest because of its existence in the Earth’s atmosphere as well
in different planetary atmospheres. This work presents a line-shape study transitions of pure
carbon monoxide and carbon monoxide mixed with air in the fundamental band, recorded
over a temperature range from 79 K to 296 K using a high-resolution Fourier Transform
Spectrometer (FTS). In this study, different pressure induced line-shape parameters as well
as their temperature dependences have been measured and compared with relevant previous
published results. Also, the transformation of line-shapes due to line-mixing and Dicke
narrowing effects have been investigated. Two semi-empirical approaches, namely: the
Exponential Power Gap (EPG) and Energy Corrected Sudden (ECS) approximation have
been employed for theoretical calculation of line-mixing coefficients which show good

agreement with the measured values.
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CHAPTER ONE: INTRODUCTION

CHAPTER 1: INTRODUCTION

1.1.  Overview

Spectroscopy is a wide branch of science which deals with the interaction of
electromagnetic radiation with matter. The qualitative and quantitative interpretation of this
interaction provides the fundamental information on molecular structure and molecular
dynamics under a given set of physical conditions. Molecular properties such as molecular
bond strength, dipole and quadrupole moments can also be obtained from spectroscopic
measurements. Infrared (IR) spectroscopy has been implemented to understand the
molecular structure of trace components of the planetary atmosphere [1].

In spectroscopy, high-resolution measurements are effective tools used to describe
the physical states of molecules through their spectral features (line position, line intensity
and others). The term “spectral line” is used to describe an experimentally observed
transition while the term “line-shape function” refers to theoretical models used to describe
the shapes of spectral lines. The complex behavior of different line-shape parameters shows
the necessity of measurements with high resolution. Fourier Transform Spectrometers
(FTS) are instruments that have the ability to increase the efficiency of spectroscopic
measurements in the laboratory. In this context, Fourier Transform Spectrometers (FTS)
and their advantages will be presented in a general way. In addition, the presence of
diatomic carbon monoxide (CO) in the Earth and planetary atmospheres will also be
discussed in this chapter. Finally, previous laboratory studies for CO line-shape parameters

will be summarized at the end of this chapter.
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1.2.  Fourier Transform Infrared (FTIR) Spectroscopy

In 1800, Frederick William Herschel discovered the infrared (IR) region of the
electromagnetic spectrum [2]. In his experimental work, he used a glass prism and
blackened thermometers and noticed the presence of a different ray which was not in the
range of the visible spectrum and passed through the edge of the red end of the visible
spectral range. The first, IR absorption spectra for over 50 compounds were obtained by
Abney and Festing in 1882 [3]. In 1903, W.W. Coblentz studied more than a hundred
organic and inorganic compounds using IR spectroscopy. In the early age of IR
spectroscopy, it was difficult to record IR spectra because scientists had to design and build
their own experimental setup. In order to minimize vibrations caused by a variety of noise
sources, spectra were usually recorded at night. Furthermore, spectra retrieval processes
were time-consuming. Three to four hours were the usual time to record a single IR
spectrum. Due to all of these difficulties, spectroscopic scientists tried to invent a more
reliable, faster and accurate high-resolution spectral technique in order to record IR spectra.

Today’s modern Fourier Transform Infrared (FTIR) spectroscopy would have been
impossible without the invention of the Michelson interferometer [4]. Abraham Michelson
invented this optical device in 1880. During that time, it was difficult for him to record the
interferograms manually, and the calculations for the conversion of an interferogram into a
spectrum were also time-consuming. However, the growth of computers helped to perform
faster Fourier transform calculations, but there was no algorithm available which could
have performed faster calculations. In 1965, J.W. Cooley and J.W. Tukey jointly developed
a remarkable algorithm at Bell Labs which is known as “Cooley-Tukey Algorithm” or “Fast

Fourier Transform (FFT) Algorithm” [4]. This algorithm had the ability to perform fast
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Fourier Transform using a computer. Due to its fast calculating ability, it is still used as a
basis transformation routine in commercial FTIR instruments. The ability to perform the
FFT algorithm with a mini-computer lead to an incredible advancement of FTIR
spectroscopy. Over the years, FTIR has played an important role in the enhancement of
high-resolution spectra both in laboratory studies and remote sensing applications.

Fourier Transform spectroscopy has several significant advantages like:
l. During a single scan, it has the ability to cover the entire infrared wavelength range
(0.7-1000 pum) of the incident light which is commonly referred to as the multiplexing or
Fellgett advantage [5].
. In order to control the optical path difference, a He-Ne light source (monochromatic
light) in the spectrometer performs an integrated wavelength calibration with high precision
and it is called as the Connes advantage [6].
II. It has the ability to encompass the entire intensity of all wavelength components,
leading to higher optical throughput, called the throughput or Jacquinot advantage [7].
Apart from all of these advantages, FTIR spectrometers are mechanically very simple, and
provide high signal-to-noise ratios. The optical system of a Michelson interferometer and

the overall structure of an FTIR spectrometer will be discussed in chapter three.

1.3.  Carbon monoxide (CO) as a diatomic molecule

A diatomic molecule contains two atoms, of either the identical element
(homonuclear) or composed of dissimilar elements (heteronuclear). Examples of
homonuclear diatomic molecules are Hz, Oz N2 whereas examples of common

heteronuclear molecules are CO, HCI, NO and others.
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Carbon monoxide, C=0, is a linear diatomic molecule having a carbon and an
oxygen atom. The atoms are joined by a triple bond. Due to the difference of
electronegativity of the constituting atoms, CO is a polar molecule with a dipole moment
0.11 Debye [8]. The bond length of CO is 112.8 pm and 28.010 g/mol is its molar mass. Its
melting point and boiling point are —205.02 °C (68.13 K) and —191.5°C (81.6 K),

respectively.

In 1776, a chemical reaction of zinc oxide with coke done by the French chemist
De Lassone was considered as the first ever discovery of CO, but unfortunately he named
it wrongly as hydrogen. Later in 1800, the Scottish chemist William Cumberland
Cruikshank noticed that this molecule was actually a combination of carbon and oxygen.
CO is a very toxic chemical compound and in 1846, its toxic properties were first tested on

dogs by the French scientist Claude Bernard [9].

Diatomic molecules have D or Cq,, point symmetry. The molecular structure of
CO does not have a center of symmetry; therefore, it belongs to C, point group having

one vibrational mode (3N — 5 with N=2).

1.4.  Carbon Monoxide (CO) as a trace constituents of planetary atmosphere

Carbon monoxide (CO) is a greenhouse gas, having contributions to the carbon
cycle and global warming. As a trace constituent, CO is present in planetary atmospheres,
stellar atmospheres, and the interstellar medium. Atmospheric oxidation of alkanes or
organic molecules including methane results in the emission of carbon monoxide into
atmosphere. In planetary atmospheres, CO is usually produced by the oxidation of organic

compounds occurring during the combustion process of biomass, fossil fuels, and
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vegetation [10]. In addition, oxidation of CO by tropospheric hydroxyl radical (OH) leads
to the production of a significant amount of tropospheric ozone (O3) as well. However, two
months is the average lifetime of atmospheric CO, which is quite short and throughout the
globe its sources are not evenly distributed [11]. Eventually, these variations lead to an
unstable concentration of CO spread around the globe. Hence, several ground-based,
balloon- and satellite-based remote-sensing missions have been employed during the past
couple of decades to monitor the atmospheric concentration of CO. Due to all of these facts
it is considered as an important molecule in the spectroscopic community.

Connes et al. [12] studied the high-resolution spectra of different planetary atmospheres
including Jupiter, Saturn, Venus, and Mars. The authors used their Fourier-transform
spectrometer (FTS) and are considered as pioneers for their remarkable observation of
those planetary spectra for the first time. Ground-based 5 um CO spectra were retrieved
with the help of a Connes-types FT spectrometer, having a spectral apodized resolution of
0.20 cm™, located at McDonald Observatory (Texas, USA), and thus confirmed the
presence of CO in the lower atmosphere of Jupiter [13]. In 1985 and 1986, IR spectra of
the CO bands of Saturn were observed in the 4.7 um spectral region by a Fabry-Perot
spectrometer located at the Astronomical Observatory on Mauna Kea, Hawaii [14]. This
experiment was significant because it was the first detection of CO in Saturn’s atmosphere
based on the fundamental band (0—1) and for that the spectral resolution of the
spectrometer was 0.15 cm™ at 2100 cm™ (=4.7 um). By using an infrared technique, the
presence of CO on Mars was first observed by Kaplan et al. [15]. Furthermore, CO spectra
having 115 GHz ro-vibrational transitions were observed in the atmosphere of Mars [16].
High-resolution interferometric CO spectral lines in the first overtone band (0—2) of

Venus’s atmosphere were first observed by P. Connes et al. [17].

5
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1.5.  Motivation for this study

The molecular constituents of the Earth and other planets are accurately quantified
with the help of molecular spectroscopic techniques where the instruments are usually
mounted on ground-based telescopes, spacecrafts and aircraft platforms in order to record
the spectra. With the enhancement of modern technology, the spectral resolution of Earth
and planetary atmospheric spectra have been developed significantly and the interpretation
of these spectra are only possible when one could analyze the spectral line parameters

accurately.

In order to obtain precise atmospheric line-shape profiles of carbon monoxide (CO),
NASA has launched several satellite missions (2013-2016) such as the GEO stationary
Coastal and Air Pollution Events (GEO-CAPE) mission and the Active Sensing of CO>
Emissions over Nights, Days, and Seasons (ASCENDS) in the 4.6- um spectral region [18].
The measurement of accurate CO line-shape parameters over a range of temperatures is of
high importance. The spectroscopic database HITRAN has extensive information on CO.
However, the parameters of CO which are already noted in HITRAN do not meet the
desired accuracy of 1% or better required for 4.6- um spectral region. Moreover, data for

less-abundant isotopologues and for weaker transitions are still missing.

Tropospheric carbon monoxide in the 0—1 band, can be monitored by means of
spectroscopic remote sensing in the 4.6- um spectral range. This particular spectral range
was chosen because of the sun’s high output coupled with the small ground level thermal
emission. Furthermore, measurements of accurate line-shape parameters for 2C*%0 in the
fundamental band are important because *2C*®0 is the most abundant isotopologue of CO.

My spectroscopic studies will accurately determine line strengths (intensities), self- and

6
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air-pressure-induced line shifts and the self- and air-broadened broadening coefficients for
the fundamental band (0—1) of *2C%0 at room temperature and at other temperatures.
Other parameters such as line mixing (line coupling), narrowing effect of absorption lines

are also considered in the data fitting procedure.

1.6.  Summary of previous studies

Spectral line-shape parameters of CO for high-resolution spectroscopic studies have
been done by different researchers and reported in publications. One of the earlier studies
of carbon monoxide line-shape parameters was carried out by T. Nakazawa and M. Tanaka
[19] who investigated the intensities (line strengths) and the self-broadened half-widths of
CO, as well as O2-, N2- and CO»-broadened half-widths in the 0—1 band at 300 K. Later
on, Devi et al. [20] studied the self- and Hz-broadened line width and shift coefficients for
12C180 in the 0—2 band. They investigated 48 spectral lines, and all of them were recorded
at National Solar Observatory on Kitt Peak, Arizona with the McMath-Pierce Fourier
transform spectrometer.

Very recently published papers [18, 21] based on the 0—2 band transition of three
most abundant CO isotopologues (*2C*0, *C*¢0, 2C'80) reported accurate results for air-
broadening widths, pressure-induced air-shift, and their temperature dependences.
However, the updated results of air- and self -broadened widths in the 0—1 and 0—2 bands
of $2C*0 are included in HITRAN [22-24] just based on the study by Zou and Varanasi
[25]. In their study, eight spectra were obtained using the Fourier Transform Spectrometer
(FTS) Bruker IFS 120HR at 296 K and they analyzed them with a multi-spectral-line fitting
technique. For transitions m index between -24 and 26 in the 0—1 band, they reported the

pressure induced air-broadening and shifts. However, for the 0—2 band, both self- and air-
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pressure-induced broadening and shift coefficients, and their temperature dependences
along with uncertainties were taken into account for the same range. The authors did not
consider line-mixing effects while analyzing the spectra with the Voigt profile. L. Regalia-
Jarlot et al. [26] have studied the measurement of H»- and air-broadened line widths and
shift coefficients for the 0— 1 band of ?C*®0. They also presented their results for self- and

H»-broadened line parameters for the 0—2 band as well.

J.W. Brault et al. [27] used high-resolution Fourier-transform spectra to measure
the line intensities, self-broadening coefficients and self-shifts of 12C*0 in the 0—2 band.
In order to minimize the noise level, the authors used a simultaneous fitting technique
where the pressure ranges for all the spectra were in the range of 200 to 600 Torr. Also,
they have retrieved the speed-dependent broadening coefficients by considering line-
mixing and Dicke-narrowing effects. These two effects occur due to the transformation of
line-shapes at a different pressure regime. As a result, their line-shape studies showed 1%

deviation from the usual Voigt profile.

Broadening and line-shift coefficients along with their temperature dependences for
both pure and helium-mixed CO have already been measured by A.W. Mantz et al. [28] for
the 0—1 band. Spectra were retrieved using the McMath-Pierce Fourier transform
spectrometer (FTS), and both our and their spectra were retrieved from the same
spectrometer which is situated at the National Solar Observatory on Kitt Peak, Arizona. By
using a detailed analysis, measurements of the line-mixing coefficients of CO broadened
by He in the weak overlapping spectral regime of 0—1 and 0—2 bands have been published
by Thibault et al. [29]. No studies of line-mixing coefficients for air-broadened carbon

monoxide in the 0—1 band were reported previously. In addition, comparable
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measurements of self- and air-broadened widths, self- and air-shift and their temperature
dependences for different line-shape profiles like Voigt, Speed-Dependent Voigt and

Rautian profile for 0—1 bands have not been reported.

Boissoles et al. [30] have calculated the theoretical line-mixing coefficients in the
0—1 band of CO broadened by He, and compared them with overlapping weak spectral
lines obtained for temperature ranges between 292 to 78 K. In order to do this, they used
the Energy Corrected Sudden Approximation (ECSA) and Infinite Order Sudden
Approximation (IOSA) for the calculation of broadening coefficients and line coupling

coefficients.

