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Abstract

This thesis presents the temperature-dependent line-shape studies of methane
broadened by itself, air and hydrogen, which is identified as the second most important
anthropogenic greenhouse gas in the Earth’s atmosphere due to its high global warming
potential. A set of 14 laboratory spectra of pure methane and lean mixtures of methane in
air were recorded over a range of temperatures from 148.4 to 298.4 K and total sample
pressures from 4.5 to 385 Torr using a high-resolution Fourier Transform Spectrometer
(FTS) at the Jet Propulsion Laboratory (JPL), California. A coolable absorption gas cell
with the optical path length 20.38 cm was used in the recording of methane-air spectra. A
non-linear least-squares multi-spectrum fitting program called ‘Labfit” was used to
determine the Lorentz half-width, pressure-induced shift coefficients along with their
temperature dependences, speed-dependence parameters and line-mixing coefficients due
to self- and air-broadening of methane in its strongest band v; + v,.

A set of 18 laboratory spectra of methane broadened by itself and hydrogen were
also recorded at various temperatures (148.4-298.4 K) and pressures (0.12-385 Torr) using
an FTS at JPL. Various line-shape parameters such as line positions, intensities, self- and
air-broadened line widths and pressure-induced shifts along with their temperature
dependences are reported in the v; + v, band of methane. A Speed-Dependent Voigt
Profile (SDVP) was implemented in the retrieval of line parameters in both cases. The line-
mixing coefficients were quantified using the off-diagonal relaxation matrix element
formalism. The off-diagonal relaxation-matrix coefficients were determined due to self-,

air- and Hz-broadening of methane using Labfit program.
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CHAPTER 1: INTRODUCTION

1.1 Overview

Molecular spectroscopy is one of the important techniques by which the molecular
structure and different physical and chemical properties of atmospheric gas molecules can
be accurately determined. The light-matter interaction is the basis of spectroscopy, and
depending on the light used, different kinds of useful information can be obtained about
the molecules of interest. Infrared (IR) spectroscopy studies the interaction of molecules
with infrared radiation, primarily the absorption of light by molecules. Infrared light can
be categorized into three types: near- (13000-4000 cm™), mid- (4000-400 cm™) and far-
infrared (400-33 cm™), which are used in the vibrational and rotational spectroscopy of
molecules. Infrared spectroscopy is one of the most common techniques for identifying
the rotational-vibrational modes of molecules, which are observed usually in gas phase.
The chemists also use infrared spectroscopy to determine the functional groups in the
complex molecules and it has now widely used in the analysis and classification of human
tissues and fluids. Therefore, both theoretical and experimental spectroscopic studies are
needed for the identification and characterization of complex molecules in the gas phase.

The global temperature of the Earth’s atmosphere increases day by day due to different
human activities including the burning of fossil fuels, which increases the concentration
of greenhouse gases. The global community is increasingly concerned about this rapid
environmental change of our Earth’s atmosphere, which necessitates the accurate line-
shape studies of different gas molecules. The study of spectral line-shapes in gas-phase
spectra is also becoming more important as it produces a better understanding of the

radiative properties of the Earth’s atmosphere as well remote sensing of terrestrial and



planetary atmospheres, e.g., monitoring temperature profiles of the atmospheres and
greenhouse gases from outer planets. Accurate line-shape parameters are also essential in
the design of Earth climate models.

Spectral line-shape studies are influenced by the type of molecules, atmospheric
conditions of the samples and also the presence of other surrounding gases. Many different
gas molecules exist in the atmospheres of Earth and other planets and, therefore, the right
choice of gas molecules as perturbers is important in spectroscopic studies of model
systems. In addition, atmospheric conditions are not homogeneous, so the spectroscopic
line-shape studies of target molecules need to be performed at varying pressures and

temperatures relevant to natural environments.

1.2 General information of methane

The present study is focused on the spectroscopic line-shape studies of methane (CHa)
broadened by itself, air, and hydrogen in the spectral range of (4100-4300 cm™). Methane
is a colorless, odorless and highly flammable, non-toxic gas, which is present in the Earth
atmosphere as a trace gas. Methane is also found as the main constituent of natural gas. It
has a tetrahedral molecular geometry where one central carbon is bounded to four hydrogen
atoms via four single bonds with H-C-H angles of 109.5°. Methane is lighter than N., major
components of air but heavier than H, with a melting point of -183° C and a boiling point
of -164° C.
1.3 Methane as a greenhouse gas

Methane is chosen as the primary molecule of interest in the present study because it
is recognized as the second most important short-lived anthropogenic greenhouse gas,

whose emissions must be reduced immediately as recommended by the Kyoto Protocol [1].



One of the important properties of greenhouse gases is that they can easily absorb solar
radiation. A term called ‘Global-warming potential (GWP)’ is used in the computation of
the amount of radiation absorbed in the Earth atmosphere. The GWP is calculated by the
ratio of heat trapped by any specific gas to the corresponding heat trapped by a CO;
molecule. The concentration of methane has increased gradually in recent years which
amounts to 1,800 ppb and its global warming potential (GWP20- on the basis of a 20-year
period) is very high, which is 84-87 times larger than that of CO> [2]. Methane gas has a
life time of 12.4 years in the atmosphere during which it disappears from the atmosphere
through chemical reactions and biological processes. The short lifetime combined with the
higher absorption energy of methane results in its higher global warming potential relative
to CO». This higher energy absorption by CHs4 in the atmosphere increases the global
warming (GW) at a very high rate, which compels the spectroscopists to study its line-
shape parameters in various absorption bands.
1.4 Methane contribution to carbon cycle

Methane also influences the carbon cycle, in which carbon can be interchanged among
the land surface, Earth atmosphere and oceans. Two major greenhouse gases, CO2 and CH4
are the main contributors to the carbon cycle, which play a vital role in the Earth’s climate
system by controlling their levels of concentration in the atmosphere. The amount of carbon
contained in different reservoirs such as Earth’s atmosphere, ocean, the Earth crust and the
terrestrial ecosystem is calculated in a unit of Petagram of Carbon (Pgc). Among which,
the Earth’s atmosphere holds almost 750 Pgc, in which Co. and methane are found as
important because their concentrations are linked to the change in temperatures of the
atmosphere, i.e., climate change. The methane concentration in the atmosphere has shown

a continuous growth [3] in recent years, so it is important to know its spectral parameters
3



for understanding the atmospheric trend. Therefore, more studies on methane are required

to predict the future trend of atmospheric methane well.

1.5 Methane as a constituent of exoplanetary atmosphere

Methane is also considered as one of the “building blocks” in the atmosphere of other
Giant solar planets such as Jupiter, Saturn, Uranus and Neptune [4] as well as in
exoplanetary atmospheres [5-7]. Methane’s presence in Titan’s atmosphere plays a vital
role like that of water in the Earth’s atmosphere at lower temperatures, because it is the
source of hydrocarbon hazes which is used to maintain the Titan’s thick nitrogen
atmosphere. Methane is identified as the primary absorber of the infrared radiation [8],
therefore, a detailed knowledge of its infrared spectroscopy plays a substantial role in the
remote sensing of Titan’s atmosphere. Moreover, the opacity of several brown dwarfs? is
attributed to the infrared absorption spectroscopy of methane [9], because one of the
sources of opacity in a Stellar atmosphere involve the absorption by bound-bound (line)

transition.

1.6 Motivation of methane line-shape studies

Accurate measurements of self- and air-broadened half-widths and shift coefficients
of methane along with their temperature dependencies in the octad range (~2.3 um) are
very important to quantify the abundance of CH, as well as to interpret the infrared spectra
of other molecules (HF, CO,...), whose transitions sometimes overlap with various

methane bands. These types of laboratory spectroscopic studies of methane in the infrared

4Brown dwarfs are astronomical objects that have a size between 15 times and 75 times

the mass of Jupiter [adapted from NASA website]



region are still in great demand for providing precise spectroscopic data in support of
different ground- and space-based satellite instruments such as ASCENDS [Active Sensing
of CO2 Emissions over Nights, Days and Seasons], MOPITT [Measurements of Pollution
in the Troposphere], SCIAMACHY [Scanning Imaging absorption Spectrometer for Atm-
ospheric Chartography] and GOSAT [Greenhouse gases Observing SATellite], for most
of which the uncertainty in methane concentration is desired to be less than 1% [10].
Though the spectroscopic database HITRAN2012 [11] contains the latest laboratory
measurements [12], the temperature- and speed-dependence of broadening and shift
coefficients along with line-mixing coefficients of methane in the ‘octad’ region have not
been included. However, the HITRAN2012 database entries were expanded by inserting
the improved position and intensity results with less uncertainty from the global study of
12CH, in the wavenumber range (0-4800 cm™) conducted by Albert et al. [13]. The position
and intensity of rotational-vibrational methane transitions in the spectral band (4600-4887
cm) were revised also by Daumont et al. [14]. Hence, the temperature-dependent analysis
of methane in the v, + v, band is important to support the above mentioned remote sensing
applications and for updating the spectroscopic databases. Hz is one of the dominant
constituents in the atmospheres of Jovian exoplanets and brown dwarfs [15-17]. The line
parameters of methane broadened by H have not been included in the public spectroscopic
databases, e.g., HITRAN and GEISA. Recently, the necessity of Hz-broadened methane
spectroscopic studies have been recognized by HITRAN (Rothman et al.[11] and
Wilzewski et al.[18]). Varanasi [19] mentioned the necessity of studies of methane
broadened by air and H in support of terrestrial and Jovian atmospheres. The spectroscopic
line-shape studies of methane broadened by H> in the cold temperature range (148.5-298.4

K) will be helpful in the estimation of hydrogen abundance in the Jovian atmosphere. The
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v, + v, band is one of the strongest interacting bands of methane, whose study is required
to interpret the complicated rotational and vibrational IR spectra of methane. The second
project of the present work is thus studied with the retrieval of spectroscopic parameters of
methane broadened by Ho.
1.7 Summary of previous methane line-shape studies

The previous line-shape studies of methane were mostly performed at room
temperature. The first experimental room-temperature study of air-broadened methane in
the retrieval of both self- and air-broadened widths and shift coefficients in the spectral
range (4138-4600 cm™) was published by Devi et al. [20] in 1993, and a total of 270
transitions were analyzed for three prominent interacting bands. They analysed a total of
five room-temperature recorded absorption spectra with a resolution of 0.01 cm™ using the
McMath Fourier transform spectrometer. Smaller broadening coefficients for E-species
were found compared to A- and F-transitions were found and most of the retrieved shift
coefficients were negative ranging from -0.0179 to +0.0011 cmatm™. In the following
year, the same authors [21] investigated 29 laboratory spectra and reported the
temperature-dependent (212.15-297.15 K) Lorentz half widths and shift coefficients for
740 transitions of air-broadened methane in the spectral range from 4118 to 4615 cm™.
They analyzed 29 spectra using a multi-spectrum non-linear least-squares fitting technique
and the line parameters were presented as a function of tetrahedral symmetry species and
rotational quantum numbers. They retrieved air-broadened widths and shifts along with
their temperature dependences, which were found to be transition dependent. The majority
of pressure-induced shift coefficients were negative but about 85% of temperature-

dependence shift coefficients were found to be positive.



Pine and Gabard [22] published the collisional line-shape parameters using a first-
order approximation for the Q branch transitions in the v5 band of methane recorded at
pressures ranging from 0.014 to 66.66 kPa. They pointed out that the line-mixing is
significant at pressures close to atmospheric. Different buffer gases (H2, He, N2, Oz, Ar,
CHa4) were used for broadening of methane bands. Uniformly negative values of pressure-
induced shift coefficients were obtained for all perturbers except for He.

Comprehensive room-temperature laboratory measurements for retrieving the self- and
air-broadening coefficients along with the vibrational dependency of methane bands in the
spectral range of 4100-4635 cm™ were performed by Predoi-Cross et al. [23, 24] with the
employment of a multi-spectrum non-linear least-square fitting algorithm. They analyzed
10 high-resolution laboratory recorded spectra using the McMath FTS located at National
Observatory on Kitt Peak, Arizona and reported self- and air-broadened widths and shift
coefficients. According to their observations of self-broadening of methane, the pressure-
shift coefficients varied from -0.020 to -0.005 cm™ atm™ and half-width coefficients varied
from 0.045 to almost 0.090 cm™ atm™ for 1423 transitions. They reported a total of 1011
transitions for air-broadening of methane as a function of tetrahedral symmetry species and
rotational quantum numbers and systemic patterns in variations of their retrieved pressure
broadening and pressure-shift coefficients. The vibrational dependency on the half-width
and pressure-induced shift coefficients was also reported.

The first room-temperature line-mixing analysis of methane in the wavenumber range
of 4410-4629 cm™ for the v, + v5 band was reported by Predoi-Cross et al. [25]. The off-
diagonal relaxation matrix elements represents the line mixing coefficients, which were
reported for 18 strongest pairs of transitions. The coefficients were shown to vary from

0.0019 to 0.0390 cm™atm™ and 0.0005 to 0.0205 cm*atm™ for self- and air-broadening of
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methane, respectively. Other theoretical and experimental results for different bands of
methane were published in reference [26-34].

Recently, Devi et al. [35] and Hashemi et al. [36] published their findings on
temperature-dependent self- and air-broadened methane transitions in the bands v, + v3
and v3 + vy, respectively. The necessity of the multi-spectrum analysis of methane in its
other strongest band, v; + v,4, was pointed out in their publications. The v, + v, band is
one of the most intense bands of methane located at 4020 cm™, whose line shape parameters
are essential to understand the vibration-rotation coupling and Coriolis effects in the fine
structure of methane in the combination band. Fourteen high-resolution methane,
broadened by itself and air were analysed by Devi et al. [35] using the multi-spectrum non-
linear least-squares fitting method. They found slightly higher values in temperature-
dependence exponents of air-broadened half widths compared to the self-broadened half
widths of methane and the temperature dependences of pressure-induced shift coefficients
were larger for self-shift compared to air-shift. As reported in [36], the retrieved half-width
coefficients due to self-broadening of methane were higher than for air-broadening of
methane. More negative values in self-shift coefficients were obtained than in air-shift
coefficients. The trend in their temperature-dependence half-widths and shift coefficients
due to self- and air-broadening was similar to the above mentioned studies [35].

Though the line-mixing effects were reflected in previous analyses, one of the most
important parameters arising from line-mixing called ‘speed dependency’ are rarely
reported. The first project of the present thesis is focused on the retrievals of self- and air-
broadened half-width and shifts coefficients along with their temperature dependencies in

the v, + v, band of methane using a multi-spectrum non-linear fitting program.