Predoi-Cross et al. [31] theoretically predicted and experimentally measured the
broadening, shifting and line-mixing coefficients of self-broadened CO and CO broadened
by nitrogen in the 0—2 band. In their study, the retrieved spectra were obtained at room
temperature and they used the Energy Corrected Sudden (ECS) approximation for the
calculation of line mixing. Their results emphasised that other than line mixing there might
be other effects which could also contribute to line asymmetry. A temperature-dependent
effect for 0—1 band of CO mixed with N2 was reported by Predoi-Cross et al. [10]. The
authors measured the line-broadening coefficients of CO broadened by N> at 348 K and
compared these results with the room-temperature broadening coefficients. They used a
temperature scaling law, in order to combine, both the pressure-broadening coefficients at
two different temperatures. By using a scaling law, they determined the temperature-
dependent coefficients or exponents. In their investigation of temperature exponent, they
used Lorentz, VVoigt and hard-collision models. Line-mixing parameters at 348 and 310 K

were also reported.
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2.1.  Overview

In molecular spectroscopy, phenomena such as absorption, emission and scattering
of light occur when the light interacts with the gas molecules, and due to transitions between
energy levels, spectral lines appear. The aim of this chapter is to discuss the ro-vibrational
(rotational and vibrational) spectroscopy for diatomic molecules. Electromagnetic radiation
and its interaction with matter will be discussed at the beginning. This chapter will cover
the discussion of vibrational bands of interest for pure rotational, pure vibrational and ro-
vibrational spectra in terms of quantum mechanical perspective.

Furthermore, | will discuss the fundamentals of absorption spectroscopy along with
the Beer-Lambert Law and present different line-shape models which have been
implemented in molecular spectroscopy in order to describe accurate absorption features.
How temperature affects the line-shape parameters will also be described in this chapter.
Finally, the basic concepts of the line-mixing processes and theoretical approaches from
which line-mixing coefficients are usually calculated will be covered at the end of this
chapter. Most of the sections of this chapter is based on the “Modern Spectroscopy” book

written by J. Michael Hollas [32], and Dr. Chad Povey’s Ph.D. thesis [33].

2.2.  Principles of Spectroscopy
2.2.1. Electromagnetic radiation and its interaction with matter

Electromagnetic radiation or light propagates as a transverse wave at a finite speed

of 3x108 m/s in vacuum. The electromagnetic wave is composed by the strength of electric

E and magnetic H fields [32]. Both of these components will travel in the direction away

10
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from the source and are always at a right angle to each other. Propagation of an

electromagnetic wave in the x-direction is shown in Figure 2.1.

Magnetic field

Figure 2.1: Electromagnetic radiation moving along the x direction (adopted from
source, p: 28) [32].

The propagating wave can be described by the following equations:
E, = E,, cos(2nvt — kx) (2.1)
B, = B,, cos(2mvt — kx) (2.2)
where E,,, and By, are the maximum amplitudes of the electric and magnetic fields, 2mv is
the angular frequency of the oscillating fields, k is the wavenumber, t is time and x is the
position. Since the amplitude of both fields are showing periodic cosine waves having same
frequency, meaning that they are in-phase, and the wavenumber (k) will be identical for
each component. However, the frequency v can cover a broad spectral range from radio
waves to gamma rays. Due to the inverse relationship between frequency and wavelength
(4), the order of spectral regimes are reversed in terms of wavelength scale.
How the light will interact with atoms or molecules depends on the frequency of
the light, the strength of its electromagnetic field and the properties of the matter itself. In
order to understand their interactions in terms of quantum mechanics, we can assume two

energy states m and n of an atom having eigenenergies E,, and E,,, respectively. It is

11
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supposed that both states are stationary as long as they are independent of time. Three types
of interactions may occur while electromagnetic radiation interacts with a two-energy-
states systems. During the interaction, a change of energy between the energy states will
occur. Mathematically, this change of energy (AE) can be written as:

AE = E,, — E,, = hv,,,= hctp, (2.3)
Here h is Planck’s constant (6.62606896x103 J.s) and v,y,,, is the frequency of the incident
light. ¢ denotes the speed of light, and ,,,, is the wavenumber (m™1) of the transition. The
above-mentioned three processes which are responsible for changes of energy in the system
are described below:

I. Induced absorption: In this process, an incident photon having energy hv is
absorbed by the atom M of the molecular system and excites it from lower energy state m
to upper energy level n.

M+hcD,y,, »M* (2.4)

I1. Spontaneous emission: In this case, atom M ~in the upper energy state (n)
spontaneously drops into the lower state(m) by emitting a photon.

M*— M + hcDyy,, (2.5)

I11. Stimulated emission: When the incident photon of frequency v interacts with
the excited atom (M ) and de-excites it from the energy level m to the energy level n , then
a second photon having exactly the same frequency will release. In this process, the second
photon will be identical to the incident photon in terms of their phase, frequency,
polarization and direction of propagation [32].

M*+hct,,, = M +2RcT, (2.6)

12
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n ‘r En n O En n - En
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Figure 2.2: Three possible types of interaction between the electromagnetic radiation and
the electron in the energy states m and n. (a) induced absorption, (b) spontaneous
emission, (c) stimulated emission [34].

If we consider N,, and N,,, as the populations of states n and m, respectively, then

due to the induced absorption, the rate of change of population of state n can be written as:

dNy, -
ar = Nmanp(v), (2-7)

where B,,,, (s™1) is the Einstein B-coefficient which defines the probability of absorption
of light during the transition. The spectral radiation density p (%), is shown by the following

equation:

p(0) = —n (2.8)
()

kpT
Where kg is the Boltzmann constant (1.38064852 x 102 m? kg s K™). The changes of

population N,, after induced emission is given by:

dN.

d_tn = —NpBymp(D) (2.9)
where B,,, is the Einstein coefficient for induced emission process and is equivalent

to B,,,,,. For spontaneous emission, it can be written as:

dNnp,

= Ny Anm (2.10)

where A,,, is the Einstein -A coefficient. As it is a spontaneous process, the spectral

radiation density p(7) is absent in the above equation. At equilibrium, we have:

13



CHAPTER TWO: THEORETICAL BACKGROUND

dNp,
dt

= (Np — Npp) Bymp (D) — NpApin=0 (2.11)
Here N,, and N,, are related to the degrees of degeneracy of lower state n and higher
state m, respectively. By using the Boltzmann distribution law, their relationship can be

written as:

Mo _ Gngyrc_ 8B gyrc BE
= rexp(— D)= exp(— i) (2.12)

In equation (2.12) g, and g,, are the corresponding degrees of degeneracy of states n
and m. It is supposed that at equilibrium g, and g,, are the same. Using the above
relationship and putting the expression of p(¥), mentioned in equation 2.8 into equation
2.11, the final relationship between A,,,,, and B,,,,, would be:
A, = 8mhc?3B,, (2.13)
The three emission and absorption processes are the fundamental aspects of
interactions between the electromagnetic radiation and matter. The pair of states are
described as electronic states where only the electrons of an atom interact with the incident
light. In molecular physics, according to the Born-Oppenheimer approximation, the motion
of atomic nuclei and electrons in a molecular system can be separated due to their
dissimilarity in mass. Electrons in the atomic orbit can move much faster than the vibrating

nuclei.

14
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Figure 2.3: Molecular motions in different energy states [courtesy: Dr. J. Vander
Auwera (ULB)].

Mathematically, the total wavefunction of the molecule will be divided into nuclear
(vibrational and rotational) and electronic components. Furthermore, the energy

components of the nuclei and the electrons are also considered separately.

| lIJtotal) = |lpelectronic)hpvibrational)|lprotational) (2-14)

Etotal = Eelectronic + Evibrational + Erotational (2-15)
Photons in the infrared region can cause vibrations of a molecule i.e. excitation to many
possible vibrational levels within a single electronic state. In contrast, light in the

microwave range can neither excite the vibrational states nor the electrons of the molecules.

Microwave radiation can, however, excite rotational states.

2.3. Pure vibration

The motion of a molecule is usually described by its degrees of freedom. In a 3-

dimensional space, an N-atomic molecule will have 3N degrees of freedom. Apart from

15



CHAPTER TWO: THEORETICAL BACKGROUND

translational motion, rotational and vibrational motion of molecules are also taken into
account in order to get comprehensive knowledge about molecular motion. Due to the
rotational and the translational motion of the atoms, the degrees of freedom around the x-,
y- and z-axes would be 6 and the remaining 3N-6 degrees represent the vibrational motion.
Hence, 3N-6 degrees of freedom would be the number of vibrational mode of a non-linear
polyatomic molecule.

For a linear molecule, 3N-5 would be the number of normal modes of vibration
because rotating along its own axis will not change the molecule. In a single mode of
vibration atoms can vibrate simultaneously with the same frequency and phase. In general,
all of these normal modes belong to a single normal coordinate. However, each of these
vibrational modes is independent under this coordinate but sometimes it is also possible to
have the same frequency for two or more vibrational modes. In that case, atoms of each of
these modes vibrate at the same frequency and the modes are referred to as degenerate
modes.

The time-independent Schrodinger equation provides the energy value and the
frequency of each of the normal modes.

Hlyp) = E[Y) (2.16)
Here H is the Hamiltonian which corresponds the total energy of the system. E and [y) are
the eigenenergies and the wavefunctions, respectively. The separation of the total
wavefunction mentioned in equation 2.14 is just an approximation but still effective for the

analysis of the vibrational and rotational motion of any molecule.
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2.3.1. Harmonic Oscillator
Let us consider a diatomic molecule vibrating similar to a harmonic oscillator. The
solutions of the above Schrodinger equation gives the eigenenergies of the harmonic

oscillator as follows:
E(v)=hv (v+3) (2.17)
where v is the vibrational quantum number (v =0, 1, 2...) and v is the frequency of the

vibrating molecule. Therefore, each of the energy states are equally spaced.

Mathematically, the frequency v is interconnected with the reduced mass [u = %] of
1 2
the two atoms and k is the force constant and it can be expressed as:
1 k 1/2
v=— (;) (2.18)

The change in the dipole moment (i) of two energy states having vibrational wave

functions v, and v,/ is related by the vibrational transition moment RT, [32]:
R, = [y, iy dx (2.19)
Above, the position x (equal to r —r, ) is the change of intermolecular distance from
equilibrium. r,is the position at equilibrium. Homonuclear diatomic molecules
(H,, 0, etc.) do not have permanent dipole moments (i = 0) and a vibration does not
generate a dipole moment. As a consequence, RT, would be zero and vibrational transitions
will not appear. In contrast, a heteronuclear diatomic molecule has a non-zero dipole
moment that varies with x.
The variation of dipole moment with respect to x can be expressed as a Taylor series

expansion with the equilibrium configuration denoted by the superscript ‘e’.

- - dg 1 4%
i= ue+(—”)ex+ = (d—x’;)ex2+--- (2.20)

2!
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Putting the value of u into equation (2.19), the vibrational transition moment R,, becomes

o - AN dfie p* "
Ry = fie [y i dx+ (G8) [ x oy dx+ - (2.21)

Since, both wavefunctions are orthogonal to each other ([ ;" 1, dx =0) and are
eigenfunctions of the same Hamiltonian, equation (2.21) turns into a more simplified form

after neglecting the higher order terms.

—

R, = (g)e [ x P! dx (2.22)
The first term of the above equation implies a non-zero change of dipole moment under the
certain condition Av = +1. Av is the difference of lower and upper energies in terms of
vibrational quantum number. This condition is usually referred to as the vibrational section
rule. Vibrational transitions of a harmonic oscillator are only possible when they satisfy

this condition.

2.3.2.  The Anharmonic Oscillator

The concept of harmonic oscillator of a diatomic molecule is only applicable when
the intermolecular distance is not far away from the equilibrium distance. But, when the
intermolecular distance of the diatomic molecule is large enough from its equilibrium
position, the assumption of harmonic motion of the molecule becomes invalid and the
motion is anharmonic. In that case, the molecule dissociates into two neutral atoms where
both atoms move independently without influencing each other. Typically, harmonic
oscillator does not give the details information about the vibrational structure of real
molecules. In order to expain the vibrational structure of the molecule, anharmonic
oscillator can be used as an ideal model. Figure 2.4 shows a comparison between the

potential energy (V) of an anharmonic oscillator and a harmonic oscillator.
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Due to the anharmonicity of molecular vibrations, the selection rule for vibrational
transitions is relaxed from Av = +1to Av = +1, +2, +3, ...,where +2, +3 represent weak
overtone transitions. Furthermore, anharmonic motion also introduces a separate energy
spacing which is dependent on the vibrational quantum number. In terms of wavenumber
units, the eigenvalue G (v) for anharmonic motion can be expressed by the following power

. . 1
series in (v + 5)
~ 1\ . 12 1\3
GWw) =7, (V+E) — UpX, (v+5) + U, (v+5) + - (2.23)
where 9, x,, U, v, are the anharmonic constants for 2" and 3™ order polynomial. The energy

associated with vibration of a diatomic molecule can be derived by the above equation.

\ ]
\ t

DQ DO

Potential energy, V

e Internuclear distance, r

Figure 2.4: Potential energy curve of a diatomic molecule moving as a harmonic (dashed
curve) and an anharmonic (solid curve) oscillator where the dashed and the solid lines
representing energy states for both of the motions respectively. Do is the dissociation
energy with respect the ground state, whereas De represents the dissociation energy
measured from the equilibrium potential energy level (adopted from source, p: 143)[32].
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2.4. Pure Rotation
2.4.1. The rigid rotor

The rigid rotor is a useful mechanical model for explaining the rotational motion of
a diatomic molecule in which the bond linking the nuclei is considered as a rigid, weightless
rod. Considering the model of a rigid rotor, rotation of a heteronuclear diatomic molecule

is shown in Figure 2.5.

Rotational

axis ’

Figure 2.5: Rotation of a heteronuclear diatomic through the center of mass(CM)
and about the axis perpendicular to the bond [35].
In case of rotational transitions, the energy term E,. of a diatomic rigid rotor can be obtained

from the solution of the Schrodinger equation for a rigid rotor:

g+ 1) (2.24)

T gn2p

where ] is the rotational quantum number (/ = 0,1, 2,..), I is the moment of inertia (equal
to ur?, where p is the reduced mass of the interacting atoms and r is the intermolecular
distance). In reality, it is not energy but frequency that is measured experimentally. In

wavenumber terms equation (2.24) can be expressed as:

F=2=-LJg+1)=B/J+1) (2.25)

hc 8m2cl
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where B is the rotational constant which has an inverse relationship with the moment of
inertia. In spectroscopy, the determination of B is considered as a strong structural
technique that basically provides the internuclear distances. Rotational transitions which
are allowed or forbidden are determined by selection rules. For a rigid rotor, the selection

rule is:
A = +1 (2.26)

Here, AJ is J' —]'', where ]’ is the rotational quantum number of upper energy state and
J'" symbolizes the rotational quantum number of lower energy state. Conventionally, A] =
+1 and AJ = —1 represent absorption and emission, respectively. Though, AJ = +1 is
applicable for both of the cases. The radiation absorbed by the diatomic molecule can be

expressed in terms of wavenumber as follows:

Vg =F(J)—-F(J")=BJ+1D(J+2)—-B/J+1)=2B(J+1) (2.27)
It is clear from the above equation that the spacing of adjacent rotational transitions is
multiple of 2B. For example, Figure 2.6 shows a set of relative populations (x—i), transition

wavenumbers (¥) of CO.

2.4.2. Centrifugal distortion

In reality, a molecule does not behave like a perfectly rigid rotor. As the molecule
starts to rotate from lower angular momentum to higher, the atoms begin to separate from
each other due to the effect of centrifugal forces. As a consequence, it will change the value
of the moment of inertia slightly. Furthermore, transition spacing between the energy states

will decrease slightly with the increase of rotational quantum number J. An additional
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centrifugal distortion term (D) should be included in equation (2.27) in order to consider

the small changes in transition spacing for higher J values.

F()=BJJ+1) —-D[JJ + DJ?

For a diatomic molecule, the centrifugal constant D is always positive. The modified

transition wavenumber equation should be written as:

Uy =FJ+1)—F(J)=2B(J+1)—4D(J +1)3

The value of D is much smaller than the value of rotational constant B. The influence of D

is only significant for larger J values and therefore the energy spacing between such

transitions reduces rapidly.
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Figure 2.6: A set of rotation transitions for carbon monoxide molecule (adopted
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from source, p: 107)[32].
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2.5. Rotation-vibration

Due to the change in bond length during the molecular motion, rotational transitions
of a molecule can be affected by its vibrational transition. Consequently, infrared spectra
are the simultaneous excitation of both rotational and vibration motions. This coupling of
two different transitions introduces vibrational dependency terms and requires a slight
modification in equation 2.28. Therefore, the term values of equation 2.28 and 2.29 can be

expressed as:
E()=B,JUJ+1) - D,[JU + D]? (2.30)
V410 = 2B,(J + 1) —4D,(J + 1)3 (2.31)

Mathematically, the vibrational dependency of B and D.

By=B.—a(v+5) (2.32)

Dy =D, —f (v +3) (2.33)

Here, B, and D, are defined for the molecular equilibrium configuration. a and S are the
vibration-rotation interaction constants having very small value as compared to B, and D,,
respectively. As far as vibrational dependency is concerned, the centrifugal distortion
constant (D,,) does not have a significant impact on rotation-vibration transitions as the

rotational constant does.

2.6. Bands of linear molecules
To study the rotational-vibrational bands of any linear molecule is always difficult
due to the complex structure of the corresponding spectra. In order to describe the band

structure of a linear molecule, the molecular symmetry of that molecule as well as its point
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group should be taken into account. Linear centro-symmetric molecules (i.e.CO,,
C,H,) belong to the D, point group whereas heteronuclear diatomic linear molecule

(i.e.CO,HCI) belong to the C,,, point group without having inversion centre.

According to the character table of C.,, the allowed transitions from lower
vibrational state to upper level followed by the selection rule would be:

SteXtandIl « 7 (2.34)

where X is the vibrational states of the diatomic molecule having no angular momentum
and this kind of band is commonly referred to as X* « X* band. For such a diatomic

molecule, all types of X rotation-vibration energy states can therefore be written as:

22D = F(v,)) = v, + B,(J + 1) = DyJ2(J + 1)? (2.36)

Here, B, is the rotational constant. v, and D,, are the vibrational energy and centrifugal
distortion constant of state v , respectively. Depending on vibrational angular momentum,
molecular bands are divided into two categories: parallel and perpendicular. Parallel bands
usually occur when the vibrational angular momentum is zero in the lower vibrational state
[ =0, and the vibrational angular momentum does not change during the transition, i.e.
Al = 0. Furthermore, the dipole moment also changes parallel along the molecular axis.
Selection rules for such type of bands are AJ = +1, which define the branches of the
transition. In quantum mechanics, branches of transition for a rigid rotor are usually
referred as P, and R. According to the above section rules for parallel bands, two allowed
transitions are A = —1 and AJ = +1, and they are basically representing P- and R-
branches, respectively. In terms of the wavenumber equation, in a rigid rotor the

frequencies of such transitions can be expressed as:
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Vp = Vo — (By + B;)] + (By — B))J? (2.37)
Vg = ¥, + 2B, — (3B, + B.))] + (B, — B> (2.38)

where vV, represents the pure-rotation vibration transition wavenumber. B, and B, are the
rotational constants of the upper and lower state, respectively. Equation (2.37) represents
the P-branch transitions where J =1, 2, 3,4, ... meanwhile, ] = 0,1, 2, 3,.. would be the
values for the R-branch presented in equation (2.38). In the rigid rotor limit, it is possible
to generalize equation (2.37) and (2.38) by introducing an expanding term m. For P- and

R-branch transitions the modified form of equation (2.37) and (2.38) would be:
Y = ¥, + (B, + B))Ym + (B, — B)))m? (2.39)

where m = —J for P branch transitions, and m = J 4+ 1 for R branch transitions.

Perpendicular bands are considered as the second type of bands which usually
occur due to changes of dipole moment perpendicularly with respect to the molecular axis.
In addition, perpendicular bands arise due to the excitation of the bending vibration of a
polyatomic molecule. This bending vibration leads to change in the angular momentum
(Al = £1) in the vibrational states. These types of bands are normally known as I1 « X
bands in which I = 0 and [ = +1. According to selection rules, allowed transitions for
such types of bands are AJ = 0, +1. Keeping the same transitions in the P and R branches,
perpendicular bands introduce a new branch which lies in between of these two branches.
This new branch is known as the Q branch where AJ = 0. Bands having transitions from
the vibrational ground state to the higher energy state with v = 1 and following the two
mentioned selection rules are called fundamental bands. However, when the lower

vibrational state [ # 0 but Al = 0, then the bands for these types of transitions are identified
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as I1 « II, A « A bands. Allowed transitions for these bands are exactly the same as the
perpendicular bands, hence A = 0,4+1. Though, this time the Q branch would be

significantly weaker than the perpendicular band.

2.7.  Rotational-vibration band of CO

Carbon monoxide (CO) is a heteronuclear diatomic molecule with C,,, symmetry.
It has one (3N — 5 =3 x 2 —5 = 1) vibrational mode which is a stretching mode. CO
possesses only the v, stretching mode in its chemical bond having vibrational angular
momentum of [ = 0. Since there are no bending modes in CO, it will not have any
perpendicular bands. It has only a parallel £ « X band which has only P and R branches.

| ! 1 |
(¢ ) ( 0)

;s
R

Figure 2.7: Stretching mode of CO.

2.8.  Absorption spectroscopy
2.8.1. Beer-Lambert law

Absorption spectroscopy is a subdivision of spectroscopy where the light source,
absorption gas cell, and a spectrometer are the basic components for retrieving
spectroscopic properties from any gas molecule. A schematic view of absorption
spectroscopy is shown in Figure 2.8. Electromagnetic radiation passes through the gas cell
which contains the molecules of interest. After interacting with gas molecules, the

transmitted light passes through the spectrometer and finally reaches a detector.
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Figure 2.8: A schematic view of absorption spectroscopy.

The relationship between the intensity of light before and after passing through
the gas cell is considered as a fingerprint for the spectral analysis of the inserted gas. The
radiation absorbed by the gas molecule is quantified by a well-known law called Beer-

Lambert law. Mathematically, it can be derived as:
Il = Ioe_aCL (240)

where I;and I, are the transmitted and incident intensity of light, respectively. « is the gas
absorption coefficient which depends on the wavelength of the incident light. C is the gas

concentration and L is the path length of the gas cell.

In order to describe the transmission of a monochromatic source, equation (2.40) can be

modified as follows [33]:
I s
( /IO),; =e M (2.41)

where the spectral absorbance in terms of wavenumber is defined by the variable a; which

has a linear relationship with couple of physical parameters as given by:

ay = PXabsS(T) 5L (2.42)
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In equation 2.42, p and T are the pressure (atm) and temperature (K) of the molecule. y s
is the gas volume mixture ratio of the absorbing species, S is the spectral line strength
(cm™2atm™1). @ is the line shape function. Different line- shape functions generally used

in spectroscopy will be discussed in details in the following section.

2.9.  Line-shape functions
2.9.1. Overview

In spectroscopy, “line-shape function” refers to theoretical models used to
describe the shapes of spectral lines. Different line-shape functions have been used in the
past few decades. The choice of the function depends on the temperature, pressure and all
other physical conditions of the gas molecule. Depending on the quality of the spectra,
several physical effects including natural line broadening, Doppler broadening, collisional
broadening and shift, line-mixing, Dicke narrowing, speed dependence, temperature

dependence etc. need to be considered while fitting them to a line shape profile.

2.9.2. Natural line broadening
Let us consider a two-level atomic system for spontaneous emission (Figure 2.9),
where E; is the excited energy state of an atom having intrinsic lifetime of z,,. According

to Heisenberg’s uncertainty principle, it can be written as follows:

AE At > 2 (2.43)
21

But since At = 75, and AE = hAv, equation (2.43) can be expressed in the following

way:
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1
2mTsp

Av ~ (2.44)

E,
Av  =1/2n1,)

v A =1/ Tsp

=

Figure 2.9: Spontaneous emission for E; — E, transition, which arises a finite
linewidth (adopted from source, p: 27) [36].

The uncertainty principle defines the spontaneous lifetime of the atom in the
excited level, and predicts that the atom would not be able to stay in the excited state (E1)
more than 7y, seconds on average. Due to the transition between these two energy levels,

a spread of frequencies (line width) will appear, and is known as the “natural linewidth”.

2.9.3. Doppler profile

At very low pressure, molecules in a gas can move randomly by the influence of
their thermal motion. Let us consider a gas molecule is undergoing no collisional effect and
moving with uniform velocity (¥) due to its thermal motion, then the position of that

molecule at time ¢t will be:
r=7vt (2.45)

The change in position of the molecule with time will give rise to a Doppler shift and it can

be expressed as:
Doppler shift = vavz (2.46)
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In the above expression, w,, is the transition frequency. v, is the velocity component of the
free streaming molecule and it is always directed parallel to the incident wave vector (k).
Therefore, a Doppler shift associated with v, can be shown in terms of Maxwell-Boltzmann

thermal velocities distribution:

Vzy\2

Fu(v) = o) T2 e (2.47)
v, = (”‘TBT)l/z (2.48)

where M and v, are the mass and the most probable speed of the molecule. An
inhomogeneous broadening is introduced by this velocity distribution and it is symmetric
about the transitions frequency. The dipole auto-correlation function needs to be discussed
in order to consider this inhomogeneous broadening. For free streaming molecule the dipole

autocorrelation function can be written as [33]:
Cont(t) = < e~ KD > (2.49)

By using equation 2.45, the thermal equilibrium of equation 2.47 can be resolved in the

following way:

Awpt

Core(t) = e (2.50)

Here Awj, is the Doppler width. The relationship between Doppler width and the Doppler

line profile can be achieved by doing the Laplace transform of equation 2.48, as follows:

1 Awpt

e (2.51)

ID (a) - \/TL'A(,L)D
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with the detuning angular frequency,@ = w — w,,. The line shape function of this profile is

a Gaussian function whose half width half maximum (HWHM) y,would be:
Aw
yp =Vin(2) 22 (2.52)

This line shape model is only applicable when molecules are moving due to their thermal
motion and the collisional effects (pressure less than 10 atm) among the molecules are
almost negligible. But, higher pressure and at lower temperature, the Doppler line profile

would not be able to analyse the line shape of the molecules.

2.9.4. Lorentz profile

With the increase of pressure, molecules in a gas sample will exhibit collisional
broadening. When two molecules collide with each other a phase shift ¢ (t) in the rotational
and vibrational energy states will be observed for both of them. Taking the average of the
phase shift, the correlation function related with ro-vibrational degrees of freedom can be

presented as:
Cine(t) = e<¢®> (2.53)

where @(t) is the average of the phase shift which has both real and imaginary parts.

Putting both the components in equation 2.51, the correlation function becomes:
Cine (t) = e7<+ID> (2.54)

In the above expression, T is the real part of the phase shift which describes the frequency

shift and the imaginary part A defines the decay rate.
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These collisional effects of the molecules lead to introduce a line shape model
known as the Lorentz profile. By performing a simple Laplace transform of equation (2.52)

the Lorentz profile can be obtained as follows:

~ _3 Yp
L®) = Gy (2.55)

with y, as the HWHM and &p as the collisional shift at pressure.

2.10.5. Voigt profile

At intermediate pressures, both the thermal and collisional effects can be handled
by considering a Voigt profile which is a convolution of Doppler and Lorentzian profiles.
Depending on the pressure limits the Voigt profile will act either as a Doppler or as a

Lorentz profile. The general expression of a VVoigt profile can be expressed as [33]:

LGoy) = 5 Iy @I (x — %, y)d%' (2.56)
S @ _@-A
- A(,L)D X = A(,L)D an y_ A(UD

where %', x and y are dimensionless parameters. In terms of a complex probability function

equation 2.54 can be written as:
(oY) = =[5 Re[w (x,7)] (2557)

where the complex probability function, w (x, y) can be written as:

—t2

o e

mmmwzif dt (2.58)

—0 x—t+iy
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2.9.6. Speed-Dependent Voigt (SDV) profile

The Voigt profile assumes that the thermal motion of the gas molecules travels at
the most probable speed following the Maxwell-Boltzmann velocity distribution. But, in
reality, gas molecules do not move with the same most probable speed. Hence, it is
important to introduce a new line profile to see how the broadening and line shifts are
affected by the velocity of the gas molecules. Thus, the velocity-dependent broadening and
shifting terms introduce an asymmetry in the line shapes which is understood by the Speed-
Dependent Voigt (SDV) profile. The SDV model is usually introduced when the regular

Voigt profile is not sufficient to minimize the weighted residuals of the spectra.

Berman [37] was the first person who analytically incorporated the speed-
dependent effects of the molecules in Voigt line shape functions and expressed the speed-

dependent Voigt function in the following way:

— l FM(T;) 32
[sqp = ~ Re{[ o) @200 %1 d°v} (2.59)

I'(v) and A(v) are the speed-dependent broadening and shift, respectively. Fy, (V) is the

Maxwell-velocity distribution function which has already defined in equation 2.47.
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Figure 2.10: Effects of speed dependence on a spectral line. (a) collisional line broadeing
I'(v) affected by the speed dependence broadening (b) impact of the speed dependence of
the line shift A(v) (adopted from source, p: 92) [38, 39].

2.9.7. Rautian-Sobelman profile

The Voigt profile has been used in laboratory spectra analysis from the early age of
spectroscopic remote sensing. For many applications, it has the ability to follow the
physical conditions of the spectra when they are fitted. Moreover, this profile is
comparatively faster and more reliable for the analysis of spectra. However, one of the
subtle effects in the spectra known as “Dicke narrowing” can not be accounted for with this

profile.

At intermediate gas pressures, the Dicke narrowing effect, which is also known as
collisional narrowing, occurs when the wavelength of the incident light becomes exactly
the same or less than the mean free path (MFP) of the gas molecules. MFP is the average
distance travelled by any gas molecule before colliding with other molecule. Due to this

effect, in the Voigt profile, the value of broadening coefficients would become smaller than
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the expected value. In order to consider, the narrowing effect, the Rautian-Sobelman [40]

model for hard collisions has been implemented.