Previously, a very limited study was carried out in the retrieval of spectroscopic
line-shape parameters of methane broadened by H». Varanasi [19] studied the collisional
broadened half widths of methane in its v; and 2v; bands broadened by different perturbers
including Hz in 1971. He showed that the self-broadening of methane depends more
strongly on the rotational quantum number compared to foreign broadening of methane by
other gas molecules like Hz, He, N2, O, and air. In 1989, Varanasi and Chudamani [37]
used the tunable diode laser spectroscopy to study the temperature-dependences of width
and shift coefficients for v, band of methane at low temperatures (161-295 K) broadened
by He, Ne, Ar, Hz, N2, Oz and air. For Hx-broadening of methane, the half widths
parameters and temperature exponents varied from 0.0479 to 0.0878 cmatm™ and 0.35 to
0.52, respectively. They found all Hz-shift coefficient values as negative ranging from -

0.0059 to 0.000 cm™atm™.

Margolis [38] investigated the combination bands v; + v, and v; +v, of CHs
broadened by H> at room-temperature. He recorded spectra using FTS at Kitt peak having
unapodized resolution 0.011 cm™ at room-temperature over a range of methane pressures
(8.15-15.10 Torr) and hydrogen pressures (297-407 Torr). A gas cell of 80 cm length was
used in the recording of spectra. He retrieved more than 200 transitions and ignored many
transitions to report in the paper because they were either overlapped with other transitions
or too weak or combination of both. All of the shift parameter values he found as negative
with larger uncertainties compared to the half-width coefficients. The half-width
coefficients were found to be dependent on tetrahedral symmetry species (A, E, F). A clear
trend of variation in width coefficients for E species was observed and the values of the

widths for E species were found to be smaller than those of A and F species.



In 1993, Margolis again published the results of Hz-broadening coefficients [39] in
the v, band of methane at room temperature and 200 K. He compared the results of
broadening parameters for 257 lines with his previously published values in the v; + v,
and v; +v, bands and he found the average precision of the broadening coefficients

~ 2.5%.

The line-shape studies of 3CH4 broadened by Hz and He were also performed by
Margolis [40] at room temperature. He used 1 m FTS at Kitt peak with the resolution of
0.0065 cm™ and two gas cells with path lengths of 25 and 150 cm were used in the recording
of spectra. He reported broadening and shift parameters for 266 transitions for J values up
to 16. He found lower values of H>-broadened half-width coefficients for E-type transitions
compared to other two types (A, F) transitions. The shift parameters due to H»-shift were

found negative and no discernible pattern of variations in shift coefficients was observed.

1.8 Goal and objectives of my present research
The goal of the present research is to study the temperature-dependent line-shape
parameters of methane broadened by itself, air and H. in the spectral range of

4100-4300 cm™,

For the analysis of methane broadened by itself and air, a total of 14 laboratory spectra
with high signal-to-noise ratio (>2000) over a range of pressures (4.5-385 Torr) and
temperatures (148.4-298.4 K) were recorded using a Fourier Transform Spectrometer
(FTS) at Jet Propulsion Laboratory, California. The Lorentz half-width coefficients and
pressure-induced shift coefficients along with their temperature dependences are reported
as a function of rotational quantum index |m|, where |m| takes lower state J values for P,

Q-branch transitions but upper state J values for R-branch transitions. Line-mixing
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coefficients and the speed- dependence parameters are also presented as a function of |m|
by using the multi-spectrum fitted software ‘Labfit’ with the implementation of speed-
dependent Voigt profile (SDVP). The results are then compared with the available line-

shape parameters in the spectroscopic databases and relevant literature.

In the second project, | investigate the temperature-dependent line-shape studies of
methane broadened by itself and hydrogen in the combination band
v1 +v, of methane. The Lorentz half-width coefficients along with temperature
dependences, pressure-shift coefficients with temperature dependences, speed-dependence
parameters and line-mixing coefficients are reported for both self- and H>-broadening of
methane. A multi-spectrum fitted software ‘Labfit” was used in the fitting of spectra. Line-
mixing parameters in both projects were determined using ‘Labfit’ through off-diagonal

relaxation matrix formalism.
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CHAPTER 2: THEORETICAL CONCEPTS

To study the line-shape parameters of methane, it is essential to understand
rotational and vibrational spectroscopy. The present study is focused on the analysis of
absorption spectroscopy of the methane in its v, + v, band resulting from the interaction
with Infrared (IR) Radiation as the light source. This chapter covers the basic understanding
of quantum mechanics of absorption spectra of diatomic molecules and extending the
discussion further to spherical top polyatomic molecules. Since methane is a complex
polyatomic molecule, the symmetry and band structures of this molecule are also discussed.
The different line-shape profiles including the Speed Dependence Voigt Profile (SDVP)
are introduced, which are considered as vital to interpret the experimental absorption
features of the studied molecule. Another important term “line mixing” is outlined in the
end of the chapter. This chapter has been written based on the concepts described in the
books of ‘Modern Spectroscopy, 4" edition by J. Michael Hollas’ [41] and ‘Spectra of

Atoms of Molecules, 2" edition by Peter F. Bernath’ [42].

2.1 Quantum mechanical aspects of energy
2.1.1 History of quantum mechanics

During the end of nineteenth century, classical mechanics was replaced by quantum
mechanics for the better understanding of molecular spectroscopy at the atomic scale.
Studying hydrogen as the simplest atom, calculation of its emission spectra was performed
by Balmer, which opened the window for spectroscopy of other molecules. For the
hydrogen atom, the discrete nature of energy for Balmer series can be given by the

following equation:
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v =Ry (Ziz - ﬁ) (2.1)

where v is the frequency of light in unit of Hz, which can be calculated from the ratio of
velocity of light and wavelength of the emitted light (c/2) of the H atom. Ry is the Rydberg

constant (1.097x107 m'*) for the H atom and n’ defines the energy level, whose values are

In 1900, Einstein and Planck described the quantization of light and deduced the

relationship between energy and wavenumber expressed by:
E = nhv = nhcv (2.2)

where n is an integer (0, 1, 2, 3, 4,...), his Planck’s constant, ¥ is the wavenumber, which
is the reciprocal of wavelength of light and defines the number of waves per unit

wavelength in cm.

The present study is based on the infrared spectroscopy of methane. The transitions
occur due to both vibration and rotation of the molecules. Therefore, rotational and

vibrational spectroscopy are discussed separately.

2.1.2 Rotational energy of a simple diatomic molecule

The rotation of any diatomic molecule can be approximated by the rigid rotor
model, in which the molecule can rotate with respect to the center of gravity and the line
joining the nuclei is assumed as a rigid and weightless rod (Fig. 2.1). The solution of the
Schrddinger equation for a rigid rotor model of diatomic molecule gives the rotational

energy,

Er = g ]+ 1) (23)
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which is quantized, where I = ur? is the moment of inertia of the molecule, u = —"2 js
q

m1+m2
the reduced mass of a two-particle system of masses m; and m,, and r is the inter-nuclear
distance. J is defined as the rotational quantum number (neglecting the orbital and spin

angular momentum assuming rigit-rotor model), whose values are integers: J =0, 1, 2,.....

Centre of gravity

Fig 2.1: Simplified example of the rotation of a heteronuclear diatomic molecule.

2.1.3 The expression of vibrational energy of a simple diatomic molecule
The vibrational energy of a diatomic molecule can be calculated assuming the
simple ball-and-spring model, which demonstrates the vibration of the nuclei in the form

of stretching and compression of the inter-nuclear bond obeying Hooke’s law:
F = —kx (2.4)

where F is the restoring force, x is the displacement from the equilibrium position due to
stretching or compressing, and k is the spring force constant. The Hamiltonian of a diatomic

molecule assuming the simple harmonic oscillator can be written as:

LSRN (2.5)

8m2udx? 2

H =

The time-independent one-dimensional Schrédinger equation takes the following form:

dzll’v(x) + (87‘[2[1EV . A2k x?
dx? hZ hZ

), (0 = Eyp, (x) (2.6)
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where i indicates the vibrational wave function. The solution of Eq. (2.6) gives the

expression for vibrational energy:
E,=hv(v+1/2) (2.7)

in which v is the vibrational quantum number whose values are the integers 0, 1, 2, 3....
The classical vibration frequency, v relates to the spring constant (k) and the reduced mass

(u) by the following expression:

1 [x (2.8)

2 A U

According to Eq. (2.7), the energy for the v = 0 gives the zero-point energy of (hv/2) and
the vibrational energy levels are equally spaced. The vibrational energy in terms of

wavenumber ¥ can be written as,

E,=hcv(v+1/2) (2.9)

The vibrational energy levels are, therefore, equally spaced and separated by hcv. The
potential energy curve for a diatomic molecule using the harmonic oscillator approximation

with equally spaced energy level is shown in Fig. 2.2.
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Fig 2.2: The potential energy curve for the harmonic oscillator model, where re is the

equilibrium position at the bottom of the curve and the vibrational levels are equally

spaced. (Source: Page 24, Chapter 1, Modern Spectroscopy, 4" edition, by Michael
Hollas [41]).

2.1.4 Interaction of electromagnetic radiation with matter
The interaction of light with molecules is the main focus of molecular spectroscopy.

Light is electromagnetic (EM) radiation which is composed of two vector components,

electric field (E) and magnetic field (ﬁ) They are perpendicular to each other and behave

as the oscillating field of strengths |§| and |ﬁ| , respectively. Fig 2.3 displays the picture of
an EM radiation travelling in the x direction, in which both the fields oscillate with the

frequency of 2mv. The y and z components of E and H for the depicted EM wave can be

written in the following forms:
E, = Egycos(2mvt — kx) (2.10)
H, = Hy,cos(2nvt — kx) (2.11)

where k is known as the wave vector, E,,, and H,, are the maximum strength of £, and H,,.
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Fig 2.3: The movement of electromagnetic radiation along horizontal direction with
having the electric and magnetic components along y and z direction, respectively.
(Source: Page 27, Chapter 2, Modern Spectroscopy, 4" edition, by Michael Hollas [41]).

When EM radiation is applied to a two-level transition system containing the upper state
(n) and lower state (n"), the transition is only possible when the change in energy between

two states is equal to the energy of the incident radiation.
AE = hv = hcv (2.12)

in which v and ¥ represent the frequency of the radiation in Hz and line position in cm?,

respectively, ¢ is the speed of light and h is Planck’s constant with 6.626x103* m? kg/s.

The EM spectrum covers a wide range of frequencies from radio waves to gamma rays
among which infrared (IR) radiation has the wavenumber range from 33-13,000 cm™. The
IR region encompasses three spectral regions; far-, mid- and near-infrared corresponding
to (400-33 cm™), (4000-400 cm™) and (13000-4000 cm™), respectively. The fundamental
vibrations of most molecules occur in the mid-infrared region, whereas the overtone
vibrational transitions and some electronic transitions are observed in the near-IR spectral

range. The transition process can be of the following three types (Fig. 2.4):
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Induced absorption: If the molecular species M absorbs the incident

radiation of energy hc? which excites the molecule from the lower state, n”
to the upper state n', the transition process is called induced absorption,
which is described by the following equation:

M + hc? —>M” (2.13)

>
)
|
?
|
o
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Fig 2.4: Three types of possible transition phenomena occurred due to the
interaction of EM radiation with material. (Source: Page 28, Chapter 2,

ii)

ii)

Modern Spectroscopy, 4" edition, by Michael Hollas [41]).

Spontaneous emission: This is the spontaneous process of transition in

which the excited molecular state M can be de-excited to its original state
M by giving up a photon of same energy hcv that is necessary for the
corresponding excitation. The spontaneous emission can be illustrated by
the following equation:

M"—hcv — M (2.14)

Stimulated emission: The excited molecular state M~ sitting in the upper

state n' receives one more quanta of hc¥, which results in the transfer of
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electron from higher state to lower state. This transition process can be
explained by the equation:

M* + hcv — M + 2hcv (2.15)

2.2 Rotation-vibration spectroscopy

The present study is based on infrared spectroscopy of the methane molecule. The
transitions occurs due to both vibration and rotation of the molecule, therefore, rotation-
vibration coupling needs to be discussed. Rotational and vibrational spectroscopy are
discussed separately. The selection rules for ro-vibration transitions are also discussed

briefly in this section.

The intensity is proportional to the square of the transition moment, which is defined by

R™ = [y odr (2.16)

where 1 and 1~ are the wave functions associated with states n" and n”, p is the electric

dipole moment vector, dt is used to specify the integral over all coordinates. The transition

YA
is either “forbidden’ or “allowed’ depending on the value of |R” " | which follows selection

! " 2 r " 2
rules: |R”” = 0 for forbidden and |R”" + 0 for allowed transition.

2.2.1 Pure rotation
The concept of the rotational energy can be understood from the classical concept

of energy of a particle rotating around an axis. The energy of a rotating particle around any
axis is given by E = %Ia)z, where w is the angular velocity of the particle in unit of rad/s,

| is the moment of inertia of the particle defined by I = mr?, m is the mass of the particle
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and r is the perpendicular distance of the particle from the axis of rotation. Classically, the

total energy of any arbitrary rotating particle can be expressed by the following equation:
_1 2,1 2,1 2
E —EIAO)A +EIBO)B +EIC0)C (217)

A, B, C in the above equation are known as the principal axes of rotation. The total energy

due to the rotation of the molecule can be written as:

2 2 2
po=ld st 10 (2.18)
214 21 2 I¢

where, 14, I and I are the moment of inertia along three principal axes which are equal
(I4 =15 = 1) for methane and Ja, Js and Jc are the rotational angular momenta along
three principal axes A, B and C. The symmetry of methane as a tetrahedral molecule
consists of 4 C; axes, 3 C, axes and 6 vertical plane of reflections (o,,) and no inversion
center, where C; and C, are the 3-fold and 2-fold axes of rotation, g, is the vertical plane

of reflection as the symmetry elements.

2.2.2 Rotational spectra
The rotational energy of the spherical top molecule (I, = Iz = 1), e.g., methane,

IS given by:
2 2 2 2
E, =l Y I (2.19)

21 21

The quantum mechanical expression of the rotational energy can be derived by taking the

operator of J% on the wavefuncion y, i.e., J*y = (h2/4n2)](] + 1)y

E, =20+ 1) (2.20)
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which is exactly same as Eq. (2.3) and J is known as the rotational quantum number in

guantum mechanics and | is the moment of inertia.