Depending on the mass of the absorber molecule (M1) and the perturber (M2) two
types of collisions have already been identified. If the mass of the radiator is almost equal
or lighter than the perturber (M1 < My), then the molecules experienced hard collisions,
resulting a hard collision profile commonly known as Rautian-Sobelman profile. In this
present study, we used the Rautian-Sobelman profile because the mass of the radiator
molecule, CO (27.99 g/mol) and the perturber, an average air molecule ( 28.96 g/mol) are
very close to each other. The general mathematical formula for Rautian-Sobelman profile

can be expressed as [40]:

w(x,y+z)
1+Vrw(x,y+2)

I(R) = #Re [ ] (2.60)

. v . . . ..
In the above expression, z = —£<; where VL is the hard velocity changing collision rate.
Awp |49

2.9.8. Narrowing Parameter

A single united atom force field model was used by theoreticians Dr. Aziz Ghoufi
and his research group members at Universite de Rennes, France to calculate the diffusion
constant of CO [41]. For that, van der Waals interactions were considered to describe the
intermolecular interaction of a CO gas sample and these interactions were modeled by a
Lennard-Jones potential. Molecular dynamics (MD) simulations were run by using a
software package known as DLPOLY [42]. In the simulation, a 10 ns time period is
considered as acquisition phase after an equilibrium period of 5 ns whereas 1 fs was used

as time-step. While running the MD simulation, a statistical ensemble like NVT was taken
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into account where N corresponds to the number of particles, V is the volume of the box
and T = 300 K. The Nose-Hoover algorithm [43] was used in order to keep constant
canonical ensemble temperature where the thermostat relaxation time was 0.5 fs. The
Verlet algorithm to calculate velocities was used by theoreticians for the integration of the
motion equation [44]. The self-diffusion coefficient (Ds) of any gas sample can be

computed from the Mean Square Displacement (MSD) method:

MSD (t) = (XL, (r; ®) — 7:(0)?) (2.61)
where the position of a particle (i) at time t is denoted by r; (t). From the above expression,
the calculated diffusion constant of pure CO is 1.938137x10° cm? s*. The narrowing

parameter (f.) is related to the diffusion constant through the following equation [45]:

Be= —2_ (2.62)

2ncMD

where KT is the thermal energy of the molecules, c is the speed of light, M is the molar
mass and D denotes the diffusion constant. The narrowing parameter for pure gas calculated
from equation 2.60 is 0.024076 cm™. Consistently, narrowing parameters for the spectral

lines were fixed throughout the entire spectra analysis process.

2.9.9. Temperature dependence of line parameters

The interpretation of line-shape parameters of atmospheric trace gases is always
complicated because of their randomly changing physical conditions. Temperature is one

of the vital conditions in the atmosphere which has significant impacts on molecular line
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shape. Temperature-dependence phenomena of the line-shape parameters were first
observed by Birnbaum [46] and later were developed by Bonamy et al. [47]. According to
their approximation, the line-shape parameters as a function of temperature can be shown

as:

o _ ¥ _ (ﬂ)‘” (2.63)

02 v(T2) N T;

The left side (o) of the above equation defines the line-shape parameter of interest and the
pressure-broadening coefficient y(T) is considered here as an example for that. T is the

temperature and n is the temperature-dependence coefficient.

Variations of this law can be discussed from two different theoretical perspectives.
The first theoretical concept assumes a simple kinematic case where mean molecular
velocity and molecular density are examined in terms of collisional frequency. This
assumption shows a linear relationship between the collisional frequency and molecular
density as well as with the mean molecular velocity. Hence, density will vary inversely

with temperature (T~1) and molecular mean velocity follows a square root relationship

with temperature(v/T). This is the example of a simple case for that n = 0.5. But, in reality,
n = 0.5 is rarely measured and therefore a more reliable approach known as Anderson-
Tsao-Cunette Theory [48, 49] needs to be considered, for getting a complete understanding
on the molecular dynamics. Later it was Birnbaum [46] who considered partial collisional
cross sections and the form of collisional efficiency in the Anderson-Tsao-Cunette theory
in order to express it in a simplified way. When the quadrupole-quadrupole forces are
considered as the dominant factors, then the inclusion of these two modified terms change

the value of n from 0.50 to 0.75 [50]. Equation 2.61 has been used as a determinant of n
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which has rotational quantum number dependency and can also vary with the temperature
range of interest [51]. The output of Bonamy et al. [47] study came to a point that Birnbaum
[46] assumptions will not be valid at a higher temperature range when molecular collisions
begin to decrease from their usual rate. However, this scaling law has performed quite
nicely for a specific temperature range especially for the temperate in the earth’s lower

atmosphere [50, 52].

2.9.10. Line Mixing
2.9.10.1. Overview

If two adjacent spectral lines represent the same initial and final vibrational states,
it is possible that the angular momentum between molecules present in the gas is perturbed
due to inelastic collisions, which will result in mixing of the two lines. Basically, line
mixing or line coupling is responsible for some of the observed line asymmetries in
molecular spectra. At the beginning, the computed spectrum in the least square solution
considered as a Voigt profile inclusion of line mixing which allows to fit or fix line mixing

in the solution.

2.9.10.2 The Relaxation Matrix

The Lorentzian profile is the dominating portion in the Voigt shape model. If, | (w)
denotes the Lorentzian part of the line-shape factor as a function of different variables then

the overall equation can be written as [27].

(w)=XT (w — wy —iW) 1pX (2.64)
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w and w, both are N x N diagonal matrix in which the wavenumbers of the spectral line
positions are considered as diagonal elements for the first matrix (w) whereas line positions
having zero pressures are supposed to be the diagonal elements for w, matrix. For both of
the cases, the off-diagonal elements are supposed to be zero. For each spectral line, p is the
population number of the lower energy state. X is a 1XN matrix that represents a ratio
between the square root of the intensity (S) and the number of density (p) of each spectral
line. T represents the transpose of the matrix and i is an imaginary number. W is the
relaxation matrix which describes the nature of the physical conditions like line mixing
within the spectral line profiles at any time. The diagonal elements of W give both the
Lorentz widths (a;;) and pressure-induced shifts (&;). The real part of the matrix presents

broadening and the imaginary part corresponds the pressure shift.
The details calculations of relaxation matrix is reported in reference [53]. In order to
calculate the broadening and line mixing coefficients, it is important to solve the relaxation

matrix. There are two (EPG law and ECS approximation) models that have been

implemented for the calculation of the relaxation matrix, W.
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CHAPTER 3: EXPERIMENTAL DETAILS

3.1.  Overview

The Michelson interferometer is the main component of most FTIR spectrometers
and is considered as the first design of interferometer used in Fourier Transform
spectrometers. How a Michelson interferometer works and how the interferogram becomes
a spectrum will be discussed in detail in this chapter. In addition, the Cat’s Eye design
interferometer and its advantages will be presented. This chapter will describe the general
structure of 1-m McMath-Pierce Fourier transform spectrometer (FTS) situated at Kitt
Peak, National Solar Observatory (NSO), Arizona. Finally, the spectra analysis software

“Labfit” will be discussed at the last part of this chapter.

3.2.  Introduction to Fourier Transform Spectrometer (FTS)

3.2.1. Principle of a Michelson Interferometer

The Michelson interferometer comprises an infrared light source, two plane mirrors
and a beamsplitter connected to a detector system. One of the mirrors is fixed and the other
one can move perpendicularly along the direction of the incident light. The beamsplitter
can split a light beam into two beams of light, where the difference in distances traveled by
these light beams is used to create an interferogram, which is a pattern of light intensities.
This variation in distance is called the optical path difference (OPD). The combined light
beam which leaves the interferometer is resolved as a function of OPD by a detector and is
basically gives the spectral information to the spectrometer [4]. The simplest optical

arrangement of a Michelson interferometer is illustrated in Figure 3.1.
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Figure 3.1: Optical arrangement of Michelson Interferometer (adopted from
source, p: 20) [65].

In Figure 3.1 the fixed mirror and the movable mirror are perpendicular to each
other. At point O, the beamsplitter ensures that half of the incident infrared light is
transmitted along OM direction and the rest of the light is reflected in the OF direction. The
reflected light goes to the fixed mirror, whereas the transmitted light strikes the movable
mirror. After coming back from their respective mirrors, they interfere at the beamsplitter
and are again transmitted and reflected equally. After interacting with the sample, the

transmitted recombined beam strikes the detector.

When the movable mirror and the fixed mirror are equidistant from the beam splitter
and the light beams travel the same distance and bounce back to the beam splitter at the
same time. In that case, OPD of the light beams will be zero, which is commonly known
as zero path difference (ZPD) [4]. If there is no path difference, the two beams are assumed
to be in phase and create a constructive interference at the beam splitter. However, an
optical path difference usually occurs due to the movement of the movable mirror. The

deviation of the moving mirror from the ZPD is known as mirror displacement (A). The
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optical path difference (OPD) is usually referred to as optical retardation and is denoted by
the symbol 6. The relationship between the path difference (§) and the mirror displacement

can be expressed as:

§=2A (3.1)

The above equation implies that the additional distance travels by the infrared ray reflected
from the moving mirror compare to fixed mirror is equal to 2A. Constructive interference
occurs when the path difference of the light beam is equivalent to multiples of its

wavelength (1). Mathematically it can be written as:

5 =ni (3.2)

where n = 0,1,2,3,.. In contrast, when the extra distance of the moving mirror is 1/4 A
compare to the fixed one, then according to equation 3.1 the path difference would
be 1/2 A. The interference of the light beams under this condition is called destructive

interference and is given by:

S=m+ 1/2)21 (3.3)

In that case, light beams are completely out of phase while overlapped with each other and
result in a very low intensity recombined beam. A graphical representation of light intensity
and OPD is known as an interferogram, which is the basic measurement retrieved by an
FTIR. After being Fourier transformed, this interferogram is converted into a spectrum. A
complete interferogram is obtained when the moving mirror accomplished a complete
backward and forward motion. Such a complete back and forth motion referred to as a full
scan. The frequency of the interferogram and the velocity of the movable mirror are related

by the following equation:
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F, = 2VW (3.4)

where F, is the frequency of the interferogram which is also known as the Fourier

frequency, VV velocity of the moving mirror in cm/s, and W presents the wavenumber of the
light in cm™,
1 Centerburst
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Figure 3.2: Layout of an interferogram (adopted from source, p: 27) [4].

Infrared light having many wavenumbers constructively interferes at ZPD, and a large burst
of intense peak arises in the interferogram. This intense peak is known as centerburst, which
is only possible when all the wavelengths of the infrared light are in-phase. With the change
of the optical path difference, the intensity of the light drops rapidly on both parts of the
interferogram. Either side from the centerburst are known as the wings of the interferogram.
The intensities of the wings are always very low, due to the overlapping of various

frequencies which are out of phase and interfered destructively.
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3.2.2. The Cat’s Eye Design for Fourier Transform Interferometers

In this experimental work, instead of a Michelson interferometer, a “Cat’s Eye”
design interferometer was used. It has a movable beam splitter with a combination of two
identical “Cat’s Eye” shape concave mirrors M1 and M3 having a radius R [54]. Such type
of interferometer is also known as Double Cat’s Eye (DCE) interferometer. The optical

alignment of this interferometer is shown in Figure 3.3.

Figure 3.3: Light passing through the optical arrangement of a Cat’s Eye interferometer
[54].

At the beginning, the beam splitter is placed at the center of the two mirrors. As it
is @ moving splitter, it can move either side of the mirrors having a value of +A. The
movement of beam splitter yields the optical path difference by an amount of + 4A. In
Figure 3.3, the direction of the entrance light and the mirrors axis is denoted by the angle y,
and 6 (6 « R) is the deviation of the focal point of the entrance light in mirror M1 from
the mirrors axis. The beam splitter splits the entrance beam, and the beam will leave the

interferometer after interference. The entrance light passes through the beam splitter and
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strike the mirror M2, and after reflection, the beam hits the splitter again and splits it into
two coherent beams A and B. Beam A passes through the beam splitter, whereas beam B
bounces back to mirror M2. At the mirrors, both beams have reflected three times and
interfered at the top of the beam splitter. The beams at the top of the beam splitter are named
as A" and B’, which are exactly parallel to A and B, correspondingly. Finally, the interfered

beam reflected from the mirror M1 and focused onto the detector P.

3.2.3. Advantages of Double Cat’s Eye (DCE) Interferometer

Optical elements having high linear and angular misalignments both are allowed
in the Double Cat’s Eye (DEC) interferometer. Hence, optical alignment in DEC is not
necessarily important during the process of the interferometer. At the beam splitter, the
interferometer has both non-coincidental and interfering beams, and it can also produce
extra light channels without creating any complexity in its structure. Movement of the beam
splitter has a significant impact on the resolution of the interferometer, and it can be twice
for per unit motion of it. A DCE interferometer has a small angle of view. In the laboratory,
Fourier spectrometers sometimes require to measure a small angle of view, and it can easily

be measured with this special interferometer.

3.2.4. Signal-to-Noise Ratio (SNR)

The measurement of the signal-to-noise ratio (SNR) determines the performance
of any Fourier transform infrared spectrometer. SNR is obtained by taking a ratio of the
peak height of a spectrum and the level of noise close to the spectrum at some baseline

point. Usually, random fluctuation of the spectrum leads to the introduction of noise at
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above or below the baseline. Furthermore, SNR has a relationship with the number of scans

(N), and is given by:
SNR « (N)/? (3.5)
Table 3.1. Relationship between SNR and number of scans [4].

No: of Scans SNR changes over 1 scan

1 1

4 2

16 4

25 5

64 8
100 10
1024 32

FTIR having high SNR is a sensitive technique and has the ability to measure the

absorbances more accurately.
3.2.5. Interferogram to spectra

As it was mentioned earlier in section 3.2.1, the Fourier transform of an
interferogram leads to a spectrum. According to Joseph Fourier, a sum of sine and cosine

waves can be expressed as a series with a single mathematical function having a simple x

and y plot.
60 1 q; .
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Figure 3.4: Fourier transformation of an interferogram which yields a single beam
spectrum (adopted from source, p: 32)[4].
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In this context, the interferogram of directed light to the detector is considered as a
superposition of cosine waves. The interferogram or interference pattern of cosine waves

are measured with the detector. Therefore, the interferogram can be written as follows:
S(6) = B(?,)cos 2nD,8 (3.6)

Where B(7,) is the intensity of light at a wavenumber 7, and S(&) is the cosine Fourier
transform of B(#,). The computation of this cosine Fourier transform, yields the infrared
spectra. For a continuous light source, the interferogram can be expressed by the integral

as follows:
S(&) = [*7 B(¥)cos 2n8 db (3.7)

In this experimental work, | considered wavenumber (frequency) domain as the Fourier
space. The relationship between the transformed spectra and the interferograms can also be
explained in terms of their units. Units of the x-axis of any function will be inverted when
it undergoes through the Fourier transformation process. Graphically, the optical path
difference (cm) and infrared intensity are plotted in the x and y-axis of an interferogram,

and when the interferogram is Fourier transformed an inverted x-axis units will appear.

This new intensity vs. wavenumber (cm™) function is known as the infrared
spectrum as shown in Figure 3.4. The term “single beam” written at the upper left side in
Figure 3.4 illustrates that the FTIR spectrometer used only one infrared beam in order to
obtain this spectrum. When the interferograms are measured with a single beam without
any sample present in the spectrometer, then the obtained single beam spectrum is known

as a background spectrum. The background spectrum contains the spectral information
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from the instrument and the environment. However, the interferogram obtained in the
presence of a sample and the Fourier transformation of that interferogram yield a sample
beam spectrum, which additionally includes the contribution of the sample along with the
environmental and the instrumental influences. In order to get only the sample spectral
information, it is important to cancel the environmental and the instrumental contributions
from the sample beam spectrum. To do this, the sample spectrum must be divided with the

background spectrum, and this ratio will give a transmitted spectrum as follows:

%T = 1/, (3.8)

where I and I, are the intensities of the sample and the background spectrum.

3.3.  Experimental Setup
3.3.1. FT spectrometer at the National Solar Observatory, Kitt Peak, AZ

The spectra of CO were recorded with a 1-m McMath-Pierce Fourier transform
spectrometer (FTS) at Kitt Peak, National Solar Observatory (NSO), Arizona, USA. The
details of this experimental setup is given by A.W. Mantz et al. [28]. In their study, they
used Helium (He) as a perturber whereas in my study I used air. Both of the cases, the
experimental setup was same. The summary of the experimental setup is listed in Table-
3.2. The simple experimental setup for the measurements of IR spectra of CO (0—1) band
comprised of an Oriel glowbar source having voltage powers of 10-12 V, a potassium
chloride (KCI) beamsplitter, two InSb detectors which are at liquid-nitrogen temperature,
gas controlling system and an electronic device to store the data. Two coolable absorption
sample cells having path length 1.1313 and 4.3050 cm, were placed between the IR source

and the slit of the spectrometer. Both gas cells were made of oxygen-free high-conductivity
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copper (OFHC). Each of the sample cell was placed on an OFHC mounting platform and
the OFHC copper station itself was attached to a CTI-Cryogenics pump. The sample
temperatures were controlled with two sensors, which were basically 50 W heaters and are
connected to the OFHC copper mounting platform. Each cell is provided with its own
temperature sensor. The Lakeshore Model 331 and Model 630 are the sensors to readout,
control and calibrate the temperature of the cells. These sensors are very effective in

maintaining the temperature with +0.01 K over the temperature range of 12-250 K [55].

Table 3.2: Experimental setup of 1-m McMath-Pierce FTS [28].

Spectral coverage range 0-2980 cm'?
Maximum optical path difference 96.12 cm

Path length of the cells 1.131 and 4.305 cm
Spectral resolution 0.0052 cm™?
Co-added scans 10-12

Time for spectra recording 1h (approximately)
Signal-to-noise ratio 850 (approximately)
Size of the FTS aperture 8 mm

IR Source Oriel Glowbar at 12 V
Detectors (2) InSb

Beam splitter KCI

Filters InAs+ Si Nose

The sample cells are placed inside a vacuum chamber. The chamber is generally
kept at pressure less than 10 Torr by cryopumping it with a cryocooler. Throughout the
experiment, a large mechanical pump continuously pumped the vacuum chamber and
maintained the chamber vacuum. There were two CaF> windows inside the chamber, and

each cell is provided with windows having a diameter of 50 mm, which allows a beam of
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45 mm to pass through the gas cells. Both cells do not have any temperature gradients

throughout their entire length.
3.3.2. Spectra Recording and Calibration

At the beginning, few spectra of pure CO were recorded with the shorter cell and
due to some temperature sensing problems related to this cell, the rest of the spectra of pure
and air-mixed CO were recorded with the longer cell. At room temperature, the small cell
was filled with 99.998 % (research grade) pure CO. In order to avoid molecular collisions,
initially, low CO pressures (=1 Torr) were chosen so that only the thermal motion of the
molecules contributes accurate line center positions, which allow the consideration of
precise pressure-induced shift measurements. The pressures inside the gas cells were
consistently monitored during the entire data retrieval periods. 12 scans were averaged for
each spectrum. After recording few spectra of pure CO at room temperature, air molecules
having a pressure range between 35 and 620 Torr were added to the CO to the longer gas

cell. Details of the physical conditions of all spectra are reported in chapter four.

To measure the line shifts of the spectra, calibration of the wavelength scales with
respect to CO line positions of the fundamental band (0—1) is very important and this
process was done by our collaborators with accuracy ~0.00018 cm™ [28]. Usually, spectra
are calibrated by taking the ratio of the observed and calculated line positions of different
molecules present in the spectral range. In this study, a couple of strong and weak water
lines were taken into account to calculate the calibration factor. Mathematically, it can be

written as:

. . E tal 1 t
Calibration factor = ( e e pos lon) (3.9)

Line position from Hitran
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This calibration factor is then multiplied with the wavenumber scale, and used by the
software. We used the multispectrum analysis software “Labfit” developed by Dr. Chris
Benner of College of William and Mary, Williamsburg, VA, USA to analyze the spectra

recorded at various pressures and temperatures in the 2000 to 2280 cmt spectral range.

3.4. “Labfit” software
3.4.1. Description of “Labfit” software

Labfit is a multispectral fitting program that can be employed to analyze spectra
recorded by FT or laser spectrometers. The original version of this code was developed by
Dr. Chris Benner in the early 1990°s. Since then after a couple of generations, this program
has become a very efficient tool in the spectroscopic research community for its
simultaneous fitting of numerous spectra. The program uses the Levenberg-Marquardt
algorithm which has the ability to reduce the summation of the squares of differences

(weighted residuals) between calculated and experimental spectra [56].

This fitting technique has some unique advantages. For example, spectra obtained
with a tunable diode laser spectrometer and a Fourier-transform spectrometer can be fitted
simultaneously. Furthermore, spectra retrieved at various spectral resolutions can also be
fitted simultaneously. This program can run iteratively, after each iteration, the fitted
parameters are updated automatically. This program allows users to modify or change

parameters from the solution. New spectra can also be added to the solution at any time.

Based on known experimental conditions like temperature, pressure, mixing ratio
etc. Labfit can fit the spectra using different spectral line-shape parameters such as line

positions, intensities, line widths, pressure shifts, line mixing, narrowing and so on, for
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each spectral line. At the beginning, each of the spectra is fitted individually, and then these

values are averaged or combined to get the final results.

3.4.2. Speed-dependent Voigt (SDV) and its implementation in Labfit

The Speed-dependent Voigt (SDV) model is employed when the regular Voigt
profile is not enough to minimize the weighted residuals of the spectra. In this study, Labfit
was employed to determine the speed-dependent line-shape parameters. To do this, several
spectra were simultaneously fitted in the program, accounting for speed-dependence in the
Voigt line-shape model or in the Rautian line-shape profile. The mathematical formulation
of speed-dependent broadening coefficients of molecules having velocity v can be

expressed in the following way [18, 57-60].

Yo(w) = y° {1 +T, l(vi)z = 1.5]} (3.10)

where y? represents the thermally average pressure broadening coefficients. T, is the speed
dependence parameter [57, 58]. v, is the most probable speed, described earlier in equation

2.48.

The speed-dependent broadening coefficients in equation (3.10) and the Voigt line-
shape model in equation (2.65) both are considered for calculating the speed-dependent
Voigt line-shape function. After integrating that function, the real (Ks) and imaginary (Ls)

parts become:

Ks(x,y,S) = fjooo e " vtan™? {[L]Z} dv (3.11)

y(s{v?—c}+1)

EN I
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1 ;o0 _ 2
Ls (X, Y, S) = - f_ooe vzvln{[ﬁ }dv (312)

In Labfit, the speed-dependence parameter is fixed to 0 while running it with the Voigt
profile. In our study, while considering the speed-dependent Voigt profile, a guess value
(0.08000) was taken as a speed-dependent parameter and | fitted this parameter for all 40
studied strong transitions. There are no previous speed-dependent coefficient values
published for the 0—1 band of CO. The 0.08 initial value was chosen as a guess value for

this study based on a CO study of the 0—2 band [18].
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CHAPTER 4: EXPERIMENTAL AND THEORETICAL RESULTS

4.1. Overview

This chapter will cover the line-shape measurements of pure CO, as well as air-
broadened CO spectra at room temperature and other temperatures ranging from 79 to 296
K. The Voigt, Speed-Dependent Voigt (SDV), and Rautian profiles will be implemented
for these spectroscopic line-shape measurements. By applying the Exponential Power Gap
Law (EPG) and Energy Correlated Sudden approximation (ECS), theoretical line-mixing
coefficients will be calculated. Finally, this chapter will summarize all the measured results

and their comparison with similar published papers.

4.2.  Line-shape study of pure and air-mixed CO spectra at room temperature

In order to fit spectral parameters using a multispectrum fitting technique, spectral
line parameters like line positions, intensities, self- and air-broadening coefficients were
initially taken from the HITRAN database [24]. The following well-known equations were
used to determine the pressure-broadening coefficients, pressure-shift coefficients and their

temperature dependences [28]:

b (p. T) = p [BY (ir) (Po To)( 1 — x) [2]™ + p [b (self) (Py, To)x[2] ™ (4.1)
v = vy +p[ 6°(air) (1 — 1) +8°(self)x] (4.2)
5°(T)=8°(T,) + &6'[T — Ty] (4.3)

In equation 4.1 by (p, T) is the Lorentz halfwidth (cm™ atm™) for a single spectral line where
p and T are the pressure and temperature. b? and §° denote the pressure broadening and

pressure induced line-shift coefficients, respectively, expressed in cm™atm™ at room

54



CHAPTER FOUR: EXPERIMENTAL AND THEORETICAL RESULTS

temperature (296 K). by (air) (P,, Ty) is the Lorentz halfwidth broadened by air at 1 atm

and 296 K. y is the volume mixing ratio (%). The parameters nl and n2 represent the

CO+air

temperature dependences of air- and self-broadening coefficients, respectively. In equation
4.2, v, (cm™) and v (cm™) are the line positions at zero pressure and at a particular pressure
p, respectively. In equation 4.3, the temperature dependence of the pressure-induced line-
shift coefficient is denoted by &', whereas §°(T) and §°(T,) are the temperature

dependence of the pressure-induced line-shift coefficients at T and T, respectively.
4.2.1. Spectroscopic results and comparisons with other studies

In this study, spectroscopic line-shape parameters for eight spectra of pure and air-
mixed CO were analysed at room temperature for the spectral range 2000 to 2280 cm™.
Furthermore, six spectra of pure CO were studied for all the three mentioned profiles.

Physical conditions of 10 spectra (6 pure and 4 air-mixed) of CO are listed in table 4.1.

Table 4.1: Physical conditions of the CO spectra.

Temperature Gas Path length Pressure Volume Mixing
(K) (cm) (Torr) Ratio (VMR)
296.96 CO-CO 1.1313 528.74 1
296.56 CO-CO 1.1313 307.99 1
296.41 CO-CO 1.1313 113.81 1
296.36 CO-CO 1.1313 15.63 1
296.36 CO-CO 1.1313 1.02 1
296.42 CO-CO 4.3050 0.94 1
296.92 CO-Air 4.3050 619.61 0.007180
297.02 CO-Air 4.3050 241.41 0.002799
297.13 CO-Air 4.3050 128.90 0.001500
297.19 CO-Air 4.3050 65.28 0.000760

The Voigt profile was implemented for the measurement of line-shape parameters

of air- broadened CO spectra. In that case, forty (40) ro-vibrational P- and R-branch
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transitions were simultaneously fitted for the spectral range of 2000 to 2280 cm™ (Figure

4.1).

{000 LDUL AL IO LA TREAALA LR OLE AU MR R LR CARRE LRI LR

] ["'

ER “WMHW

fill

WAVENUMEBRER

Figure 4.1: In the lower trace, eight CO absorption spectra recorded at 296 K (4 self-
broadened and 4 air-broadened) for the spectral range 2000 to 2280 cm™. The self-
broadened spectra were recorded at 528.74, 307.99, 113.81 and 15.63 Torr. The Voigt
profile was implemented for their analysis. The upper trace represents the weighted fit
residuals. The standard deviation shown here is 0.151%.

The spectral line-shape parameters of air-broadened *>C'°0 measured in the present
study are listed in Table 4.2. The rotational quantum index, m (for P branch, m =-Jand J+1
for R branch), spectral lines, line position, calculated line intensity, self- and air-broadening
coefficients, pressure-induced self- and air-shift coefficients, and the Einstein A-
coefficients are listed in the same table. The uncertainties are included in parentheses. Both
the pure and air-mixed spectra were fit simultaneously and all the mentioned line

parameters were retrieved after one single multispectral fit.
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For most cases, our measured line parameters are comparable to the line-shape study of
CO-CO and air-broadened CO in the 0—1 and 0—2 bands reported by Zou and Varanasi
[25]. L. Regalia-Jarlot et al. [26] have studied air-broadened line widths for the 0—1 band

of 12C®Q, which were also comparable to our measured air-broadening coefficients.

The measurements of line strengths (intensities) in this work and in the Zou and
Varanasi [25] study both used the Voigt line profile. Line intensities in HITRAN are
currently based on the study reported by Gang Li et al.[61]. From Figure 4.2, it is evident
that my measured results show very good agreement with the HITRAN [61] database,
GEISA (2015) database and the study reported by Zou and Varanasi [25]. In Figure 4.3,
ratios of line intensities are plotted as a function of m (for P-branch, m = -Jand J+1 for R-
branch). The results of our measured line intensities over the values of the HITRAN [61],
GEISA databases (2015) and the data reported by Zou and Varanasi [25] give the ratio of
line intensities, and the mean values of these ratios to be 1.0077, 1.0079 and 0.9628,
respectively. It is clear that the current study validate the line intensity values of CO with
the HITRAN and GEISA databases, whereas the values reported by Zou and Varanasi

deviate slightly from our results.

Air-broadening coefficients of 12C*®0 for the fundamental band have been reported
in few prior studies. Air-broadened coefficients of CO reported by HITRAN [22], Zou and
Varanasi [25] and L. Regalia-Jarlot et al.[26] are compared with my present study, and are
shown in Figure 4.4. Air-broadening coefficients of *2C'®0 in HITRAN are currently based
on the study reported by L.S. Rothman et al. [22]. Our present study shows strong
agreement with the results of the earlier studies [25, 26] and the HITRAN database even

though all the measurements were done using different instruments and methods. In
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addition, the ratios of air-broadening coefficients of CO between the present study and the
HITRAN database and the Zou & Varanasi study are shown in Figure 4.5. The means of
the ratios are 1.006 and 1.013, respectively. From this comparison, it is obvious that the
ratio our measured air-broadening values over HITRAN (1.006) reflect better agreement

than the ratio with the results reported by Zou and Varanasi (1.013) [25].