In IR spectroscopy, the rotational energy term values F(J) in cm™ can be calculated by
E,/(hc), which are expressed by:

F(NIem™1=BjJ(J + 1) (2.21)
The constant B shown in the above equation is known as a rotational constant, whose values
are expressed in terms of the wavenumbers dimension by:

h

8m2cl

Blcm™1] = (2.22)

where | is the moment of inertia, the property of a particle to resist the angular acceleration
and it is determined as the mass times the square of its perpendicular distance from the axis

of rotation.

The transition moment of a two-level rotational transition system can be written as:

R, = [, wpdr (2.23)

where r is used to specify the rotational transition, u is the dipole moment vector defined
as u = qd, where q is the electric charge and d is the displacement vector directing from
negative charge to positive charge. The single and double primes denote the upper state and

lower state of the transition system, respectively.

The transition intensity is proportional to the square of the transition moment, and for the

transition to be allowed, it must satisfy following selection rules:

I The dipole moment of the molecule must be non-zero; u # 0.
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ii. The change in rotational quantum number between two states must

be A] = £1.

In absorption spectroscopy, A =]' — ], where J' corresponds to the quantum number of
the upper state and j” stands for the lower state of the rotational transition. The line

positions of the rotational spectra in terms of the wavenumber [cm™] are given by:

v, lem ] =F())=F(J') =FU+1) = F() = 2B( +1) (2.24)

The value of J (0, 1, 2....... ) in EQ. (2.24) takes the lower rotational quantum state of the
vibrational ground state and two consecutive allowed rotational transitions are always
separated by a constant spacing of 2B. The value of rotational constant, B can be determined
by rotational spectroscopy, from which the moment of inertia of the molecule can be

estimated and the bond lengths in the molecule can be confirmed.

2.2.3 Transition intensity

The intensity of the transition depends on the distribution of population in the two
different quantum states; the difference in population between ground and excited states of
the transition is one of the ways to measure the intensity. The population of any quantum
state is defined as the average number of molecules residing in it at any given time. The
transition intensity of the molecules is therefore dictated by the population difference and
at room temperature (T=25'C) the majority of molecules are in the ground vibrational
energy level. The population in the excited J" state of the transition, N; is related to the

population in the ground state, No by the Boltzmann distribution law:

N _Er
=@+ 1)e 7w (2.25)
No
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where (2] + 1) represents the degeneracy of the J" level arising due to the symmetry of

methane and T is the absolute temperature. The level of population becomes a maximum

(J=Jmax) corresponding to the condition di] (%) =0.
0

Therefore, J = ( il )—% (2.26)

max 2hcB
which gives the J for the level with maximum population.

2.2.4 Centrifugal distortion

Since methane as a spherical top molecule has no permanent dipole moment, it
should not show any pure rotational spectra, but it exhibits some weak rotational spectra
due to centrifugal distortion. The centrifugal distortion of methane molecules induces a
dipole moment due to the vibration-rotational coupling for which the atoms are pulled away
from each other with high rotational speeds causing the breakdown of its molecular

symmetry.

Taking into account the centrifugal distortion term, the equations for the rotational energy
term (Eq. (2.21)) and the line positions in cm™ (Eq. (2.24)) can be written in the following

way
F(NIem™'1=BJ(J + 1) — DJ*(J + 1)? (2.27)
and  V[em | =F(J+1)-F()=2B(J+1)—4D( + 1)3 (2.28)

where D is known as the centrifugal distortion constant, which has a negligible effect for

lower state J values.
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When we consider the rotation of the methane molecule with respect to any of the Cs
rotational axes (any of four C-H bond axes), the rest of the H atoms are displaced from the
axis of rotation slightly which is known as ‘centrifugal distortion’. Therefore the spherical
rotor molecule transforms into a symmetric rotor system, which provides a very weak

rotational spectra.

The vibrational dependency of rotational constant B,, and centrifugal distortion constant D,,
are related to the vibration-rotation coupling constants a« and g by the following

expressions:
B,=B.— X« (Ui + %) (2.29)

Dv:De_Ziﬁi(vi'F%) (230)

where the rotational constants B, and D, correspond to the equilibrium state of the potential
energy of the molecule, d; denotes the degeneracy of the vibrational level (where d; =1
represents the non-degenerate level). The ro-vibrational coupling constants «; and g, are
very small compared to the rotational constants B, and D, at equilibrium. Since there is
slight vibrational dependency of both rotational and distortion constants B and D, so Eqg.

(2.27) and (2.28) can be written in the modified form given by:
F,() = B,J( + 1) = D,J°(J + 1) (231)
¥[em™t| =2B,(J +1) — 4D,(J + 1)3 (2.32)

2.3 Vibrational spectroscopy
The vibration of the molecule can be approximated as a spring ball system

considering the simple harmonic system for a diatomic molecule. For calculating the
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vibrational energy of polyatomic molecules like methane, there will be a violation of
harmonic approximation and anharmonicity terms will be required to explain the
vibrational energy. For any molecule containing N number of atoms, 3N degrees of freedom
describe the motion of the atoms in a molecule. Of these 3N degrees of freedom, 3 are
associated with the translation of the entire molecule and 3 (for non-linear) / 2 (for linear
molecules) are associated with the rotation of the molecule. This means that for polyatomic
molecules, 3N-5 (lineal molecules) and 3N-6 (nonlinear molecules) degrees of freedom are
essential to describe their vibrations. Since there are 5 atoms in methane, therefore, 3N-6=9

fundamental modes of vibration are required to describe its vibrational motion.

2.3.1 Vibrational energy of a diatomic molecule
The equation for calculating the vibrational energy of a diatomic molecule was given in Eq.
(2.7). Similar to rotational term, the vibrational energy levels of a polyatomic molecule can

be represented by the following vibrational term values:
G) =2 =9(v+5) (2.33)

where ¥ is known as the frequency of vibration in cm™ and v is the vibrational quantum

number.

2.3.2 Infrared spectra of a diatomic molecule

One of the conditions in IR spectroscopy, the molecule must shows a non-zero
change in dipole moment (du/dr # 0) with respect to the nuclear coordinate r, the
internuclear distance. The vibrational analogues of the transition moment of a two level

quantum mechanical system can be rewritten in the following way:

R, = [, wp,dx (2.34)
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where 1/;; and 1/;;]* represent the wave functions associated with the lower vibrational states
and the upper excited vibrational states of the quantum system, respectively. The
superscript = is used to specify the complex conjugate of the lower state, X is the separation
distance between the nuclear coordinate and the equilibrium position at the bottom of
potential energy curve, i.e., x = (r — r,). For any homo-nuclear diatomic molecule (like
02), R,= 0 but, R, # O for any heteronuclear diatomic molecule (like HCI). Thus the

change in transition moment can be expanded through a Taylor series as expressed by:

u:ue+(d—”) x+21(d_u) X2 4 o (2.35)

dx?

By putting the value of u and neglecting higher terms, Eq. (2.34) can be rewritten as:

Ry = p [, Widx+ (%) [, xw)dx+ - (2.36)

where the subscript e is used to specify the equilibrium. The first term in Eq. (2.36) would

be zero because of the orthogonality condition, i.e., for 1/;; and l/)v if v’ # v", they are

orthogonal and fl/J;] l/);;dx = 0. Therefore, the vibrational transition moment depends on

the change of dipole moment with respect to X,

R, = (%) F9) ) dx+ - (2.37)

The transition is either allowed or forbidden depending on the vibrational selection rule
(Av = £1), where Av is the change in vibrational states between upper state v and lower
state v". The transition intensity of the molecule due to the vibration of the molecule can

thus be determined from the square of the change in the transition moment (du/ dx)e2 and
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is also dictated by the population difference between the excited and ground vibrational

states and the corresponding equation is modified as:

Ey

x—g = e W (2.38)

The band in the absorption spectrum is defined by the vibrational transition of the molecule
in its gas phase and the transition between two rotational states of the two different
vibrational states is referred to as ‘line’, which is used to determine the fine structure of the
molecular band. The *spectral line’ is the results of light-matter interaction, which is a
combination of continuous dark or bright lines appeared due to the emission or absorption
of light in a narrow wavenumber range. An important feature of spectroscopy is that the

selection rules only tell us about the probability of a transition occurring.

The harmonic oscillator approximation will no longer be valid at much larger values of r
compared to the equilibrium position re at the bottom of potential energy curve. The
comparative potential energy curves both for the harmonic and anharmonic oscillators
models are shown in Fig. 2.5, where the dashed line represent the curve for the harmonic
oscillator approximation and the rigid line is for the potential energy curve due to
anharmonicty, De is the dissociation energy due to the dissociation of nuclei from its

equilibrium position at larger distance.

The constant called dissociation energy ‘De’ can be expresses by:

~ 2

D, = (2.39)

AV,px,

where v, represents the vibration wavenumber and v,.x, is the first order anharmonic terms.
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De D 1]

Potential energy, V

e Internuclear distance, r

Fig 2.5: The potential energy curves for hetero-nuclear diatomic molecule considering
both harmonic and anharmonic approximations. (Source: Page 143, Chapter 6, Modern
Spectroscopy, 4™ edition, by Michael Hollas [41]).

Thus the deviation from the harmonicity of the molecule also relaxes the vibrational
selection rule from Av = *1 to Av = %1,+2 +3,...which introduces the concept of

overtone bands (Av = x£2,£3,...). The overtone transitions are usually weaker than those

of fundamental bands.

Therefore, with the inclusion of mechanical anharmonicity effects, the vibrational terms
(Eq. (2.33)) are modified into the form:

3

G(v) =1, (v + %) — VX, (v + ;)2 + VY, (v + %) + . (2.40)

where ¥, represents the vibration wavenumber for the classical oscillator and v.x, and .y,

are due to the first and second order anharmonic terms, the higher order terms are neglected.

Unlike the harmonic oscillator problem, the wavenumbers of the transitions for anharmonic

models due to vibration of molecules can be deduced to the following expression:

AGyi1/ =G0 +1)—GW) =7V, — Vx,2v +2) + V,y, (3172 + 6v + 14—3) (2.41)
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Thus the wavenumber representation due to the vibration of heteronuclear diatomic
molecules considering the anharmonicity effects for fundamental vibration (Av = £1) is

given by:
AGU+1/2 = 176 - Zﬁexe(v + 1) (242)

And the transition wavenumbers for the overtone absorption bands due to weak transitions

(such as 2«0, 3<-0) can be determined by:

AGyy1/z = G(v +2) — G(v) = 27, — 2(2v + 3)¥,x, (2.43)
where AG,. 1/, is used to denote the transition wavenumber.
The expression of the zero point energy for the anharmonic approximation is presented by:

G(0) =57, = Vexe + S Ve (2.44)

where all anharmonic higher terms have been neglected except first order terms v,x, and

Ve,

2.3.3 Vibrational energy of a non-linear polyatomic molecule

Based upon the above discussion for the energy structure of a hetero-nuclear
diatomic molecule, the energy expression can be extended further for polyatomic molecules
like methane by considering the vibration of the nuclear motion as the product of (3N-6)
normal modes (Qn) of vibration and the associated wavefunction for any non-linear

molecule can be written in the following fashion:

Y =11(01).¥2(Q2) ... Y3n—_6(Q3n-6) (2.45)
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Now the total energy of the non-linear polyatomic system can be determined as the
summation of the energy for each normal modes of vibration. Therefore, the vibrational
energy of a non-linear polyatomic molecule assuming the harmonic approximation can be

written as:
—6 ~ d;
G(v1, v, ... v3n_6) = 20T (Ui + ;) (2.46)

In the above equation, d; denotes the degeneracy of the i vibrational mode.

The molecule of interest in the present study is methane, which is a complex molecule and
it does not follow the complete harmonic approximation. It deviates from the harmonicity
and taking into account the anharmonic terms in the calculation, the vibrational energy

levels can be written by the following equation:
—6 ~ ai\ | ~ d; d
G(vy,Vy ... V3y_g) = NINO T, (vi + ;)+vi ¥ s X () (vi + ?) (vk + 7") (2.47)

The terms x;, in the above expression are known as the anharmonicity constants, which
arise due to i and k™ modes of vibration and these are accountable for the combination
bands. These types of combination bands are usually very weak but still detectable,

resulting due to the simultaneous excitation of multiple vibrational modes at a time.

2.4 Rotation-vibration spectroscopy

As per discussion above, it is evident that a pure vibration follows the selection rule
Av =v' —v" = %1, v’ are the excited vibrational states and v'’ are the ground vibrational
states. In rotation-vibration spectroscopy, the vibrational and rotational transitions occur
simultaneously and each vibrational state contains the rotational transitions with different

J'and J'" values, /' denote the excited rotational states and /" specify the ground state
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rotational states. In IR absorption spectroscopy, this transition is also known as “ro-

vibrational transition”.

The ro-vibrational term value is denoted by S, which can be written as the summation of

both rotational F,(J) and vibrational G (v) values using equations (2.31) and (2.40):

S = 6@+ F () =7, (v+1) = Txe (v +1) o+ BJ( + 1)~ DJ2( + 1)?

(2.48)

By neglecting the centrifugal distortion and anharmonicity terms, Eq. (2.48) reduces to:
Sw)) =7 (v+3)+B,J( +1) (2.49)

In ro-vibrational infrared spectroscopy, the transition occurs between v + 1 « v and is
governed by the selection rules Av = +£1 and AJ = 0, 1. The ro-vibration transitions in
methane cover three complete branches P, Q and R belonging to parallel and perpendicular
bands. The band is defined as either parallel or perpendicular depending on the change of
the direction of dipole moment with respect to the molecular axis. The branch of transitions
for AJ =0 is known as Q branch, whereas the branches of transitions for A =1 and
AJ = —1 are known as P branch and R branch, respectively. Though Q branch is usually
known as a ‘forbidden’, it is also used as an allowed branch of transitions for other

molecules like methane.

Taking into account both rotational (R) and vibrational angular momentum 1), the
g

rotational term values can be represented as:
2 212
Fy(.) = B, [JU + 1) = P] = D, [J¢ + 1) - 7] (2.50)
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where the total angular momentum of the moleculej = R + [ and hence the total energy of

the non-linear ro-vibration system is expressed by:

6 di\, - di
T =X, (Vi + j)"‘vi i ezt Xite(V7) (Ui + j) (Uk + 7) +

209,20l +B,J(J +1) = D,[JJ + DI (2.51)

In the above equation, d; is the degeneracy of the i energy level. ¥; represent the
wavenumber in cm™and d,. = 0, l; = 0 for nondegenerate level the subscript ‘t” represents

the degeneracy modes along with vibrational angular momentum [,.

2.4.1 Infrared spectra of methane

A methane molecule has five atoms and therefore it has 9 fundamental modes of
vibration to describe its vibrational motion, which are known as normal modes of vibration.
Four of these normal modes are stretching and five are bending modes. Based on the
irreducible presentations of the Tq point group, these fundamentals modes of methane can
be assigned to four symmetry species A, E, F1 and F2, where one single vibration
(symmetric stretch-v,) is the representation of the A; species due to four C-H bonds
stretching, one doubly-degenerate vibration (symmetric bending-v,) belongs to the E class
and two triply-degenerate vibrations (asymmetric C-H stretching mode -v3 and asymmetric
bending mode- v,) are representations of the F» species. The vibrational modes are defined
either as infrared active or not, depending on the ability of producing infrared spectra due
to the change in the electric dipole moment. Therefore, the IR active vibrational modes of
the methane molecule are asymmetric modes v3 and v,4, which are triply degenerate. The
two other low intensity bands v; and v, bands are not IR active. The normal modes of

vibration for methane are shown in Fig. 2.6.
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Fig 2.6: The fundamental modes of vibration for methane molecule in which v, is double
degenerate, v5 and v, are triply degenerate modes.

The present study looks at the combination band v, + v, of methane in its octad
band, i.e., eight interacting bands (3v, v, + 2v,, vy + v, V3 + V4,2V, + v, vy +V,, v, +
v3,and 2v, ) in the spectral range of 3500 to 4700 cm™. The quantum states in the rotation
vibration transitions of methane are denoted by the rotational quantum number J, the
rotational symmetry C(A1, A2, E, F1, F2) and the state n, where the single and double prime

are used to denote the energy state either as upper or lower.
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Fig 2.7: Representation of the ro-vibration fundamental transitions describing three
complete branches of transition.
[Source:https://chem.libretexts.org/Core/Physical_and_Theoretical Chemistry/Spectrosco
py/Rotational _Spectroscopy/Rovibrational _Spectroscopy]

If the direction of the change in dipole moment is parallel to the molecular axis, the
band is known as parallel band which has P and R- type branches of transition. If the dipole
moment changes perpendicular to the molecular axis then it belongs to perpendicular band
composed of P, Q and R- branches of transition. P, Q and R- transitions follow the selection
rules: AJ] = 0,%1. A typical illustration of the ro-vibration transitions covering all three
branches is shown in Fig. 2.7, where J represents the rotational energy levels and v denotes
the vibrational energy levels, double (") and single primes () are the representation for lower
and upper states, respectively. The index m is defined as -J, J and J+1 for P, Q and R-

branch of transitions and J takes the lower rotational state values.
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The transition wavenumbers vp, ¥, and v, for P, Q and R- branch transitions can be

expressed by:

() =Sw+1]—-1)—Sw]) =V —2B] (2.52)
V(D =Sw+1,)) —Sw,)) =¥ (2.53)
V() =Sw+1,]+1)—Sw,]) =V + 2BJ (2.54)

where B is the rotational constant and J takes the lower state values of rotational energy

level.

2.5 Theory of line-shapes

In absorption spectroscopy, the ‘Beer-Lambert law’ is used for the absorption of
light. Let us consider the infrared radiation of initial intensity lo passing through the
homogenous gas medium having a defined path length of an IR gas cell. The final intensity
of the radiation is being reduced after the light-gas molecule interaction inside the cell; the
light is absorbed by the mixtures of gas in the gas cell, which causes the transition different
ro-vibrational states. If the reduced intensity of the radiation is denoted by I, then according

to Beer-Lambert’s principle, it can be written as:
1(v) = I,(v)e XKML (2.55)

the ratio of 1(v)/I,(v) provides the transmittance due to the absorption of the gas sample.
The parameter K (v) is known as the spectral absorption coefficient, which is related to the

line-shape function g(v — v,) by the following expression:

K(v) =pxS(T)g(v — vo) (2.56)
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where p is the pressure in atmosphere and y is the volume mixing ratio between partial to
total gas samples, S(T") is the strength of the spectral line as a function of temperature in
unit of cm=2atm™1, vy is the center frequency of the transition and g(v — v,) represents

the line shape function.

The spectral line-shape is characterized by its broadening and shift of the line from its
center and the broadening of the line is characterized by its full width at half maximum
(FWHM). There are basically three broadening processes involved in absorption

spectroscopy, namely, natural broadening, Doppler broadening and pressure broadening.

2.5.1 Natural line broadening-Lorentzian line-shape

The frequency at which the transition occurs is called the natural line center and the
frequency of various transition gives the concept of line width which covers a wide range
of frequencies. Natural line broadening is the intrinsic broadening of the spectral line due
to spontaneous transition from excited higher state to lower state. During the absorption of
a photon, the electron usually jumps from lower state to higher state and the electron sits in
the excited state for a very short time and it spontaneously returns to the ground state with
emission of a photon. The number of photons emitted follow the exponential decay law as
a function of time, which gives the frequency shift using the Fourier transform relation
between frequency and time. The half-life of the excited state can be estimated from
Heisenberg’s uncertainty relation (AEAt > h/2m), which measures the uncertainty in the
measured line position as a consequence of natural line broadening. The transition period

of the excited state is related to the Einstein coefficient by the equation;

T=A;0t (2.57)
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where the Einstein coefficient Ao defines the probability of the light being absorbed or
emitted by the atom or molecule. The larger the Einstein coefficient A, the stronger the
transition which means the decay is more rapid. The life time of the population in the

excited state is inversely proportional to the decay constant y.

1_
= (2.58)

where A, is the coefficient for transition from higher n' to lower n” state due to

spontaneous emission.

The larger A, values gives rise to a wider frequency domain, which ultimately
corresponds to a steeper time-domain profile resulting in the characteristics of a Lorentz
profile. A Lorentz profile is the result of collisional broadening observed usually at high
pressures. Since A, defines the transition probability, which arises from the oscillating
dipole moment as a function of cosine, the decaying cosine function gives the finite width

of g(v — v;,) and the Lorentzian line-shape function is thus represented by:

glv —vy) = . (2.59)

(r/2)?+(2m)2 (v=vp1)?

where y is the Lorentz half-width which can be written as a function of pressure and

temperature by the following expression:
_ P To\"
r() =1 () (2.60)

In above equation, y, is known as the Lorentz half-width coefficient in unit of atm tem™t

at standard atmospheric pressure Py (1 atm) and room-temperature To (298 K). The

normalized Lorentzian profile is illustrated in Fig. 2.8:
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g(v-vyo)

Fig 2.8: lllustration of the normalized Lorentzian line-shape function.

(Source: Page 26, Chapter 1, Spectra of Atoms and Molecules, 2" edition, by Peter F.
Bernath [42]).

At the peak intensity, v = v;, and g(v — v,,) gives the value of 4/y and the function drops

to half value when

(@m)?(v = v1o)? = L (2.61)

Therefore, the frequency for full width at half maximum of the transition peak is given by;

Ay =L =— (2.62)

21T - 2nTsp

The Lorentzian profile is thus expressed in terms of Av, ,, by:

Av,yyp /2w
2
(AV1/2 /2)" +(v=v10)?

glv —vy) = (2.63)
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The effect of natural broadening is usually neglected in the line shape studies of methane.

2.5.2 Doppler broadening-Gaussian line-shape

In case of Doppler broadening, we need to consider a cluster of molecules moving
with different velocities in different directions. Molecules moving away or towards an
observer give rise to a Doppler shift of the emitted radiation. The frequency of the absorbed
or emitted photons, therefore, depends on the velocity distribution of the molecules as
illustrated by Maxwell-Boltzmann, which results in different Doppler shifts. The frequency
shift for the photons is dictated by the average value of the velocity distributions as a
function of thermal energy of the molecular system with respect to the position of the
detector. If the molecules move with a velocity v, approaching the detector, then the
observed frequency v, of the transition is related to the actual transition frequency v by the

expression:

-1
v, =v(1-2%) (2.64)
In above equation, c is the speed of light.

Since the Doppler broadening is based on the inhomogeneous behavior of the molecules
taking into account the Maxwell-Boltzmann velocity distribution of molecules, it follows

the Gaussian shaped function given by:

9,(v=vp) = %( /%) e~me? (v=v0)*/(2kTvo?) (2.65)

The corresponding half width due to Doppler broadening is given by equation:

2kTIn2

mc?

Avp = 2v, (2.66)
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where T is the temperature (K) of the gas, k is the Boltzmann constant and m is the molecular

mass and vq is the frequency of transition.

The Gaussian profile is usually dominant at lower pressures. Comparing both profiles, the
Lorentzian shape has long wings while the Gaussian shape is steeper near the center
frequency and sometimes it is called a bell curve. The comparison between Lorentzian and

Gaussian line-shape functions is shown in Fig. 2.9.

Gaussian

Lorentzian

Fig 2.9: Illustration of the normalized Lorentzian line-shape function. (Source: Page 31,
Chapter 1, Spectra of Atoms and Molecules, 2" edition, by Peter F. Bernath [42]).

2.5.3 The Voigt line-shape

Another important line-shape profile called “Voigt profile’ is used in ro-vibrational
spectroscopic studies, which is the convolution of Doppler and Lorentzian profiles at
intermediate pressures (Lévy et al., 1992). The Doppler profile is usually effective at lower
pressures and Lorentz profile is due to the collisional broadening at higher pressures,

whereas the Voigt profile can act as either Doppler or Lorentzian depending on the pressure
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limits. Since the Doppler line-shape is due to inhomogeneous broadening and Lorentzian
line-shape is the results of homogeneous broadening, the Voigt line-shape profile can be

written as the convolution of both line-shape functions given by:

g =) =17 g(ve' —vo)gu(v —vy") dvy’ (2.67)
with the substitution of x = v," — v, the above expression can be reduced to

g =) =["_ g,(x)gy(v —v,) dx (2.68)

where g, represents the homogeneous Lorentzian function and g,, denotes the Doppler
inhomogeneous function and the Voigt shape function g(v — v,) as a convolution of both,

which is shown in Fig. 2.10.

One important thing to note is that the Voigt profile assumes the spectral lines are
collisionally isolated due to inelastic collision, and it works under condition that the
intensity due to collisions does not transfer from one part of the spectrum to another. The

Voigt shape line profile can also be represented by:

g7t (v, vp) = (i) < \/%) Relerr(v,x,y)] (2.69)

where err represents the complex error function and y, is the Doppler half-width.

41



9(v-va) = [ i(ve-ve)gu(v-vi)dvg

Vo Vo vV —>

Fig 2.10: Hlustration of the Voigt line-shape profile as convolving both Lorentzian and
Gaussian functions. (Source: Page 29, Chapter 1, Spectra of Atoms and Molecules, 2™
edition, by Peter F. Bernath[42]).

The parameters x, y are dimensionless parameters, which are defined as:

X = (w/(an))%,and y = (/(n2)) £ (2.70)

YD

where &9 represents the pressure-induced shift, the suffixes L and D stands for Lorentzian

and Doppler broadening.

2.5.4 The speed-dependent Voigt line-shape

In the Voigt profile, the gas molecules are considered to be moving with the most
probable average speed under the influence of Maxwell-Boltzmann distribution of
velocities, but in practice all molecules are not moving with the same speed during the
perturbation of light molecules by heavier molecules. Even the absorbing molecule will
experience its own homogeneous broadening due to its association with different velocity
groups [43] and also the collisional width and shift parameters depend on the active speed

of the molecules. Therefore, to explain the velocity dependence of line broadening and the
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shifts of the lines due to the perturbation of gas molecule by others, an alternative
asymmetric line-shape model called ‘Speed Dependent Voigt Profile (SDVP)’ is needed to
be introduced. The expression for the SDVP was first expressed by Berman [44] in the

following way:

Y43 Y43
glv—vy) = Zf—f(v)d b=l @4y . (2.71)

T y2+(v—v0—%.17)2_5 y+i(v—vo—k.?)

In Eqg. (2.71), v defines the line position, vy corresponds to the center of the line and c.c
represents the complex conjugate parts. The function f(v)is known as Maxwellian

velocity distribution function, which is defined by:
f(®) = (mu?)~3/2e=0"/¥ (2.72)

The symbol u is used to refer the most probable speed of the active molecules and the

absorption process occurs in the direction of light propagation vector kin parallel with the

velocity of collisional molecules. The molecules in the collisional process thus follow the

Maxwell distribution and by omitting the factor k.7, Eq. (2.71) turns into a weighted sum

of Lorentz shape functions.

The Lorentz half-width and pressure-induced shift coefficients under the assumption of
SDVP then can be expressed and modeled as a function of speed in the following way as

described in [45]:
¥V, W) =y, (vn) <1 +ay, (V2 - c)) (2.73)

62) = 87 (wn) (1 + a0 (V* ) (2.74)
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where v, is the average speed of the molecules during collision, c is the dimensionless
parameter whose value is set as 1.5, V is the ratio of the speed of absorbing molecule to the

mean speed of the molecules, a, and ay are the speed-dependence Lorentz half-width

and pressure-induced shift parameters for the i line.

2.5.5 Temperature-dependence of line-shape parameters

Since the molecules are considered in their gas phase in the current study,
temperature plays an important role in the change of absorbed line position. As a result, the
broadening and pressure-induced shift parameters need to be modeled with respect to
temperature. The Kinetic energy of the gas molecules depend on the temperature and it is
assumed that the frequency of the molecules due to collision is linearly dependent on both
the density and velocity distribution of molecules. According to this assumption, the

temperature-dependence of the half-width can be expressed by following equation:

¥y _ (T1\™"
y(T2) (Tz) (2.75)

In the above equation, y is the pressure broadening coefficient shown as an example, T is
the temperature and n is the temperature-dependence exponent. This semi-classical
approach is usually valid for higher temperatures and therefore for retrieving the
temperature-dependence exponents of both broadening and shift parameters, the spectra of

the gas of interest needs to be recorded for a wider range of temperatures.

2.5.6 Line mixing
According to previously described line-shape models, the transitions are usually considered
as isolated from each other during the collisional broadening of molecules. Collisional

effects are more observable at high pressures (>200 Torr at room temperature) due to the
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overlapping of two neighboring spectral lines. This occurs due to the perturbation of both
initial and final ro-vibrational states of the transition as a result of the collapse of a sequence
of spectral lines with the absorption of a single photon. Consider two adjacent spectral lines
having the individual transition frequencies v, and v,, which are isolated. The perturbation
of the rotational states of two adjacent transitions results in the collapse of those lines with
the same transition frequency v due to the absorption of a single photon through inelastic

collision and the process is illustrated in Fig. 2.11.

v, V V5,
Fig 2.11: Illustration of overlapping the two adjacent spectral lines due to line-mixing
effect.