Air-induced pressure-shift coefficients of CO for the fundamental band have only
been reported in the Zou and Varanasi study. So, the values of air-shift coefficients in
HITRAN are currently based on the study reported by Zou and Varanasi [25]. In Figure
4.6, the measured air-induced pressure shift coefficients are plotted as a function of m. The
results of the present study were compared with the study reported by Zou and Varanasi,
where they measured the spectral lines with the m index between -23 to 26. The present
study shows good agreement with the Zou and Varanasi data in terms of the general trend
of pressure shifts, but our results disagree with the reported values [25]. Measurements of
line shifts are always difficult and highly depend on the instrumental setup and the
technique used by scientists. Different calibration standard used by different experimental
setups occur systematic shift in the data sets. Therefore, the differences observed between
the air-shift measurements reported by Zou and Varanasi [25] and my results is not
unexpected. The spectral line intensity (cm™/ molecule-cm) of the molecular transition

between i and j ro-vibrational energy levels can be expressed as:

. = A g/e?E /T e“2Vii/T)
Y @ 8mcv?y) Q(T)

(4.4)

where la is the natural abundance (99.998% for '2C60), g/ is the statistic weight of the

upper state, E  is the lower state energy, c, is the second radiation constant (c, =
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hc/k) related to the speed of light, Boltzmann constant and Planck constant, Q(T) is the

total internal partition sum (107.12 for CO).
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Figure 4.2: Measured line intensities of this work using the Voigt profile, and those from
the study by Zou &Varanasi [25], the HITRAN [61] and the GEISA_2015 databases.

A;; (s is a mathematical quantity which defines the probability of emission or
absorption of light during a molecular transition. This mathematical quantity is commonly
known as the Einstein-A coefficient. In this study, | used the equation (4.4) to calculate the
Einstein-A coefficients and | compared our calculated results with the values from the
HITRAN database. Both the data stored in HITRAN and my calculated values agree nicely

with each other, and in terms of percentage of error our calculated values show good

accuracy (3.62%).
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Figure 4.3: Ratios of line intensities between the values obtained in the present study and
those from HITRAN [61] and GEISA 2015, as well as the values of the present study
versus the study reported by Zou and Varanasi [25].

61



CHAPTER FOUR: EXPERIMENTAL AND THEORETICAL RESULTS

0.085
—~ CO-Air HITRAN_2012
% 0.08 é g A Present study
F"E ¢ Zou & Varanasi_2002
S 0075 e 4
%) O L. Regalia-Jarlot et al. _2005
+—
S 8 2
S 0.07
£ % ¢
S 0.065 o ¥
(@]
= o8 2 -
$ e
g 006 58 ¢ ¥§-
5 QQQQ .QQQS
A g8 : V84
005 .......................................
-20 -15 -10 -5 0 5 10 15 20
m

Figure 4.4:Comparision of measured air-broadening coefficients with HITRAN database
[22], and the studies by Zou and Varanasi [25] and L.Regalia-Jarlot et al. [26] for the

0—1band.
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Figure 4.5: Ratios of air-broadening coefficients between the present study and the
HITRAN database [22] and the Zou & Varanasi [25] study. My results are in better
agreement with HITRAN data.
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Figure 4.6: Plot of the air-induced pressure-shift coefficients of the present study, as well
as those from the study of Zou and Varanasi [25] versus m of the 0—1 band. The
systematic shift of these two sets of data occurs due to the different calibration standards
used in the analysis.
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Figure 4.7: Comparison of Einstein-A coefficients between our measured values and
HITRAN [24] data.
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Table 4.4: Self-broadening (cm™atm™) and self-shift (cm*atm™) coefficients of six
spectra of pure CO in the fundamental (1-0) band for VVoigt, Speed-Dependent Voigt
(SDV) and Rautian profiles.

m | Lines Voigt SDV Rautian

by (self) 8°(self) by (self) 8°(self) by (self) 8°(self)
(cm?*atm?®)  (cm?atm?) (cm?atm?) (cmlatm?) (cm?atm?) (cmlatm?)

32 P(32) 0.0407(10)  -0.00391(13) 0.037(19) -0.00418(13) 0.041(10) - 0.00394(13)

31 P(31) 0.0389(5) -0.00622(7)  0.035(10)  -0.00618(7)  0.039(5)  -0.00624(7)
30 P(30) 0.0484(4) -0.00481(5)  0.062(14)  -0.00476(6)  0.048(4)  -0.00483(5)
29 P(29) 0.0512(2) -0.00392(3)  0.098(12)  -0.00280(5)  0.051(2)  -0.00393(3)
28  P(28) 0.0473(2) -0.00444(2)  0.047(3)  -0.00453(2) 0.047(2)  -0.00446(2)
27 P(27) 0.0472(1) -0.00494(1)  0.046(2)  -0.00503(1)  0.047(1)  -0.00496(1)
26 P(26) 0.0486(1) -0.00516(1)  0.048(1)  -0.00524(1)  0.049(1)  -0.00517(1)
25 P(25) 0.0497(1) -0.00509(1)  0.049(1)  -0.00517(1)  0.050(1)  -0.00511(1)
24 P(24) 0.0518(1) -0.00512(1)  0.053(1)  -0.00518(1)  0.052(1)  -0.00512(1)
23 P(23) 0.0523(1) -0.00498(1)  0.052(1)  -0.00505(1)  0.052(1)  -0.00499(1)
22 P(22) 0.0541(1) -0.00478(1)  0.054(1)  -0.00484(1)  0.054(1)  -0.00478(1)
21 P(21) 0.0569(1) -0.00462(1)  0.057(1)  -0.00468(1)  0.057(1)  -0.00462(1)
20 P(20) 0.0594(1) -0.00453(1)  0.059(1)  -0.00459(1)  0.059(1)  -0.00453(1)
19 P(19) 0.0629(1) -0.00394(1)  0.059(3)  -0.00400(1)  0.063(1)  -0.00394(1)
18 P(18) 0.0590(2) -0.00546(1)  0.072(2)  -0.00516(1)  0.059(2)  -0.00538(1)
17  P(17) 0.0584(2) -0.00431(1)  0.075(4)  -0.00439(1)  0.058(2)  -0.00431(1)
-16 P(16) 0.0631(2) -0.00408(1)  0.068(6)  -0.00417(1)  0.063(2)  -0.00412(1)
-15  P(15) 0.0655(3) -0.00503(1)  0.068(6)  -0.00499(1)  0.065(3)  -0.00503(1)
14 P(14) 0.0675(3) -0.00590(1)  0.069(5)  -0.00581(1)  0.067(3)  -0.00586(1)
13 P(13) 0.0740(3) -0.00358(1)  0.068(6)  -0.00381(1)  0.074(3)  -0.00366(1)
12 P(12) 0.0791(3) -0.00318(1)  0.070(6)  -0.00351(1)  0.079(3)  -0.00338(1)
11 P(11) 0.0876(3) -0.00670(1)  0.084(6)  -0.00680(1)  0.087(3)  -0.00666(1)
-10 P(10) 0.0883(4) -0.00525(1)  0.077(7)  -0.00570(1)  0.088(4)  -0.00526(1)
-9 P(9) 0.0871(4) -0.00582(1)  0.082(7)  -0.00607(1)  0.087(4)  -0.00579(1)
-8 P(8)  0.0910(4) -0.00632(1)  0.085(7)  -0.00649(1)  0.091(4)  -0.00629(1)
7 P(7)  0.0913(4) -0.00466(1)  0.079(8)  -0.00489(1)  0.091(4)  -0.00474(1)
6 P(6) 0.0960(4) -0.00642(1)  0.087(8)  -0.00646(1)  0.096(4)  -0.00635(1)
5 P(5)  0.0934(4) -0.00462(1)  0.082(8)  -0.00462(1)  0.093(4)  -0.00468(1)
-4 P(4)  0.0925(4) -0.00481(1)  0.082(7)  -0.00465(1)  0.092(4)  -0.00479(1)
3 P(3)  0.0924(3) -0.00488(1)  0.084(7)  -0.00475(1)  0.092(3)  -0.00486(1)
2 P() 0.0907(3) -0.00578(1)  0.092(7)  -0.00571(1)  0.091(3)  -0.00567(1)
-1 P(1)  0.0915(2) -0.00340(1)  0.102(4)  -0.00374(1)  0.092(2)  -0.00343(1)
1 R(O) 0.0924(2) -0.00429(1)  0.104(3)  -0.00389(1)  0.092(2)  -0.00428(1)
2 R(1) 0.0924(3) -0.00560(1)  0.111(7)  -0.00456(1)  0.092(3)  -0.00550(1)
3 R(@) 0.0865(4) -0.00279(1)  0.085(7)  -0.00298(1)  0.087(4)  -0.00288(1)
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4 R(3) 0.0871(4) -0.00291(1)  0.080(7)  -0.00327(1)  0.087(4)  -0.0030(1)

5 R@) 0.0896(4) -0.00319(1)  0.081(7)  -0.00343(1)  0.090(4)  -0.00319(1)
6 R(G) 0.0913(4) -0.00212(1)  0.082(8)  -0.00230(1)  0.091(4)  -0.00221(1)
7 R(6) 0.0927(4) -0.00315(1)  0.080(8)  -0.00325(1)  0.093(4)  -0.00319(1)
8 R(7) 0.0913(4) -0.00379(1)  0.077(8)  -0.00372(1)  0.091(4)  -0.00375(1)
9 R(B) 0.0841(4) -0.00467(1)  0.075(7)  -0.00442(1)  0.084(4)  -0.00455(1)
10 R(9)  0.0853(4) -0.00317(1)  0.078(7)  -0.00312(1)  0.085(4)  -0.00324(1)
11 R(10) 0.0823(4) -0.00369(1)  0.074(6)  -0.00348(1)  0.082(4)  -0.00367(1)
12 R(11) 0.0805(4) -0.00317(1)  0.076(6)  -0.00311(1)  0.080(4)  -0.00322(1)
13 R(12) 0.0776(3) -0.00348(1)  0.072(6)  -0.00333(1) 0.077(3)  -0.00349(1)
14 R(13) 0.0745(3) -0.00420(1)  0.068(5)  -0.00398(1)  0.075(3)  -0.00416(1)
15  R(14) 0.0710(3) -0.00366(1)  0.068(5)  -0.00361(1)  0.071(3)  -0.00368(1)
16 R(15) 0.0692(3) -0.00374(1)  0.067(5)  -0.00372(1)  0.069(3)  -0.00374(1)
17 R(16) 0.0654(2) -0.00431(1)  0.064(5)  -0.00430(1) 0.065(2)  -0.00428(1)
18 R(17) 0.0632(2) -0.00399(1)  0.065(5)  -0.00410(1)  0.063(2)  -0.00400(1)
19 R(18) 0.0610(2) -0.00417(1)  0.066(4)  -0.00436(1) 0.061(2)  -0.00419(1)
20  R(19) 0.0581(1) -0.00478(1)  0.063(3)  -0.00491(1)  0.058(1)  -0.00477(1)
21 R(20) 0.0566(1) -0.00525(1)  0.059(2)  -0.00533(1)  0.057(1)  -0.00525(1)
22 R(21) 0.0544(1) -0.00516(1)  0.055(1)  -0.00524(1)  0.054(1)  -0.00516(1)
23 R(22) 0.0527(1) -0.00512(1)  0.053(1)  -0.00520(1)  0.053(1)  -0.00512(1)
24 R(23) 0.0511(1) -0.00514(1)  0.051(1)  -0.00521(1)  0.051(1)  -0.00514(1)
25 R(24) 0.0501(1) -0.00505(1)  0.050(1)  -0.00513(1)  0.050(1)  -0.00506(1)
26 R(25) 0.0490(1) -0.00520(1)  0.049(1)  -0.00528(1)  0.049(1)  -0.00521(1)
27 R(26) 0.0480(1) -0.00513(1)  0.048(1)  -0.00522(1)  0.048(1)  -0.00515(1)
28  R(27) 0.0473(1) -0.00521(1)  0.047(2)  -0.00529(1)  0.047(1)  -0.00523(1)
29 R(28) 0.0459(1) -0.00538(2)  0.046(3)  -0.00546(2)  0.046(1)  -0.00540(2)
30  R(29) 0.0451(2) -0.00539(3)  0.045(5)  -0.00547(3)  0.045(2)  -0.00541(3)
31  R(30) 0.0451(3) -0.00498(4)  0.046(9)  -0.00504(5)  0.045(3)  -0.00500(4)
32 R(31) 0.0442(5) -0.00521(7)  0.047(16)  -0.00525(7)  0.044(5)  -0.00523(7)
33 R(32) 0.0456(9) -0.00354(11) 0.049(29)  -0.00355(12) 0.045(9)  -0.00357(11)

Most spectroscopic studies of CO did not compare self-broadening and self-shift
coefficients of CO for 0—1 band. In this study, the self-broadening and shift coefficients
of CO at 296 K for the fundamental band were compared using different line profiles. At
first, six room-temperature spectra of pure CO spectra were analyzed. Both self-broadening

and self-shift coefficients were calculated for higher rotational numbers m corresponding
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Figure 4.8: In the lower traces of each of the section represent six CO absorption spectra
recorded at 296 K (6 self-broadened) for the spectral range 2000 to 2280 cm™. Different
profiles were implemented for their analysis. (a) Voigt (b) Speed-dependent Voigt (SDV)
and (c) Rautian profile. The upper traces represent the weighted fit residuals. The
standard deviations shown here are 0.190%, 0.270% and 0.190%, respectively.
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to |m| < 20 were saturated. Saturation happens when the line undergoes strong absorption,
and thereby results in zero transmission of light of that frequency. As most of the published
papers reported their results between -24 to 24 rotational quantum number, | was not able
to compare my high rotational number values with previous studies. . In Figure 4.8 six
spectra of pure CO are overlaid for Voigt, Speed-dependent Voigt (SDV) and Rautian

profiles, and the weighted residuals of these profiles are 0.190%, 0.207% and 0.190%,

respectively.

The difference between experimental and calculated spectra in SDV profile is larger than
those using the other two profiles. The self-broadening coefficients and the self-shift
coefficients of SDV model slightly deviate from the Voigt and the Rautian profiles, which

is illustrated in Figure 4.9 and 4.10.
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Figure 4.9: Comparison of the self-broadening coefficients of 2C%0 in the 1-0 for different line
models. (a) P-branch (b) R-branch, as well as compared with L.S. Rothman et al.[22], and later
their reported results were listed in the HITRAN database.
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Figure 4.10: Comparison of the self-shift coefficients of 12C°0 in the 1-0 for different
line profiles.

4.3. Exponential Power Gap Law (EPG) for line-mixing calculation
The EPG law describes the relaxation matrix by calculating the collisional transfer

rates of a lower rotational quantum energy state k to a higher energy state j. The collisional

transfer rate &', can be described by [31]:

AE, [T (~c|ag,]
—a ] J

: N expl ——
ik B, Xp KT (4.5)
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where AE ik Is the energy gap between the two states, B, is the rotational constant, T is the

temperature, K is the Boltzmann constant, and a, b, ¢ are the unknown parameters, and their
values need to be optimized. Transitions from j to k are calculated through detailed balance

equation.
PKy = Pk (4.6)

Py and p;are the population densities of the rotational energy levels k and j, respectively.