During the interference effect of two adjacent spectral lines in line mixing, the populations
can transfer from one rotational state to another state within the same vibrational level
through inelastic collision. As a result, ultimately the intensity is transferred effectively
form one part to another parts of the spectrum, which is referred to as line-mixing [46].
Certain conditions must be fulfilled during line-mixing as described by Lévy et al. [47], one

of which states that the thermal energy of the molecules (kzT) must be greater than the change
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in energy between two rotational states of the specific vibrational energy state during the
transition due to inelastic collision. Another condition is that the spectral lines need to be
broadened enough to overlap. The electric dipole transitions in the line-mixing
measurements of methane among three different rotational symmetries follow the selection
rules: A, & A, and F; & F, and E < E. Lévy et al. [47] expressed the equation to

determine the absorption cross-section incorporating the line-mixing effects as given by:

(v—veff _ps?)’
k() = =% <( YL >+ iyl -rsy) (2.76)

v—vieff—P(S?)ﬂ/LiZ (v—vieff—P5?)+yLi2

In Eg. (2.86), Y; is known as the line-mixing parameters, Sff ! represents the effective line

intensity and vff Tis termed as the effective line position of the spectrum.

2.5.7 Exponential Power Gap Law (EPG) for line mixing calculation

The line-mixing contributions can be ascertained by a relaxation matrix W [25], in
which coupling between sets of transitions is recognized as the off-diagonal matrix
elements. The line-shape factor 1(v) due to collisional effects can be represented in a matrix

form [48]:

I(v) =XT(I —vy — iW) 1pX (2.77)
Here, I denotes the N x N identity matrix; vo is a N x N diagonal matrix for which the
diagonal elements are the zero pressure line positions; p also represents a N < N diagonal
matrix having the number density of the lower states of each transition diagonally; W stands
for the relaxation matrix. X" denotes the transpose of matrix X, which is a 1 x N matrix.
The elements of X are related to the intensity S; and number density in the lower state p;

ofjth spectral line by the following equation:
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Xj = j/pj (2.78)

The approach described by Lévy et al. [47] has been adopted in the calculation of line-

mixing coefficients.

The approximation called Exponential Power Gap Law (EPG) is used in the present thesis,
which describes the relaxation matrix (W) due to the transfer of collisional rates. If the
molecules undergo a transition from ground rotational state (k) to any of the higher excited
rotational state (j) of the same vibrational state, then the collisional rate of transfer between

these two states can be defined by:

Kjx = a [%] exp (%) (2.79)

Here AEj, is the measure of energy difference due to the transition between j" and ki
rotational energy levels, Bo is the rotational constant and, the parameters a, b

and c are all fitting parameters used in the non-linear least-square fitting routine.

The transition between two states j and k follow the detailed balanced condition
(prKjk = pjkj), Where p, and p; are the population densities at two different rotational

energy states of k and j, respectively.

Thus, the off-diagonal elements (ij) of the relaxation matrix satisfying the detailed

balanced condition at constant pressure and temperature can be given by:
Wi =W, 2 2.80)
jle = Wiy (2.
where p; and p, are the density of populations in j™ and k™" rotational states.
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The diagonal elements (W) of the relaxation matrix are related to the collisional transfer

rate (k) by the following relation:

Wi = % (X k] + % (k] (2.81)

upper lower

The notations upper and lower in Eq. (2.81) are the representation of two vibrational states
of the molecule. The off-diagonal elements (Wjx) of the matrix can be determined from the

following equation:
in which g is a constant whose value is different for different molecule.

The physical state of the molecule at any time is determined by the relaxation matrix

elements and the real and imaginary parts of the diagonal elements of W symbolise the
Lorentz widths (VLk) and pressure shifts &, of the jth spectral line, respectively:
Wik = v, + 16k (2.83)

The line-mixing coefficients due to weaker transitions are thus calculated from the off-
diagonal relaxation matrix elements related to the dipole matrix elements (yj,yk) by the

expression below:

Y (T) = ZZj;tk:j_i( i ) (2.84)

Vk—Vj

The line-mixing coefficients can thus fit for by incorporating Eq. (2.84) into our desired

line-shapes.

48



2.6 Conclusion

To summarize, the Voigt line-shape profile is not sufficient to describe the line-
shape studies of any complex molecule like methane. It is evident from previous studies
that taking into account the speed dependence of the collisional width and shift improve
the residual of the analyzed spectra. Therefore, it is important to include the speed
dependence in the spectral analysis for molecules like CO2, Oz, CHa, because the mass
ratios of these molecules in a buffer gas like air are 1.5, 1.06 and 0.55, respectively, and the
effect of the speed of the molecules cannot be ignored. Line-mixing effects are incorporated
in the calculation of absorption coefficient of methane molecule. The consequences of the
results implementing different line-shape profiles will be observed in the results and

discussion chapter.
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CHAPTER 3: EXPERIMENTAL AND ANALYSIS TECHNIQUES

The experimental spectra were recorded by Dr. Keeyoon Sung at Jet Propulsion
Laboratory (JPL), California with a high-resolution Bruker IFS-125HR Fourier transform
spectrometer (FTS). A cryogenic type absorption gas cell was installed in the instrumental
setup to control the temperature during recording of the spectra. Multi-spectrum fitting
software ‘Labfit’ developed by Dr. Chris Benner [49] was used in the analysis of methane
broadened by itself, air and H» spectra. This chapter describes the working principle of the
Michelson interferometer employed in the FTS, the recording process of spectra using the
FTS at JPL and the analysis methodology of the spectra. The description in this chapter is
based on the book ‘Fundamentals of Fourier Transform Infrared Spectroscopy’, 2" edition,

written by Brian C. Smith [50] and other literature.

3.1 Fourier transform spectroscopy
3.1.1 Michelson Interferometer

One of the major optical components of a FTS is known as the Michelson
Interferometer, which was designed by the renowned scientist A. A. Michelson in 1885. As
shown in Fig. 3.1, the interferometer consists of two mirrors that are perpendicular to each
other, one of which is a fixed mirror and the other is movable. The collimator mirror is used
to make the light beams parallel to each other and a beam splitter is used to split the incident
radiation into two components, half of the beam is reflected by the beam splitter and travels
towards the fixed mirror and another half portion can pass through the splitter towards the

movable mirror. The beams will be reflected back from both mirrors and they recombine
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Fig 3.1: Schematic diagram of a Michelson Interferometer. (Source: Page 22, Chapter 2,
Fundamentals of Fourier Transform Infrared Spectroscopy, 2" edition, by Brian C. Smith

[50D).

at the beam splitter as a single beam which interacts with the sample. The interference
phenomena is due to the difference in optical paths which is modulated by the movement
of the moving mirror. The path difference between two light waves (&) is related to the

mirror displacement (A) by the following relation:
§d =2A (3.2)

If the two light beams travel an equal optical path length, then there will be no path
difference, for which § = 0, i.e., Zero Path Difference (ZPD). It is mentionable that the
value of § is twice the magnitude of mirror displacement (A), because the light waves travel
twice the distance while the moving mirror move back and forth with the same distance as

shown in Fig. 3.2. The interference become constructive or destructive depending on the
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relation between the path difference and the wavelength of the light used. The interference

patterns follow the following conditions:

§ =nl (constructive) (3.2
and 6= (n + %) A (destructive) (3.3)

where 4 is the wavelength of the infrared radiation, n is an integer whose values are 0, 1,

23......
A=0 A =1/4\
PR L1 S Moving
mirror
\ O =1/2\
0=0 Mirror
displacement
A

Fig 3.2: Schematic diagram of a Michelson Interferometer. (Source: Page 22, Chapter 2,
Fundamentals of Fourier Transform Infrared Spectroscopy, 2" edition, by Brian C. Smith

[501)

The moving mirror can move back and forth along its axis of radiation, which gives rise to
a pattern of alternating bright and dark interference fringes forming of the interferogram.
The interferogram can then be transformed into a spectrum by applying a Fourier

transformation.
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3.1.2 Mathematical formulation of Fourier transform
Let us consider the incident radiation used in the Michelson interferometer as a

plane wave given by:
P = Agel@t=k. ) (3.4)

In above equation, Ag is the amplitude of the incident wave, w is the angular frequency of
the wave, t is the time, x is the position vector of the wave and k is known as the wave

vector, which is given by:
k =2k = 2nvk (3.5)

where ¥ denotes the wavenumber in cm™ and k is the unit vector which is in the direction of
the propagation of the wave. If the reflected and transmitted parts of the wave are denoted

by 1_ and ¢, then the total wave function (¥, , =1 _+1,) can be written as the

tot
combination of both parts of the radiation and the intensity of the radiation reaching the

detector can be written in the following way:

18) = o thy,” =22 [1+ cos (28)| = 21+ cos(2nvs)]  (3.6)

Here, Iy is the intensity of the incident monochromatic wave, which is proportional to the
square of the amplitude and & is the optical path difference. The integrated interferogram
of the polychromatic light wave reaching the detector can be written in terms of spectral

intensity as given by:

18) = [ S(#)cos(2ni6) d v (3.7)
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The spectrum can then be derived by applying a Fourier transform of the interferogram as

shown in the following way:
S@) = [T71(8)cos(2nv8) d & (3.8)

where S(¥) represents the corresponding spectrum as a function of spectral line position.
When a gas sample is used in infrared spectroscopy. The transmittance of the sample can
be determined from the ratio of the reduced intensity to the initial intensity of the IR
radiation. The quality of the spectra is very important, which can be improved by taking
more scans when recording of spectra. The signal-to-noise ratio (SNR) is determined by
taking the inverse of the standard deviation of the peak-to-peak values of the noise level of
any spectrum where no absorption lines appear. Then the RMS value of SNR is calculated
by computing of all the data points, which results in a better value of SNR(RMS). Thus,

the SNR is also linearly related to the square root of the number of scans N, i.e.

SNR(N) =+/N SNR(1).

3.1.3 Advantages of Fourier transform spectroscopy

The Fourier Transform spectroscopy technique has several advantages over
dispersive techniques, namely the Jacquinot, the Fellget, the Connes and the Michelson
advantages [51]. One of the most important advantages of FTS is known as Jacquinot or
throughput advantage. Compared with conventional dispersive instruments, more of the
incident radiation can be detected in FTS. Therefore, a higher SNR is achievable within a

shorter time compared to a dispersive spectrometer.

The second most important advantage of FTS is called the Fellgett or multiplex advantage,

by which the SNR of a spectrum can be improved by detecting all wavenumbers of infrared
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radiation together rather than successively acquiring individual wavenumber ranges. It also
saves time of recording spectra as well as reduces the noise level because the noise at any
specific wavenumber is directly proportional to square root of the time spent for observing

individual wavenumber ranges.

Another essential improvement of FTS is that the calibration for its interferometer can be
done more accurately with long term stability, which is known as the Connes advantage.
This can be achieved easily because well-known HeNe lasers and are used in FTS for which

the wavenumber is known.

The last advantage of FTS is known as the Michelson or resolving power advantage. An
interferometer possesses the simplest and most intrinsic optical design, which provides the
best resolution of the instrument and remains constant throughout the data collection
process. This is possible because of the use of a Jacquinot stop aperture size in the
interferometer, which remains constant during the whole scanning process. Since no change
of gratings or slits are needed in FTS, the signals can be recorded continuously without any

disturbance.

3.2 Description 125 HR Fourier transform spectroscopy at JPL

A Bruker IFS 125HR Fourier transform spectrometer (FTS) available at the Laboratory
of Molecular Spectroscopy located in the Jet Propulsion Laboratory (JPL), Pasadena,
California was used by Dr. Keeyoon Sung to record 14 high-resolution laboratory spectra
of pure methane (**CH,) and with the mixture of dilute air and 18 spectra with mixture of
H> gas for two different projects. A cryogenic absorption gas cell [52] was installed into

the sample compartment of the FTS for recording absorption spectra.
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3.2.1 Infrared source of radiation used in FTS at JPL

Two main sources of radiation are used in FTIR spectroscopy, an air-cooled source
and water-cooled source. The second one also known as a ‘Globar’ source of radiation, was
used in the FTS experimental set up at JPL. A Globar light source usually consists of a
silicon carbide rod, which can be heated to temperatures up to 1200 K [53]. Compared to
air-cooled systems, a Globar source offers greater throughput and less noise during the
recording of spectra. The illumination ability of a Globar light source extends up to 100

um [54] and the aperture diameter of the FTS at JPL was set as 1 mm.

3.2.2 Beam splitters used in FTS at JPL

A beam splitter is an optical device which is used to split the incident radiation into
two parts, one of them gets reflected by the moving mirror and another part by the fixed
mirror. The choice of beam splitters depend on the radiation used. Calcium fluoride (CaFz)
was used in the splitting of near-1R radiation used in the current experimental set up at JPL.
The CaF, material as a beam splitter offers the utmost quality in terms of purity and
consistency and caused very low absorption, which covers the spectral range of near-IR
from 2 to 8 microns. Compared to other IR materials, CaF, offers high transmission of

usually more than 90%.

3.2.3 Detector used in FTS at JPL

The infrared intensity is finally transformed into an amplified signal, which is
collected as an interferogram. InSb detector being a quantum-type detector was used in the
FTS set up at JPL, which possesses the photoconductive property with covering a wide

spectral range from 0.6 to 5.5 um [55]. It provides high SNR and can detect the signal very
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quickly with higher performance [56]. The operating temperature for InSb photodetectors

can go beyond 77 K without losing their quantum efficiency up to 160 K [55, 56].

3.2.4 Absorption gas cells used in FTS at JPL

Two cryogenic absorption gas cells were designed at Connecticut College and
installed with the empty cell placed into the sample compartment of Bruker IFS-125HR
FTS at JPL. Two cryogenic gas cells known as the ‘single pass gas cell” with optical path
length of 20.38 cm and a ‘multi-pass Herriot gas cell” with absorption path length of 20.94
cm, were used in the recording of methane broadened by air and H2 spectra. The cell body
of the cells were made of oxygen-free copper, which offered the excellent conductive
performance of 4.01-5.57 W/(cm K) with operating temperatures between 80 and 300 K
[57] with a stability factor of £0.01 K. The indium made seal was used to attach the cell
body to the ZnSe window of 50 mm diameter to prevent it from optical fringing. The gas
cells were surrounded by a vacuum box in order to achieve the better temperature stability
and the complete absorption gas cells were finally placed into the sample compartment of
the FTS. A He-refrigerator cooling system and a heater of 50 ohm were used to achieve the
constant temperature. A temperature controller and two temperature sensors made of Si
diodes were used to control the temperature with a stability factor of < 0.01 K. The details

of the gas cells can be found in [52, 58] and pictures are shown in Fig. 3.3.
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Fig 3.3: Schematic diagram of the experimental set-up at JPL [52]. (a) Assembly of the
absorption gas cell with vacuum shroud box, (b) the gas cell set up placed in the sample
compartment, (c) FTS set up attached to the electrical machine, (d) the Herriot cell.

3.3 Recording and analysis methodology of laboratory spectra
3.3.1 Methane-air spectra

A total of 14 methane-air spectra were recorded over the range of temperatures from
148.4 K to room-temperature (298.4 K) and at pressures varying between 4.5 and 385 Torr.
The resolution of the instruments was maintained at 0.005 cm™ and the maximum optical
path difference was about 90 cm. Among 14 spectra, 8 of them were recorded of pure
(99.9% isotopically 2C enriched) >CHa. Dry air was used to get 6 air-mixed CH4 spectra
with a volume mixing ratio of methane in the mixtures from 0.043 to 0.096. After loading
samples in the gas cell, approximately 20 minutes were allowed for getting the correctly
recorded spectra under stable atmospheric conditions. The interferograms were collected
around every 10 min and then individually Fourier Transformed to check for problems
before being included in the final averaged spectrum. Approximately 5-7 hours were spent
to record a single spectrum and a phase correction using the Mertz method [59, 60] was
applied in the process of Fourier transformation. All spectra were recorded without interval
to maintain a constant calibration factor and a high signal-to-noise ratio of more than 2000
was achieved in the recording of each spectrum. The calibration was done with reference

to the v5 transitions of water vapor. An average calibration factor was determined for each
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spectrum and the wavenumber scales of the individual spectrum were multiplied by the
calibration factor. Temperature sensors and a properly calibrated Baratron gauge were used
to record the temperature and pressure of the recorded spectra. The experimental conditions

for methane-air spectra having the same path length of 20.38 cm are outlined in Table 3.1

Table 3.1: Experimental conditions for the methane-air spectra recorded at JPL.

Spectra no. Gas sample VMR? P (Torr)° T (K)
bk2534 12CH, 1.00 385.0 298.4
bk2557 12CH, 1.00 22.2 250.0
bk2556 12CH, 1.00 121.5 250.0
bk2551 12CH, 1.00 9.90 200.0
bk2550 12CH, 1.00 43.95 200.0
bk2549 12CH, 1.00 169.0 200.0
bk2540 12CH, 1.00 4.5 148.4
bk2537 12CH, 1.00 149.0 148.5
bk2544 L2CH4+Air 0.043 225.3 148.4
bk2560 L2CH+Air 0.055 112.6 250.0
bk2559 L2CH4+Air 0.057 254.6 250.0
bk2554 L2CH+Air 0.073 148.5 200.0
bk2553 L2CH+Air 0.074 299.9 200.0
bk254 L2CH4+Air 0.096 95.0 148.4

VMR2=Volume mixing ratio, P? is the total sample pressure and T¢ is the temperature of
the recorded spectra.

3.3.2 Methane-H; spectra
The experimental conditions for the methane-H> spectra with varying path lengths are

listed in Table 3.2.
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Table 3. 2: Experimental conditions for the methane-H> spectra recorded at JPL.

Spectrano. Gas sample Path length (cm) VMR P (Torr)’ T (KY
bk2534 2CH, 20.38 1.00 385.0 298.4
bk2557 2CH, 20.38 1.00 22.2 250.0
bk2556 2CH, 20.38 1.00 121.5 250.0
bk2551 2CH, 20.38 1.00 9.90 200.0
bk2550 2CH, 20.38 1.00 43.95 200.0
bk2549 2CH, 20.38 1.00 169.0 200.0
bk2540 2CH, 20.38 1.00 4.5 148.4
bk2537 2CH, 20.38 1.00 149.0 148.5
kp4731 2CH, 20.94 1.00 0.12 220.2
Kp4740 “CHs+H; 20.94 0.00033 198.09 148.5
Bk4735 2CH4+H; 20.94 0.00037 168.47 160.3
kp4738 L2CH4+ H; 20.94 0.00088 197.83 160.3
kp4724 2CH4+ H; 20.94 0.0022 96.92 200.3
kp4723 2CH4+ H; 20.94 0.0022 235.6 200.3
kp4702 L2CH4+ H; 17.65 0.00373 294.92 293.8
kp4703 2CH4+ H; 17.65 0.00374 100.25 293.8
kp4727 2CH4+ H; 20.94 0.0121 263.67 220.2
kp4728 2CH4+ H, 20.94 0.0122 150.16 220.2

VMR2=Volume mixing ratio, P? is the total sample pressure and T¢ is the temperature of
the recorded spectra.

3.3.3 Analysis methodology

The multi-spectrum non-linear least-square fitting software ‘Labfit’ developed by
Chris Benner at the College of William and Mary [48, 49] was used to perform the analysis
of methane broadened by air and H; in the (v; + v,) band over the spectral range from
4100-4300 cm™. The software deconvolved the absorption lines from the experimental
spectra by considering the fact that the instrumental line-shape as a sinc function was
modified to account for the finite size of the aperture. The Labfit program has the ability of
fitting the desired parameters for individual spectra and then subsequently adding all
spectra in the entire spectral band. Among different built-in line-shape models, the Speed-
Dependent Voigt Profile (SDVP) was implemented in the line-shape calculations and the
off-diagonal relaxation matrix formalism was used in the quantification of the line-mixing

calculations. The initial values of line parameters used in the least-squares fittings were
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taken from the HITRAN2012 [11] database. Different parameters (line position, intensity,
width, shift, etc.) were floated and a maximum of 3 iterations was used during the fitting
of spectra. One of the main objectives of the fitting was to minimize the difference between
experimental and simulated spectra i.e. to improve the residuals of the multi-spectrum
fitting. All pure methane spectra were added first, then all air-mixed and Hz-mixed spectra
were subsequently added by multi-spectrum fitting technique. An algorithm called
Lavenberg-Marquardt [61, 62] was used in the minimization of the residuals and the details
of the algorithm are available in [49]. Examples of simultaneously fitted multi-spectrum

residuals of methane broadened by air and Hz are shown in Fig. 3.4 (a) and (b).
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and (b) methane-H. implementing SDVP.
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CHAPTER 4: LINE-SHAPE STUDY OF METHANE BROADENED BY ITSELF

AND AIR

4.1 Introduction

The different line-shape parameters of self- and air-broadened methane in the v, + v,
band are retrieved in the current thesis. The laboratory spectra were recorded using a high-
resolution Fourier Transform Spectrometer (FTS) at the Jet Propulsion Laboratory. The
analysis has been performed for methane broadened by air using a multi-spectrum fitting
technique called “Labfit” which was developed by Benner et al. [49]. This global fitting
routine finds the local minimum by adjusting the parameters related to each spectrum (e,g.,
background polynomial, residual phase error, channel spectra) and up to 15 parameters
(e.g., line position, intensity, lower state energy and different line-shape coefficients and
their temperature dependences) can be floated for multi spectra fitting. The individual
spectrum was given specific weight in the fitting depending on the SNR and maximum
weight factor up to 1.0 was provided for most of the spectra having highest SNR. The
spectra were fitted with different line-shape models (Voigt, SDVP and SDVP with line

mixing) to get the better residuals.

Among various retrieved parameters, Lorentz half-width y, (p, T), line position v(p)

and pressure induced-shift coefficient 5O(T) are determined by the following three

equations:

v, (. T) = p[y°(foreign)(py, To)(1 — ) [To/TT™] +

[V9(self)(pg: To) x[To/T1"2], (4.1)

v(p) = vy + pl6°(foreign)(1 — ) + §%(self)xl, (4.2)
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8°%T) = 8°(To) + 8'(T — Ty). (4.3)

where yg(po, To) and 5O(T) stand for pressure broadening and pressure-induced shift
coefficients, respectively in units of (cm~tatm=!) at atmospheric pressure po (1 atm) and
standard temperature To (25° C). v, (p, T) represents the Lorentz half-width of the spectral
line in cm™1 at pressure p and temperature T, y is the volume mixing ratio of methane in
the sample mixtures, ny and n are the temperature-dependence exponents for air- and self-
broadening, respectively. Eq. (4.2) gives the pressure-induced shift in position from its line
center vo both in cm™! and &' denotes the temperature dependence of pressure-shift
coefficients. The term “foreign’ appearing in Egs. (4.1-4.2) represents the air or H> gas that
were used as the broadener during the experiments. As observed in Eq. (4.1), the Lorentz
half-width depends on both gas sample temperatures and pressures. Therefore, analysis of
laboratory spectra over a wide range of sample gas pressures and temperatures are crucial

for accurate remote sensing of different planetary atmospheres.

The speed dependence of the Lorentz broadening is expressed by:

VL =v(vm) (1 +S [(”/vp)2 - C]) (4.4)

In above equation, v,v,, and v, symbolise the speed, thermal mean speed and most
probable speed of the molecules for line broadening, respectively. The parameter S is the
speed-dependent parameter (unitless) and the constant value of c is set as 1.5 regardless of
molecule, which is part of the speed-dependence model arising from the ratio of thermal

mean speed to the most probable speed.
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The line-mixing coefficients are retrieved through off-diagonal relaxation matrix formalism

represented by the following equation:
Wi =y, +1i6; (4.5)

In Eqg. (4.5), the real and imaginary parts of the diagonal elements of the relaxation matrix

h

W represent the Lorentz widths (ij) and pressure shifts §; of the j™ spectral line,

respectively.

4.2 Description of retrieved parameters for methane broadened by air

A total of 14 spectra are analyzed in this project among which 8 are due to the self-
broadening of methane and the other 6 spectra are recorded for air-broadening of methane.
In total 208 transitions were determined and reported for the complete three bands (P, Q,
R) of methane in the spectral range of 4100-4300 cm™. The number of transitions for
individual line-shape parameters is outlined in Table 4.1 and the detail list of retrieved line
parameters can be found in Appendix A and B. Data points for a few individual parameters
which could not be accurately determined are omitted because of the low intensity of the
transition and/or overlap with neighboring transitions. The parameters of those
undetermined transitions have been kept the same as those recorded in HITRAN 2012
database. All retrieved parameters have been presented in terms of the rotational quantum
number |m|, where m values are defined as —J, JandJ + 1 for P, Q and R- branch
transitions, respectively. The positions and intensities are calculated theoretically to
compare with the measured data, which will be presented later in this section. All retrieved

parameters of the present study have been presented graphically for transitions
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corresponding to the three different symmetry species types A, E and F as indicated by

rectangular, upper triangle and lower triangle symbols, respectively.

Table 4.1: Number of retrieved line parameters due to self- and air-broadening of
methane.

Self/Air Position Intensity Lorentz width Pressure shift n*  §'» ORME® $¢

200 179 158 134 94

Self
i 149 110 117 92 46 2

Air

208
205

n? stands for temperature-dependence of broadening, 5t is used for temperature
dependency in pressure-induced shift coefficient, ORMES® represents for off-diagonal
relaxation matrix elements and S¢ is used for speed-dependence parameters.

4.2.1 Self- and air-broadening coefficients and their temperature dependences
Selected results of for both air- and self-broadening parameters for P, Q and R
transitions along with temperature dependences of methane in its v, + v, band are listed in
Table 4.2. Fig. 4.1 shows the comparison in residual for multi-spectrum fitting of methane
spectra broadened by itself and air with 3 different fitting profiles: Voigt, speed dependent
Voigt and speed dependent Voigt with line mixing. The residual is the difference between
experimental and simulated spectra. The residual was improved mostly by fitting with the

speed dependent Voigt profile with line mixing.
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Table 4.2: Sample of retrieved self- and air- broadening parameters along with their
temperature-dependence exponents obtained by multi-spectrum fitting using SDVP.