The off-diagonal elements of the relaxation matrix are linked to collisional transfer rates

and can be expressed as follows [62]:
W, =—pK; 4.7)

where £ is a constant and in my present study | used g = 0.55 and 0.60. The diagonal

elements (line widths and line shift) of the relaxation matrix is calculated as follows:

1 1 (4.8)
Wkk :E|:2Kjkj| +§|:ZKJK:|
j j
upper lower
The weak line-mixing coefficients (Yok) can be obtained from the following equation:
Yo (T) = 2 % it —2 (4.9)

Ui V= Vj
where u; and p,, are the optical transitions of dipole matrix elements.

Theoretically calculated line-mixing coefficients from EPG law and experimentally

determined values from different line profiles are listed in Table 4.5.
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Table 4.5: Line-mixing coefficients (atm™) obtained from different line-shape profiles
and calculated from the EPG model.

m Lines  Voigt SDV Rautian EPG(CO-CO) EPG(AIir-CO)
-18  P(18) 0.00531  0.00504  0.00501 0.004150 0.003728
-17  P(17) 0.00046  0.00051 = 0.00049 0.004087 0.003666
-16  P(16) 0.00073  0.00095  0.00087 0.004005 0.003585
-15  P(15) 0.00359 0.00354  0.00357 0.003909 0.003488
-14  P(14) 0.00455 0.00443  0.00447 0.003791 0.003368
-13  P(13) 0.00040 0.00061 = 0.00052 0.003647 0.003222
-12  P(12) 0.00026  0.00054  0.00049 0.003474 0.003045
-11  P(11) 0.00576  0.00558 = 0.00567 0.003266 0.002832
-10  P(10) 0.00294  0.00290  0.00295 0.003013 0.002573

-9 P(9) 0.00309 0.00310  0.00305 0.002708 0.002260

-8 P(8) 0.00287 0.00278  0.00283 0.002335 0.001878

-7 P(7) 0.00036  0.00047  0.00043 0.001880 0.001412

-6 P(6) 0.00173 0.00156  0.00166 0.001322 0.000838

-5 P(5) -0.00109 -0.00099 -0.00103 0.000632 0.000121

-4 P(4) -0.00150 -0.00155 -0.00154 -0.000217 -0.000787

-3 P(3) -0.00213 -0.00218 -0.00216 -0.001247 -0.001972

-2 P(2) -0.00122 -0.00142 -0.00140 -0.002544 -0.003708

-1 P(1) -0.00534 -0.00528 -0.00525 -0.011171 -0.011305

1 R() 0.00850 0.00853  0.00850 0.027003 -0.019440

2 R(1) 0.00943 0.00930  0.00925 0.013982 0.023243

3 R(2) 0.00341 0.00348  0.00352 0.008719 0.010881

4 R(3) 0.00219 0.00230  0.00227 0.005502 0.006698

5 R(4) 0.00173 0.00171  0.00173 0.003249 0.004083

6 R(5) -0.00020 -0.00011 -0.00013 0.001554 0.002315

7 R(6) -0.00024 -0.00019 -0.00021 0.000223 0.001047

8 R(7) -0.00042 -0.00046 -0.00046 -0.000851 0.000032

9 R(8) -0.00052 -0.00070 -0.00063 -0.001737 -0.000763
10 R(9) -0.00231 -0.00220 -0.00224 -0.002482 -0.001412
11 R(10) -0.00232 -0.00231 -0.00234 -0.003110 -0.001994
12 R(11) -0.00351 -0.00345 -0.00346 -0.003639 -0.002440
13 R(12) -0.00356 -0.00353  -0.00355 -0.004095 -0.002832
14  R(13) -0.00326 -0.00332 -0.00331 -0.004495 -0.003230
15 R(14) -0.00451 -0.00450 -0.00448 -0.004841 -0.003558
16 R(15) -0.00461 -0.00458 -0.00461 -0.005141 -0.003839
17 R(16) -0.00373 -0.00381 -0.00379 -0.005400 -0.004067
18 R(17) -0.00477 -0.00477  -0.00475 -0.005629 -0.004270
19 R(18) -0.00467 -0.00466 -0.00462 -0.005836 -0.004520
20 R(19) -0.00255 -0.00260 -0.00264 -0.006018 -0.004728

In the EPG model, a nonlinear algorithm written in MATLAB was used to find the

best optimized values of a, b, ¢ parameters. The values of a, b, c and B were found by
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applying nonlinear least square fit to the sum rule which states that the sum of relaxation
matrix elements in a column is equal to zero. When the experimental values of broadening
coefficients match fourth decimal place to the diagonal elements of the relaxation matrix,

the optimized values of these parameters are assume the reported results.

Table 4.6: Optimized values of EPG parameters.

B Values (CO-CO) Parameters  Values (Air-CO) B
0.04219332(3) a 0.02970517(4)
0.6 0.45056420(6) b 0.35939840(6) 0.55
1.02971900(7) C 1.098497009(8)

Weak self-broadened line-mixing coefficients of the present experimental work and
calculated theoretical (EPG) values are compared with those from Devi et al. [18] in Figure
4.11. My theoretically calculated CO-CO values for the 0—1 band do not show exactly
same results as the Devi et al. [18] data because their spectra were recorded for 0—2 band
(as 0—1 band results are not available). Most of the experimentally calculated values from
different profiles (Voigt, SDV and Rautian) are slightly deviated from the theoretical values

due to the saturation of the spectral lines (—20 > m < 20) both in P- and R-branches.

0.015 =
° X Devi et al.(2012)[CO-CO]
2 + V0igt(CO-CO)
g ool «® e |oSDV(CO-CO)
) X A Rautian(CO-CO)
= ] X X @
g 0005 ""'0"000 ax & ®EPG(CO-CO)
© = XxXxXxxXx3 280 ® g
D S OX--Q---QQ--KXQ*.. -------- Qg' ----------- s
£8 Rpgo Sy ¥
= x @ B8 xuxxRX
£ -0.005 X *%o83, ]
()
£
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Figure 4.11: Weak self-broadened line mixing coefficients for different line-shape models
compared with EPG method.
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4.4, Energy Corrected Sudden Approximation (ECS)

The Energy Corrected Sudden (ECS) Approximation [38] is an angular momentum
(L) dependent scaling law which is considered as an updated version of the Infinite-Order
sudden law (I0OS) [44] by including an adiabaticity factor. This law is applicable when the
collisions among the molecules are not sudden [38, 44, 63] and the deviated spectral lines
are not assumed as Lorentzian. For a diatomic molecule like CO perturbed by other molecules,
the off-diagonal relaxation matrix elements for two transitions jr < Jiand J'r < J'i (J'i< Ji) can

be expressed as:

0Ty WD) = @I+ 0 (@ + D(; +1)

i L3 LI It )
x Ziewenso(h ¢ ) (1 2 0){], Lo xeenge (410

where () and {} are representing Wigner 3J and 6J coefficients. Q; and Q; are the

adiabaticity factor and the basic rate, respectively, and they can be written as:

-2

o ={1+ 2[4 (4.11)

0, = A[2] " exp (-p L) (412)

In the above equations, Awj is the difference of energy between the rotational energy levels.

d., v, E;, B are the scaling length, mean relative velocity in CO-air collisions, and

rotational constant, respectively. The mean relative velocity (v = 8K T/W ) is related

to the reduced mass (i) of the active and the perturbed molecules.
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Table 4.7: Self- and air-broadened line-mixing coefficients (atm™) of CO in the R branch

calculated from EPG and ECS models.

m  Lines ECS(Air-CO) ECS(CO-CO) EPG (CO-CO)  EPG (Air-
CO)
1 R(0) 0.017308 0.018973 0.027003 0.023243
2 R(1) 0.011871 0.013018 0.013982 0.010881
3 R(2) 0.008664 0.009508 0.008719 0.006698
4 R(3) 0.006151 0.006757 0.005502 0.004083
5 R(4) 0.004075 0.004484 0.003249 0.002315
6 R(5) 0.002363 0.002606 0.001554 0.001047
7 R(6) 0.000970 0.001075 0.000223 0.000032
8 R(7) -0.000147 -0.000154 -0.000851 -0.000763
9 R(8) -0.001039 -0.001138 -0.001737 -0.001412
10 R(9) -0.001755 -0.001928 -0.002482 -0.001994
11  R(10)  -0.002330 -0.002562 -0.003110 -0.002440
12 R(11)  -0.002795 -0.003075 -0.003639 -0.002832
13 R(12)  -0.003181 -0.003499 -0.004095 -0.003230
14  R(13)  -0.003508 -0.003860 -0.004495 -0.003558
15 R(14)  -0.003785 -0.004164 -0.004841 -0.003839
16  R(15)  -0.004020 -0.004421 -0.005141 -0.004067
17  R(16)  -0.004222 -0.004643 -0.005400 -0.004270
18  R(17)  -0.004404 -0.004842 -0.005629 -0.004520
19 R(18)  -0.004584 -0.005039 -0.005836 -0.004728
20  R(19)  -0.004786 -0.005260 -0.006018 -0.004915

The ECS approximation depends on adjustable parameters d. (cm), A (cm™tatm™1),
A and B which need to be optimized. For that, a MATLAB code was used by considering the
measured broadening coefficients. By using the ECS law, in our present study, the line-mixing
coefficients in the R-branch show good agreement and the best optimized values of d., A, 4

and B generated by the program are 3.8, 0.00315, 0.55 and 0.065, respectively.
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Figure 4.12. Weak self- and air-mixed line mixing coefficients in the R-branch compared
with previous studies using ECS and EPG methods.

Figure 4.12 shows line-mixing coefficients of the spectra of pure and air-mixed CO in the
R-branch, and are compared with those of Predoi-Cross et al. [31, 64]. In reference [31],
line-mixing coefficients of self-broadened spectra were calculated from ECS model for
0 — 2 band, whereas a very recent publication by Predoi-Cross et al. [64] considered EPG
model in order to calculate the line-mixing coefficients of CO spectra broadened by helium
(He). Line-mixing data reported for the 0—2 band [64] deviate from our calculated values.
It is important to note that, self- and air-broadened line-mixing coefficients obtained from

this study with the ECS and EPG law are showing good agreement with each other.
4.5.  Line-shape study of pure and air-mixed CO spectra between 296 and 79 K

17 spectra of air-mixed CO and 14 spectra of pure CO were considered for analysis

of the temperature-dependence broadening and shift coefficients at different temperatures
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ranging from 296 to 79 K. Physical conditions of these spectra are listed in Tables 4.8 and
4.9. Temperature-dependent air-broadening, air- and self-shift coefficients of these spectra

are listed in Tables 4.10, 4.11 and 4.12.

Table 4.8: Physical conditions of 17 spectra of air-mixed CO.

Temperature Gas Path length Pressure Volume Mixing Ratio

(K) (cm) (Torr) (VMR)
296.92 CO-Air 4.305 619.61 0.00718
297.02 CO-Air 4.305 241.41 0.00280
297.13 CO-Air 4.305 128.90 0.00150
297.19 CO-Air 4.305 65.28 0.00076
230.83 CO-Air 4.305 531.34 0.00760
230.83 CO-Air 4.305 135.90 0.00193
230.83 CO-Air 4.305 37.11 0.00050
182.67 CO-Air 4.305 449.20 0.00870
182.67 CO-Air 4.305 231.59 0.00448
182.67 CO-Air 4.305 110.48 0.00209
182.67 CO-Air 4.305 48.60 0.00093
142.29 CO-Air 4.305 580.82 0.00609
142.29 CO-Air 4.305 359.50 0.00376
79.36 CO-Air 4.305 490.06 0.04304
79.36 CO-Air 4.305 277.01 0.00410
79.36 CO-Air 4.305 85.05 0.00126
79.36 CO-Air 4.305 35.99 0.00053

4.5.1. Spectroscopic results and comparisons with other studies

At first, four spectra at room temperature and three spectra at 230.83 K (in total 7
spectra of air-mixed CO) were fitted simultaneously in order to see how a different
temperature affects the air-broadening and air-shift coefficients. Then, the rest of the
spectra were gradually added to the fitting process. The Voigt profile was implemented for
the measurement of temperature-dependent line-shape parameters of air-broadened CO
spectra. Figure 4.13 shows forty (40) ro-vibrational P- and R-branch transitions in the

spectral range of 2000 to 2250 cm™.
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Figure 4.13: In the lower trace, seven spectra of air-mixed CO are shown covering the
spectral range of 2050 to 2230 cm™ at 296 and 230 K. The Voigt profile was
implemented for this analysis. The upper trace represents the weighted fit residuals. The
standard deviation shown here is 0.245%.

Table 4.9: Physical conditions of pure CO spectra at different temperatures.