2~ EQ 5~ >3 £ £ & 3 5
E br 2O = 28 3§ F3 £ g

=20 8> g § 2 g 3: IE Ko IE = =

55 5 = =3 S ?8
1 261 1E6  4207.48727(1) 7.920(1)x102 0.0620(5) 0.0811(4) 0.93(1)  0.84(1)
1 1R1 1R9  4218.41614(1) 1.299(2)x102* 0.0596(4) 0.0774(8) 0.84(1)  0.94(3)
1 0A11 1A 4 4223.90646(1) 2.231(2)x102* 0.0523(2) 0.0819(4) 0.76(1)  0.71(1)
2 11 2R 15  4229.19507(1) 2.095(2)x102' 0.0574(2) 0.0784(3) 0.90(1)  0.86(1)
3 3R 1 2F15 4201.40058(1) 1.681(2)x102' 0.0636(3) 0.0838(4) 0.91(1)  0.83(1)
3 3R 1 2R16 4201.84819(1) 1.685(2)x102' 0.0640(3) 0.0833(3) 0.92(1)  0.84(1)
3 3A1 3A,7  4218.78453(1) 3.807(4)x102' 0.0592(3) 0.0825(5) 0.83(1)  0.80(1)
3 281 3E13  4234.41871(1) 1.817(2)x102* 0.0533(2) 0.0751(4) 0.87(1)  0.73(1)
4 3A;1 4A;10 4239.25185(1) 4.851(4)x102 0.0581(3) 0.0748(5) 0.74(1)  0.83(1)
4 4F1  3F23  4194.75695(1) 1.848(2)x102 0.0575(3) 0.0792(4) 0.85(1)  0.90(1)
5 5E1 AE19  4188.64944(1) 1.292(1)x102' 0.0547(2) 0.0736(2) 0.85(1)  0.824(5)
5  5A11 4F,29  4190.45684(1) 1.950(2)x102' 0.0602(4) 0.0820(4) 0.87(1)  0.86(1)
5 4E1 5E 20 4244.43763(1) 1.922(2)x102' 0.0539(3) 0.0665(4) 0.83(1)
6 6E1 6E26  4214.30919(1) 1.290(1)x102' 0.0586(4) 0.0772(3) 0.86(1)  0.82(1)
6 6F1 B5F34 4181.81703(1) 1.757(1)x102t 0.0614(2) 0.0791(2) 0.87(1) 0.856(4)
6 6A1 5A10 4183.82934(1) 2.983(2)x102t 0.0578(2) 0.0793(1) 0.87(1) 0.812(3)
6 6E1 5E 23 4184.54674(1) 1.229(1)x102' 0.0574(3) 0.0749(2) 0.86(1)  0.86(1)
7 TF12 6F40 4174.49344(1) 1.488(1)x102t 0.0594(2) 0.0776(2) 0.85(1)  0.821(4)
7 7A1 6A.15  4176.64743(1) 2517(2)x102t 0.0566(2) 0.0775(1) 0.82(1)  0.826(3)
7 TRl 6F 41  417852765(1) 1.593(1)x102t 0.0575(2) 0.0767(2) 0.83(1)  0.819(4)
7 6A11 TA;14 425351921(1) 3.647(3)x102t 0.0550(2) 0.0771(2) 0.86(1)  0.73(1)
7 BE1 TE25  4254.63877(1) 1.523(2)x102' 0.0531(3) 0.0756(6) 0.84(1)  0.69(2)
8 7F12 B8R 43 425853364(1) 1.316(2)x102' 0.0584(4) 0.0751(4) 0.87(1)  0.84(1)
8 8Fi1 7R 45 4168.48594(1) 1.219(1)x102' 0.0589(3) 0.0769(2) 0.85(1)  0.808(4)
9  8Al  9A, 17 4264.81856(1) 1.953(3)x102' 0.0472(4) 0.0719(3) 0.74(1)  0.78(1)
9 OFi1 B8R, 54 4165.7622(1) 1.094(1)x102' 0.0504(3) 0.0686(1) 0.72(2)  0.792(4)
9 9A;1 B8A,18 4150.05384(1) 1.613(4)x102t 0.0560(3) 0.0739(2) 0.78(1)  0.819(3)
9 9F2 8F 51 4159.49119(1) 1.005(1)x102' 0.0610(4) 0.0783(2) 0.79(2)  0.794(4)
9 OF3 8F,52 4160.03620(1) 1.015(1)x102' 0.0610(4) 0.0783(2) 0.79(2)  0.782(5)
9 8F1 OF46 4263.75117(2) 8.17(1)x10%  0.0576(7) 0.0751(4) 0.78(3)  0.81(1)
10 10A,1 9A; 19 4156.88723(2) 1.502(3)x102* 0.0524(7) 0.0710(5) 0.70(3)  0.82(1)
10 10A1 9A;21 4152.61348(1) 1.652(1)x1021 0.0554(3) 0.0745(2) 0.76(1)  0.784(4)
10 10A,1 10A120 4206.07311(2) 8.250(1)x102 0.0503(9) 0.0682(4) 0.71(5)  0.77(1)
10 9A;1 10A)16 4267.13466(1) 1.584(2)x102* 0.0532(5) 0.0728(3) 0.81(2)  0.79(1)
10 9F, 1 10F; 48 4268.97289(2) 9.390(1)x1022 0.0500(7) 0.0702(3) 0.76(3)  0.73(1)
11 10F2 11F; 53 4272.1593(5)  6.010(3)x102 0.051(18) 0.0689(8) 0.67(10) 0.77(2)

4 Statistical uncertainties are given in parentheses.

bn, and n, are temperature-dependence exponents of air- and self-broadened half-width
coefficients, respectively.
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Fig 4.1: Residuals of multi-spectrum fitting of methane broadened by itself and air spectra
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whereas other colors represent the mixed spectra.
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The symbols A1, A2, E, F1 and F2 correspond to the tetrahedral symmetry species of
the rotational quantum number J. The upper and lower state quantum numbers (J, C, n) are
distinguishable by single and double prime, respectively. All retrieved pressure-broadening
half-width coefficients along with temperature dependences are plotted in terms of the
rotational symmetry species (A, E, F) as a function of |[m] values (Fig. 4.2-4.6). As shown
in Figs. 4.2(a) and 4.3(a), the air-broadening and self-broadening half-width coefficients
vary from 0.0381(5)-0.0696(7) cm*atm™ and 0.0534(16)-0.0905(7) cm™atm™ at 296 K,
respectively. The broadening coefficients in both cases show higher values for the F-
symmetry transitions than those of A and E symmetry transitions with E-type transitions

displaying the lowest values.
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As shown in Figs. 4.2b and 4.3b, the measured broadening (both self- and air-)
coefficients agree well with the HITRAN2012 [11] entries and also comply fairly with the
GEISA2015 [63] database values within the average difference of 2.44% (air-b) and 3.7%
(self-b). As shown in Fig. 4.4, the self-broadening parameters show higher values than the
air-broadening parameters and which is similar to previous findings for different ro-
vibrational bands of methane [23, 24, 35, 36] . The overall trend of change in air- and self-

broadening parameters of CH4 are also comparable to those literature.
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Fig 4.4: Comparison of CHs-H2 and CH4-CHj4 half-width coefficients corresponding to A,
E and F transitions in the v; + v, band of methane.

The temperature-dependence exponents of both air- and self-broadening parameters
were retrieved by using the power law Eq. (4.1), and the results are presented in Figs.
4.5(a,b). As illustrated in Figs. 4.5a and 4.5b, the values for the temperature exponents of
air-broadening (n;1) and self-broadening (n2) of methane vary from 0.69(2) and 0.62(3),
respectively, up to 0.97(4) and 0.99(3). The present study shows discrepancies with the
earlier measured values [21], because that study was carried out for a small range of
temperatures. The temperature-dependence exponents, ny and nz have been compared with
respect to tetrahedral symmetry species types (A, E, F), which show higher values for the

F symmetry transitions compared to A and E-type transitions in both cases.
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Fig 4.6: Comparison between temperature exponents of CHas-air and CHs-CHa half-width
coefficients corresponding to A, E and F transitions in the v, + v, band of methane.
As shown in Fig. 4.5(a), the temperature-dependence exponents of the air-half-width
coefficient have larger values than those of HITRAN2012 entries. | believe that this
discrepancy is due to the fact that the values stored in Ref. [11] are from an older study
that is less accurate in temperature measurements and also covers a different temperature
range than the present study (room temperature to 148.42 K). As shown in Fig. 4.6, the
variation in temperature-dependence exponents of self- and air-broadening coefficients are
very similar for most of the transitions but show slightly higher values for air-broadening

case, which agrees well with the literature [33, 35, 36].
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4.2.2 Self- and air-shift coefficients along with temperature dependences
Recently reported [35, 36] pressure-induced self- and air-shift coefficients of methane in

the octad region displayed negative values, which are also reflected in the present

investigation as illustrated in Figs. (4.7-4.9) and Table 4.3.

Table 4.3: Sample of retrieved self- and air-induced shift parameters along with their
temperature-dependence exponents and speed-dependence parameters.

—_ —_ ™ >
-oq—'l) ~~ 2 «s T 4= T E M 4=
5L B9 E £% 5 £
—_ o 7] \: =S % iy é E ‘“Q % E -
E B ) ¢ o S IS S 7]
N S5 = 3 | o S > S
So S < s n [al 20
S S = g s
N N
1 0A:1 1 1A 4 -0.00070(4) -0.0107(7)  0.000094(4) 0.000102(9) 0.04(2)
1 0A:11 1A 4 -0.0052(3) -0.0123(5)  0.000107(2) 0.000079(6) 0.05(1)
2 2E1 1E 6 -0.0070(8) -0.0104(5)  0.000063(7) 0.000093(6) 0.06(1)
2 11 2F; 15 -0.0064(3) -0.0106(3)  0.000043(3) 0.000032(3) 0.01(2)
3 3A21 3A17 -0.0074(3) -0.0066(7)  0.000046(2) 0.000135(9) 0.02(2)
3 2E1 3E13 -0.0056(3) -0.0105(5)  0.000071(3) 0.000077(6) 0.03(2)
4 4F; 1 3F1 23 -0.0062(4) -0.0138(3)  0.000062(4) 0.00004(3) 0.04(2)
4 3A21 4A; 10 -0.0066(2) -0.0115(4) 0.000051(2) -0.000028(5) 0.06(1)
5 4E 1 5E 20 -0.0066(3) -0.0126(4) 0.00006(2) 0.000050(5) 0.12(2)
6 6E 1 6E 26 -0.0062(5) -0.0105(3)  0.000056(5) 0.000066(3) 0.05(1)
6 6E 1 5E 23 -0.0056(4) -0.0116(2)  0.000064(4) 0.000067(2) 0.06(1)
7 TA2 1 7A1 15 -0.0071(3) -0.0112(3)  0.000059(3) 0.000082(4) 0.08(1)
7 TA2 1 6A; 15 -0.0072(2) -0.0129(1) 0.00006(2) 0.000072(1) 0.064(4)
8 8F12 TF; 45 -0.0086(4) -0.0136(1) 0.000070(4) 0.000079(1) 0.03(2)
8 TF12 8F, 43 -0.0039(5) -0.0094(3)  0.000034(6) 0.000050(3) 0.04(2)
9 9F:1 1 8F, 54 -0.0078(4) -0.0137(1)  0.000063(5) 0.000077(1) 0.04(2)
9 9F:1 1 8F, 54 -0.0055(2) -0.0087(4) 0.000035(2) 0.000050(4) 0.01(2)
10 10A21 9A;19 -0.0095(7) 0.0133(5) 0.000024(9) 0.000047(5) 0.11(2)
10 9F 1 10F148  -0.0078(9) -0.0133(3)  0.00007(10) 0.000067(3) 0.04(1)

TD? is used as temperature-dependence and SP stands for speed dependence parameters.

From Fig. 4.7a, it can be seen that the measured CHjy-air shift coefficients lie between -
0.0171(10) and -0.0026(3) cm™atm™. When compared in Fig. 4.7b, the measured CHs-air
shift coefficients agree well with HITRAN2012 database results. They also agree well with

GEISA2015 [63] entries with the variation from 0.01 to 0.07. The overall variation in shift
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Fig 4.7: (a) Variation of CHa-air pressure-shift coefficients corresponding to A, E and F
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database entries as a function of |m| in the v; + v, band of methane. The error bars which
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coefficients are measured at 296 K.
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coefficients does not follow any symmetric pattern compared to width coefficients,

possibly attributable to the line-mixing contributions [23].

Fig. 4.8 shows the variation of self-shift coefficients as a function of [m|, which change
from -0.0243(6) to -0.0033(15) cm?atm™. Since HITRAN2012 and GEISA2015 have not
included the results for self-shift coefficient, they are compared among different rotational
symmetry species which show higher values in overall for F transitions than those of A and
E transitions (Fig. 4.8). The self-shift parameters are compared to those from the v, band
study [31, 32, 64] displaying a somewhat wider range of deviation for each |m|. The air-
and self-pressure shift coefficients are compared (Fig. 4.9) for the same transitions as a
function of [m|, and display more negative values of self-shift compared to CHs-air shift

coefficients, which is similar to references [21, 23, 24, 35, 36].
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Fig 4.8: Variation of CH4-air pressure-shift coefficients corresponding to A, E and F
transitions as a function of |m| in the v; + v, band of methane. The error bars which
cannot be seen, are smaller than the size of the symbols used.
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Fig 4.9: Comparison of CHs-air and CHs-CHys shift coefficients corresponding to A, E
and F transitions in the v; + v, band of methane.

The temperature-dependence of pressure-shift coefficients of methane transitions is
important and should be included in the latest spectroscopic databases. Temperature-
dependence of CHs-air and CH4-CH4 pressure-shift coefficients were measured by
employing a linear model (Eq. 4.3) and the results are presented in Fig. 4.10(a-b) and Table
4.3. As per our measurements, temperature-dependence of CHs-air shift parameters vary
from 0.000033(2) to 0.00014(4) cmatm?K™ and the self-shift parameters range from
0.000028(4) to 0.000141(12) cm™atmK™. The temperature dependences due to self- and
air-shift are compared and presented in Fig. 4.11. As seen from Fig. 4.11, no clear different
trend is visible between the temperature-dependence of air-shift and self-shift coefficients
in the present work. Due to the lack of available data, it was not possible to compare these

parameters with those from databases.
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4.2.3 Speed-dependence parameters

Since the SDVP was implemented in the fitting procedure, | was able to measure
speed-dependence (S) parameters which are important in molecular dynamics. | have
compared my results among transitions of different degeneracies of rotational symmetry
species (A, E and F) of the vibrational band v, + v,4. It is apparent from Fig. 4.12 that, the
measured speed- dependence parameters vary from 0.04(1) to 0.19(1) and the range of
values is close to previous studies [35, 36]. The speed-dependence parameters show the
dependency on the rotational symmetry species and was shown to increase with |m| values.
The average value of speed dependence parameter due to air-broadening of methane is

0.091, which is smaller than the calculated value of 0.013 performed by Kochanov [65].
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Fig 4.12: Variation in speed dependence parameters of methane broadened by air in
the v, + v, band as a function of |m|. The error bars which cannot be seen, are smaller
than the size of the symbols used.
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4.2.4 Off-diagonal relaxation matrix elements

Previously [22, 25, 35, 36, 66] two main methods were used for line-mixing
analyses: the first-order approximation and the off-diagonal relaxation matrix element
formalism. The off-diagonal relaxation matrix element mechanism has been used in the
present line-mixing analysis for 94 self-broadened and 46 air-broadened transitions, which

are listed in Table 4.4.

Table 4.4: List of retrieved line-mixing coefficients due to self- and air-broadening of
methane in the band v; +v,.

Off diagonal relaxation matrix elements

Position CH.-Air broadening® CHas-CH4 broadening?