Temperature Gas Path length Pressure Volume Mixing

(K) (cm) (Torr) Ratio (VMR)
296.41 CO-CO 1.1313 113.81 1
296.36 CO-CO 1.1313 15.63 1
296.36 CO-CO 1.1313 1.02 1
296.42 CO-CO 4.305 0.94 1
230.84 CO-CO 4.305 30.03 1
230.85 CO-CO 4.305 63.10 1
230.85 CO-CO 4.305 100.96 1
230.92 CO-CO 4.305 456.77 1
182.66 CO-CO 4.305 20.02 1
182.66 CO-CO 4.305 65.70 1
182.67 CO-CO 4.305 104.64 1
182.67 CO-CO 4.305 157.55 1

79.73 CO-CO 4.305 36.13 1

79.73 CO-CO 4.305 73.57 1
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Table 4.10: Temperature-dependence air-broadening coefficients retrieved with VVoigt

profile.
Line position m  296K&230 296K,230K&183K 296K,230K,183K&
(cm™) K 79K
2055.400399(12) -21 0.805(56) 0.900(71) 0.901(66)
2059.914801(9) -20 0.801(37) 0.899(44) 0.903(42)
2064.397107(7)  -19 0.787(26) 0.882(29) 0.914(28)
2068.847067(5)  -18 0.807(19) 0.943(19) 0.972(19)
2073.264700(4)  -17 0.726(15) 0.932(14) 0.928(14)
2077.649920(4)  -16 0.725(12) 0.934(10) 0.929(11)
2082.002425(3)  -15 0.745(10) 0.930(8) 0.929(9)
2086.322088(3)  -14  0.736(9) 0.904(6) 0.907(8)
2090.608883(2) -13  0.733(9) 0.847(6) 0.859(7)
2094.862458(2)  -12  0.772(8) 0.784(5) 0.821(6)
2099.082903(2) -11  0.759(8) 0.689(4) 0.773(6)
2103.269899(2) -10  0.784(8) 0.584(4) 0.677(6)
2107.423375(2) -9 0.737(7) 0.498(4) 0.434(6)
2111.543194(2) -8  0.747(7) 0.438(4) 0.202(6)
2115.629163(2) -7 0.715(7) 0.390(4) 0.128(5)
2119.681131(2) -6 0.701(7) 0.367(3) 0.094(5)
2123.699014(2) -5 0.713(7) 0.361(3) 0.071(5)
2127.682635(2) -4 0.722(7) 0.465(3) 0.093(5)
2131.631789(2) -3 0.777(7) 0.633(3) 0.179(5)
2135.546385(3) -2 0.819(8) 0.867(3) 0.388(5)
2139.426293(4) -1 0.833(11) 1.047(4) 0.590(7)
2147.081286(4) 1 0.853(10) 1.042(3) 0.545(7)
2150.856170(2) 2 0.809(8) 0.845(3) 0.352(5)
2154.595732(2) 3 0.790(7) 0.555(3) 0.126(5)
2158.299859(2) 4 0.713(7) 0.355(3) 0.062(5)
2161.968418(2) 5 0.673(7) 0.297(3) 0.056(5)
2165.601216(2) 6 0.693(7) 0.294(3) 0.074(5)
2169.198133(2) 7 0.669(7) 0.309(3) 0.094(5)
2172.758988(2) 8 0.705(7) 0.320(3) 0.111(5)
2176.283706(2) 9 0.738(7) 0.361(4) 0.157(5)
2179.772096(2) 10 0.726(7) 0.412(4) 0.290(6)
2183.223925(2) 11 0.760(7) 0.492(4) 0.567(6)
2186.639201(2) 12 0.764(8) 0.593(4) 0.692(6)
2190.017723(2) 13 0.738(8) 0.703(5) 0.753(6)
2193.359304(2) 14 0.737(9) 0.801(5) 0.819(7)
2196.663860(2) 15 0.729(9) 0.879(6) 0.884(8)
2199.931161(3) 16 0.729(10) 0.927(7) 0.926(9)
2203.161155(3) 17 0.718(12) 0.944(9) 0.94(10)
2206.353654(4) 18 0.732(14) 0.942(13) 0.937(13)
2209.508524(5) 19 0.788(18) 0.913(18) 0.963(18)
2212.625566(6) 20 0.798(24) 0.907(26) 0.955(25)
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Table 4.11: Temperature-dependence air-shift coefficients retrieved with Voigt profile.

Line position ~ m  296K&230K  296K,230K,183K 296,230,183&79K
(cm™)

2055.400399(12) -21  0.0000116(13)  0.0000081(18) 0.0000101(17)
2059.914801(9) -20  0.0000015(8)  0.0000095(12) 0.0000053(11)
2064.397107(7)  -19  0.0000024(6)  0.0000077(8) 0.0000073(7)
2068.847067(5)  -18  0.0000037(4)  0.0000109(6) 0.0000119(5)

2073.26470(4)  -17  0.0000111(3)  0.0000153(4) 0.0000133(4)

2077.64992(4)  -16  0.0000095(3)  0.0000118(3) 0.0000129(3)
2082.002425(3)  -15  0.0000074(2)  0.0000111(2) 0.0000122(2)
2086.322088(3)  -14  0.0000061(2)  0.0000109(2) 0.0000118(2)
2090.608883(2) -13  0.0000046(2)  0.0000094(2) 0.0000127(2)
2094.862458(2)  -12  0.0000080(2)  0.0000113(1) 0.0000142(1)
2099.082903(2) -11  0.0000020(2)  0.0000079(1) 0.0000118(1)
2103.269899(2)  -10  0.0000034(1)  0.0000092(1) 0.0000128(1)
2107.423375(2) -9 0.0000020(1)  0.0000056(1) 0.0000128(1)
2111.543194(2) -8  0.0000008(1)  0.0000033(1) 0.0000077(1)
2115.629163(2) -7  0.0000006(1)  0.0000043(1) 0.0000088(1)
2119.681131(2) -6  0.0000010(2)  0.0000039(1) 0.0000086(1)
2123.699014(2) -5  0.0000015(2)  0.0000040(1) 0.0000077(1)
2127.682635(2) -4  -0.0000007(2)  0.0000017(1) 0.0000056(1)
2131.631789(2) -3 0.0000061(2)  0.0000050(1) 0.0000030(2)
2135.546385(3) -2 -0.0000017(2)  -0.0000040(1) -0.0000003(2)
2139.426293(4) -1  -0.0000017(3)  -0.0000092(2) -0.0000001(3)
2147.081286(4) 1  -0.0000096(3)  -0.0000173(2) -0.0000118(3)
2150.856170(2) 2  -0.0000073(2)  -0.0000104(1) -0.0000047(2)
2154595732(2) 3 -0.0000044(2)  -0.0000059(1) -0.0000032(1)
2158.299859(2) 4  -0.0000041(2)  -0.0000030(1) 0.0000018(1)
2161.968418(2) 5  -0.0000042(2)  -0.0000015(1) 0.0000035(1)
2165.601216(2) 6  -0.0000024(2)  0.0000003(1) 0.0000049(1)
2169.198133(2) 7  -0.0000028(2)  0.0000007(1) 0.0000036(1)
2172.758988(2) 8  -0.0000021(1)  0.0000003(1) 0.0000035(1)
2176.283706(2) 9  -0.0000007(1)  0.0000017(1) 0.0000042(1)
2179.772096(2) 10  0.0000002(1)  0.0000017(1) 0.0000041(1)
2183.223925(2) 11  0.0000007(1)  0.0000051(1) 0.000007(1)
2186.639201(2) 12 0.0000027(1)  0.0000062(1) 0.0000079(1)
2190.017723(2) 13  0.0000018(2)  0.0000052(1) 0.0000066(1)
2193.350304(2) 14  0.0000031(2)  0.0000071(2) 0.0000087(2)
2196.663860(2) 15  0.0000057(2)  0.0000086(2) 0.0000089(2)
2199.931161(3) 16  0.0000048(2)  0.0000078(2) 0.0000089(2)
2203.161155(3) 17  0.0000054(2)  0.0000082(3) 0.0000080(3)
2206.353654(4) 18  0.0000064(3)  0.0000098(4) 0.0000088(3)
2209.508524(5) 19  0.0000131(4)  0.0000157(5) 0.0000132(5)
2212.625566(6) 20  0.0000050(5)  0.0000109(7) 0.0000107(6)
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Table 4.12: Temperature-dependence Self-Broadening coefficients retrieved with VVoigt

profile.

Line position m  296K,230K&183K 296,230,183&142K 142,183, &80K
2059.914801(9) -20 0.5503(5) 0.577(5) 0.763(31)
2064.397107(7)  -19 0.5199(4) 0.567(4) 0.995(23)
2068.847067(5) -18 0.5518(3) 0.616(3) 1.025(16)

2073.26470(4) @ -17 0.5568(3) 0.644(3) 1.006(11)
2077.64992(4) @ -16 0.5519(3) 0.641(2) 0.886(8)
2082.002425(3) -15 0.5697(2) 0.659(2) 0.852(6)
2086.322088(3) -14 0.5848(2) 0.673(2) 0.836(4)
2090.608883(2) -13 0.5861(2) 0.679(2) 0.839(3)
2094.862458(2) -12 0.6008(2) 0.696(2) 0.830(3)
2099.082903(2) -11 0.6083(2) 0.707(2) 0.822(2)
2103.269899(2) -10 0.6196(2) 0.72(2) 0.847(2)
2107.423375(2) -9 0.6228(2) 0.724(1) 0.838(1)
2111.543194(2) -8 0.6276(2) 0.728(1) 0.835(1)
2115.629163(2) -7 0.6248(2) 0.726(1) 0.820(1)
2119.681131(2) -6 0.6215(2) 0.726(1) 0.807(1)
2123.699014(2) -5 0.6043(2) 0.720(1) 0.802(1)
2127.682635(2) -4 0.6131(2) 0.728(1) 0.809(1)
2131.631789(2) -3 0.6010(2) 0.724(1) 0.812(1)
2135.546385(3) -2 0.6238(2) 0.738(2) 0.795(1)
2139.426293(4) -1 0.7153(2) 0.765(2) 0.805(1)
2147.081286(4) 1 0.6053(2) 0.732(2) 0.787(1)
2150.856170(2) 2 0.6177(2) 0.741(2) 0.790(1)
2154.595732(2) 3 0.6072(2) 0.733(1) 0.807(1)
2158.299859(2) 4 0.6049(2) 0.714(1) 0.814(1)
2161.968418(2) 5 0.6069(2) 0.715(1) 0.811(1)
2165.601216(2) 6 0.6086(2) 0.718(1) 0.809(1)
2169.198133(2) 7 0.6172(2) 0.723(1) 0.814(1)
2172.758988(2) 8 0.6171(2) 0.724(1) 0.825(1)
2176.283706(2) 9 0.6138(2) 0.723(1) 0.840(1)
2179.772096(2) 10 0.6124(2) 0.716(1) 0.840(1)
2183.223925(2) 11 0.6032(2) 0.708(1) 0.844(2)
2186.639201(2) 12 0.5929(2) 0.698(2) 0.847(2)
2190.017723(2) 13 0.5858(2) 0.685(2) 0.843(3)
2193.359304(2) 14 0.5755(2) 0.674(2) 0.846(3)
2196.663860(2) 15 0.5638(2) 0.661(2) 0.846(4)
2199.931161(3) 16 0.5513(2) 0.645(2) 0.850(6)
2203.161155(3) 17 0.5423(3) 0.632(2) 0.890(8)
2206.353654(4) 18 0.5306(3) 0.618(3) 0.977(11)
2209.508524(5) 19 0.5225(3) 0.597(3) 1.067(16)
2212.625566(6) 20 0.5123(4) 0.566(4) 1.048(22)

79



CHAPTER FOUR: EXPERIMENTAL AND THEORETICAL RESULTS

Figure 4.14 and 4.15 illustrate the temperature-dependence air-broadening
coeffcients of CO at different temperature , and their comparison with other studies. Predoi-
Cross et al. [10] studied N2-broadened CO spectra in the 0—2 band, whereas Devi et al.
[18] reported the temperature-dependence of air-broadened coefficients of CO in the 0—2

band retrieved from spectra covering the 150 to 298 K temperature range.

In Figure 4.15, the seven spectra of the current study at 296 and 230 K show good
agreement with the HITRAN database and the with other studies. They all have very steady
values between 0.7 and 0.8 cm™ atm™K™. However, the temperature-dependence air-
broadening coefficients of 17 spectra in the temperature range of 296 to 79 K increased
slightly for the rotational quantum index |m|>14, and decreased drastically (Jm|<14)
compare to the other two temperature intervals, especially spectral lines from R(10) to

P(10).

No studies of temperature-dependence air-shift coeffcients of CO in the 0—1 band
have previously been reported. Figure 4.16 shows the comparison of air-shift coefficients
of CO in the 0—1 band at different temperature intervals and with Devi et al. [18], that
covered results obtained for the 0—2 band. In that case, spectra at 296 and 230 K are
showing lower air-shift coefficients than in the other two intervals. Devi et al. [18] reported
higher air-shift coeffcient values for the 0—2 band than measured in the 0—1 band,

supported by the fact that there is a vibrational dependence for this type of line parameters.
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Figure 4.14: Measured temperature-dependence air-broadening coefficients compared at

three different temperature ranges.

Temperature-dependent self-broadening coefficients of CO in the 0—1 band have

not been determined previously. Figure 4.17 shows the self-broadening coefficients of CO

in the 0—1 band, and their comparison. Spectra in the temperature range of 296 to 183 K

and 296 to 142 K are showing a similar trend, wheras the low-temperature range 183 to 80

K illustrates a reverse trend for lower quantum number index (=10 > m < 10).
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Figure 4.15: Measured temperature-dependence air-broadening coefficients at three
different temperature range, and their comparison with other studies. The overlaid sets of
data prove that the temperature dependence coefficients depend on the range of
temperatures used for spectra.
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Figure 4.16: Measured temperature-dependence air-shift coefficients at three different
temperature range, and their comparison with Devi et al. [18].
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CHAPTER 5: CONCLUSION AND SUMMARY

In this Thesis, | examined the line-shape parameters of the spectra of pure and air-
mixed CO in the 0—1 band at 296 K and other temperatures than room temperature (296
to 79 K) using a multispectral fitting technique. In the first part of this project | measured
the line-shape parameters including line intensities, Einstein-A coefficients, self- and air-
induced broadening coefficients, air-pressure-induced line-shift coefficients and compared
them with previous studies done by other researchers. | also compared my results for
different line profiles. Line intensities, Einstein-A coefficients, air-broadening coefficients,
air-induced pressure-shift coefficients are in good agreement with the previously reported
values. Ratios of intensities (average of 1.007) and broadening coefficients (average of
1.006) with respect to the HITRAN data reflect very good accuracy. For the first time, self-
pressure shift coefficients for pure CO in the 0—1 band were considered. | also found that
self-broadening and self-pressure-shift coefficients are not showing similarities with the
other studies. Most of the spectral lines corresponding to |m| < 20 were saturated for pure
CO due to their high strength, and therefore only those lines of higher m values were taken
in order to compute my results for different line models. In this study, the VVoigt and Rautian

profiles show better accuracy for measuring the self-broadening and shift coefficients.

The next part of the experimental work was to compare my experimentally
determined weak line-mixing coefficients with the theoretically calculated line mixing
using the EPG and ECS laws. It can be concluded that the EPG calculation predicts the
line-mixing effects which introduce asymmetries in the absorption lines. Here good
agreement means, both the approaches are showing similar results which verify the

foundation of these two semi-empirical approaches.
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In the second part of this experimental work, | have examined 17 spectra of air-
mixed CO and 14 spectra of pure CO for a wide range of temperatures from 296 to 79 K.
The purpose of this work was to study how temperature affects the line parameters
(especially broadening and shifts) of those spectra. With the inclusion of low-temperature
spectra, the temperature-dependence air-broadening coefficients dropped rapidly in the
strong spectral line regions (=10 > m < 10). In addition, temperature-dependence air-
shift coefficients and self-broadening coefficients were measured. The temperature
dependent exponents reported in this study will help atmospheric researchers to accurately
model the spectral features of different constituent gases present in different planetary

atmospheres.

The spectroscopic line-shape parameters of CO resulting from my experimental
studies have significant impact for the interpretation of planetary atmospheres which have
CO as a trace constituent. Furthermore, more precise radiative transfer modeling can be
achieved with help of my laboratory investigation which will help the spectroscopic
research community to understand better the terrestrial atmosphere. In addition, these
results will be considered for future upgrades of the HITRAN database. Since my
experimental studies consider all the needed line parameters, the outcome of my
investigation can be used for the analysis of data obtained from the satellite-based sensors
including ACE-FTS, TES, and MOPITT. NDACC and TCCON are two ground-based
monitoring systems whose data interpretation would also benefit from the results of our

laboratory study.
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