(cm™) Iml  Line-mixing Pairs (cm™atm™) (cm™atm™)
4118.91542 6 6F1 1 — 5F, 27 0.0244(17)
4119.12945 6 6F, 2 — 5F; 28
4119.419111 12 12F 3 — 11F,66 0.0172(21)
4119.700352 12 12F, 3 — 11F;1 69
4122.444509 12 12F; 2 — 11F,67 0.0029(5)
4122.736709 12 12F, 1 — 11K 71
4136.167128 11 11F 3 — 10F;63 0.0253(6) 0.0237(4)
4136.817899 11 11F, 3 — 10F:163
4153.651517 10 10F1 1 — 9F,59 0.0058(3)
4154.102169 10 10F, 2 — 9F1 59
4159.491305 9 9F, 2 — 8F; 51 0.0147(12) 0.0236(4)
4160.035843 9 9F1 3 — 8F,52
4165.578642 9 9F, 1 — 8F152 0.0033(1)
4165.762113 9 9F1 1 — 8F 54
41671577 8  8F, 2 — TF147 0.0164(18) 0.0281(7)
4168.48589 8 8F1 2 — 7R 45
41728268 9  9A; 1 — B8A,19 0.0277(25) 0.0145(8)
4173.95807 9 9A1 1 — 8A,18
4173.009946 9 9F, 2 — 8F153 0.0079(9) 0.0155(3)
4173.231512 9 9F1 3 — 8F,55
4177.713984 9 9F1 1 — 8F,58 0.0021(3)
4177.781651 9 9F, 1 — 8F155
4178.252415 7 7F, 1 — 6F140 0.0018(1)
4178.527636 7 7TF1 1 — 6F41
4181.817074 6 6F1 1 — 5F 34 0.0105(10) 0.0131(4)
4182.336902 6 6F, 2 — 5F1 34
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4189.89872
4190.45562
4201.400581
4201.848098
4203.36652
4203.37226
4206.648252
4207.17361
4209.871337
4209.980328
4212.67804
4212.99085
4213.072723
4213.600841
4217.5507
4218.075313
4219.653719
4219.785966
4222.07045
4222.57608
4223.54765
4223.87868
4223.61303
4223.81497
4228.60199
4229.99949
4233.810945
4234.297037
4239.428901
4239.577754
4238.46631
4239.55487
4242.181681
4242.2068
4245.85675
4246.15194
4249.14676
4249.439323
4251.6621
4251.66864
4253.645665
4253.768118
4253.51925

SF;
SF;
3F;
3F1
11F
11F;
TF1
6F;
TF1
TF;
TF1
TF;
10F,
10F,
3F1
3F;
8F>
8F>
9F;
9F,
9F;
9F,
6F:
6F;
8F1
8F>
TF;
TF1
3F;
3F1
13F,
12F,
SF;
SF;
SF;
SF;
SF;
SF;
6F:
6F;
6F:
6F;
6A;

P N PFP NP PP PP PRPP®ORFRPPRPPRPPRPPPEPNPONDNONMNNMNNMNREPRPPRPNMNRPPRPPRPPRPPRPRPDNEPRRPRP R PR PR

A T A A A A A A A A A A e A A A A

4F, 27
4F;, 29
2F1 15
2F; 16
11F, 59
11F; 61
6F, 42
6F; 36
6F, 43
6F; 43
TF, 41
7F1 43
10F, 56
10F, 57
3F, 20
3F;1 22
8F; 48
8F1 49
9F; 54
9F, 54
8F1 67
8F, 69
5F; 35
5F; 36
7F, 55
TF1 57
6F; 45
6F, 46
4F; 25
4F;, 26
13F, 80
12F, 73
4F; 28
4F; 31
4F; 32
4F; 29
6F, 34
6F; 32
5F, 40
5F; 42
TF> 37
7F. 38
TA; 14

0.024(32)

0.0528(39)

0.0118(5)

0.0118(5)

0.0059(4)

0.0133(3)

0.0182(12)

0.0274(23)

0.0069(2)

0.0039(3)

0.0195(31)

0.003(5)

0.0037(6)

0.0102(17)

0.0063(9)

0.003(5)

0.0219(18)

0.0114(4)

0.0278(45)

0.0114(4)

0.0278(45)

0.0006(1)

0.0076(3)

0.0133(3)

0.0419(24)

0.0127(3)

0.0231(7)



425448124 7 6A; 2 — TA.13
4257549435 10 10F; 1 — 10F, 67 0.0207(13)
4257.58786 10 10F, 2 — 10F; 66

4258.533506 8  7F, 2 — 8F,43 0.0096(11) 0.003(5)
4258.831764 8  TF, 2 — 8F; 42

4259.691916 8  7F, 1 — 8F,44 0.0032(6) 0.003(5)
4259.976554 8  7F, 1 — 8F; 43

426351064 9  8E 2 — 9E 30

4264.59887 9 8E1 — O9E31

426167571 9  8F, 2 — OF, 45 0.0138(22)
4262.94334 9  8F, 2 — 9F,45

4266.496434 10 9A, 1 — 10A, 17 0.0364(18) 0.035(7)
4267.134589 10 9A; 1 — 10A;16

4266.606323 10 9F, 2 — 10F; 47 0.0235(7) 0.0238(3)
4266.75511 10 9F; 3 — 10F, 48

4268.909019 10 9F; 1 — 10F, 50 0.0025(5) 0.0038(3)
4268.972843 10 9F, 1 — 10F, 48

4280.951177 13 12F; 2 — 13F, 61 0.0029(3)
4281.093062 13 12F, 1 — 13F; 63

428212807 7 TF, 2 — TF152 0.0256(23)
4282541148 7  TF, 2 — TF250

4284513121 3 3F, 1 — 2F,18 0.0031(7) 0.0049(4)
4284574479 3 3F, 1 — 2F; 18

4287.785453 6  6F, 2 — 6F 44 0.0314(27) 0.0139(9)
4287.953274 6  6F, 1 — 6F,44

4288.660556 5 5E 1 — 4E 27 0.0109(16) 0.0063(10)
4288.801408 5 5F; 1 — 5F236

4288.846124 5 5E 1 — 5E 24 0.0109(18) 0.0063(11)
4288.898266 5  5F, 1 —> 5F; 37

4294556414 4  4F; 1 — 4F,31 0.0424(29)
4294592776 4  4AF, 1 — 3F, 32

4298206083 4  4F; 1 — 4F, 32 0.0025(4)
4298499938 4  4AF, 1 — 4F; 29

& Statistical uncertainties are given in parentheses. The blank spaces in table is appeared
because the line mixing coefficients were not possible to be determined correctly for those
transitions.

The off-diagonal relaxation matrix coefficients for both self- and air-broadening were
retrieved using ‘Labfit’. The possible transitions for line-mixing among tetrahedral
symmetry species follow rules: A; & A,, F, & F, and E < E. Fig. 4.13a and Fig. 4.14a
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show the variations in line mixing coefficients as a function of |m| for air- and self-
broadening of methane, respectively. As shown in Fig. 4.13a and Fig. 4.14a, the off-
diagonal relaxation matrix elements for air-broadening vary from 0.0025(5) to 0.0528(39)
cm™atm™ for maximum value of |m|=11, whereas for self-broadening the coefficients vary
from 0.0006(10) to 0.0419(24) cm™atm™ for |m| values up to 12. The results are compared
with references [25, 31, 33, 35, 64, 67, 68], which show a fair agreement as shown in Figs.
4.13b and 4.14b. Temperature-dependence of line-mixing coefficients was not possible to
determine in this study. More theoretical efforts are needed for the temperature-dependence
exponents of line-mixing coefficients. Besides the group of Tran (broadened by N, air, He
and H> [68, 69] ), semi-classical calculations for line-mixing of nitrogen-broadened
methane at room-temperature were performed successfully by Gabard and Boudon [70];
however, more experimental and theoretical line-mixing measurements in this complex

“Octad” band of methane are needed to confirm their vibrational dependences.
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Fig 4.13: Off-diagonal relaxation matrix element coefficients of air-broadening in the
v; + v, band of methane as a function of |m| compared to Refs [25, 31, 33, 35, 36, 66,
67]. The error bars which cannot be seen, are smaller than the size of the symbols used.
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Fig 4.14: Off-diagonal relaxation matrix element coefficients due to self-broadening of

methane in the v; + v, band as a function of |m| compared to Refs [25, 33, 35, 36, 64].
The error bars which cannot be seen, are smaller than the size of the symbols used.

4.2.5 Comparisons of line positions and intensities

Selected measured line position and intensity values with respect to absolute values
of m are given in Table 4.5 and 4.6 along with the calculated values and database records
for the same set of transitions. The line positions and intensities were calculated by
Tyuterev et al. [71] using a mixed approach combining ab initio potential energy and dipole
moment surfaces with empirical optimization of line positions. Initial ab initio calculations
were described by Nikitin et al. [72, 73]. The details about the empirical optimizations of
effective Hamiltonians derived by contact transformation method [74] can be found in [75].
Fig. 4.15 presents the difference of the retrieved line positions through spectral simulation
compared to the calculated, HITRAN2012 [11] and GEISA2015 [63] results as a function

of |m| and the difference was calculated just by subtracting our retrieved position from
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those values (e.g. retrieved-HITRANZ2012). The average difference in line position of the
present study with calculated, HITRAN2012 and GEISA2015 database are 0.000530,
0.00217 and 0.00081 cm ™, respectively and the overall agreement in position is in the

order of magnitude 103 cm™.
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Fig 4.15: Comparison in line positions of methane v, + v, band as a function of |m|.

The percentage differences in line intensities compared to calculated, HITRAN2012 and
GEISA2015 are illustrated in Fig. 4.16 as a funtion of |m|. The comparison in intensities
provides a fair agreement with both calculated and spectroscopic database entries. From
Fig. 4.16, it can be seen that the percentage differences in intensities are less than 15% in
all three cases and the observed intensities are more comparable with GEISA2015 database

entries.
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Table 4.5: Sample data for comparing observed position with calculated, HITRAN2012
and GEISA2015 results.

Transition Position (cm™1)
Iml J'C'n'<J"C"n" Observed Calculated HITRAN GEISA
2 1E 6<2E 1 4207.48727 (1) 4207.485 4207.486 4207.486
2 2F114<2F; 1 4218.33559 (2) 4218.334 4218.335 4218.076
3 2A16-3A,1 4200.82101 (2) 4200.819 4200.819 4200.819
4 3F214F1 1 4195.97055 (1) 4195.968 4195.969 4195.969
4 3A28—4A11 4196.39505 (1) 4196.393 4196.393 4196.394
5 4E19—5E 1 4188.64944 (1) 4188.647 4188.647 4188.648
5 4F; 29«-5F1 1 4190.45691 (1) 4190.455 4190.456 4190.456
6 5A12—6A;1 4181.35520 (1) 4181.353 4181.353 4181.354
6 5F; 34—6F; 2 4182.33700 (1) 4182.335 4182.334 4182.336
7 6 F1 39«7F; 2 4175.67469 (1) 4175.672 4175.673 4175.672
7 TF; 41<7F; 1 4212.67806 (1) 4212.674 4212.676 4212.677
8 TF1 478F; 2 4167.15765 (1) 4167.156 4167.155 4167.156
8 8E 30«—8E 1 4210.05412 (7) 4210.052 4210.052 4210.052
8 8A; 15—8A; 1 4210.63473 (1) 4210.631 4210.632 4210.633
9 9F; 45«8F; 2 4261.67572 (3) 4261.680 4261.673 4261.674
9 9A; 17<8A; 1 4264.81856 (1) 4264.816 4264.816 4264.817
10 10F; 47+—9F, 2 4266.60628 (2) 4266.605 4266.604 4266.605
10 10E 32<9E 1 4267.55016 (5) 4267.551 4267.548 4267.550
11 11A,18—10A:1 4271.57012 (7) 4271.569 4271.569 4271.569
11 11A117<—10A21 4273.53677 (10) 4273.535 4273.535 4273.518
12 12E 38—11E2 4275.13837 (9) 4275.136 4275.136 4275.137
12 12F, 58«—11F; 1 4278.24434(7) 4278.244 4278.242 4278.243
13 13F; 63«—12F,; 1 4281.09334(6) 4281.092 4281.092 4272.092
13 13A; 22—12A; 1 4282.77640(6) 4282.777 4282.775 4272.775
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Table 4.6: Sample data for comparing observed position with calculated, HITRAN2012
and GEISA2015 results.

Transition Intensity(cm/mol)

Iml J'C'n'<J"C"n" Observed Calculated HITRAN GEISA

2 1E 6<2E 1 7.924 (1) x10%  8.270x10%2 8.497x10% 8.223x10%
2 2F114<2F, 1 1.907 (5) x10*  2.050x10%> 1.108x102* 1.466x102
3 2A163A,1 2.706 (5) x10%  2.930x10%* 2.985x10%* 2.905x10%
4 3F21<4F; 1 1.908 (3) x102*  2.040x102*  2.071x102* 1.989x102
4 3A8—4A:1 3.200 (2) x10#  3.410x10% 3.476x10% 3.358x10%
5 4E19—5E 1 1.292 (1) x102*  1.330x10%*  1.342x102* 1.310x102%
5 4F; 29-5F1 1 1.968 (2) x102*  2.050x102*  2.078x102* 2.029x102
6 5A;12—6A; 1 2.868 (2) x10%  3.000x10% 2.999x10% 2.935x10%
6 5F; 34—6F; 2 1.763 (1) x10%*  1.810x10%* 1.814x102* 1.762x102%
7 TF; 41<7F; 1 1.521 (2) x10?*  1.560x10%*  1.540x102* 1.562x102
7 6 F1 39«7F, 2 1.495 (1) x10%*  1.530x10%*  1.523x102* 1.516x102
8 TF1 47—8F;, 2 1.206 (1) x102*  1.230x102*  1.207x102*  1.192x102%
8 8E 30«—-8E 1 2.541 (2) x10% 2.530x10%2 2.415x10%2 2.511x10%
8 8A; 15+—8A; 1 1.872 (2) x10%*  1.910x10%* 1.853x102* 1.891x10%
9 9F; 45«8F;, 2 1.146 (3) x102*  1.190x102* 1.135x102* 1.162x102%
9 9A; 17—8A;: 1 1.953 (3) x10*  2.050x102*  2.033x102* 2.019x102
10 10F; 47<9F; 2 1.004 (1) x10?*  9.79x10%?  9.266x102? 9.573x10?%
10 10E 32+9E 1 5.537 (5) x10% 6.360x10% 6.130x10% 5.992x10%
11 11A18«+10A;1 1.047 (7) 102t  1.047x102* 9.972x10%? 1.057x102%
11 11A117+10A21 9.410 (9) x102?  9.420x10%? 9.561x10?%? 8.556x10%
12 12E38«11E2 2.716 (2) x10% 2.560x10%2 2.372x10%2 2.461x10%
12 12F,58«11F; 1 3.730 (2) x102? 3.720x10?%? 3.683x10?%? 3.556x10%
13  13F163«12F, 1 2.170 (1) x102? 2.160x10?%? 2.066x10?%? 2.065x10%
13 13A;2212A;1 3.672(2) 1022 3.720x10?%? 3.683x10?%? 3.556x10?
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CHAPTER 5: LINE-SHAPE STUDY OF METHANE BROADENED BY ITSELF
AND HYDROGEN
5.1 Introduction

In this study, a total of 18 spectra were analyzed due to the self- and H.-broadening of
methane, which were recorded at various temperatures (148.4 — 298.4 K) and pressures
(0.12 — 385 Torr). A total of 198 transitions were analyzed with respect to self- and Ho-
broadening of methane in the spectral range of 4100-4300 cm™. The multi-spectrum fitting
program ‘Labfit” was used to determine the self- and H>-broadened half-width coefficients,
pressure-induced shift coefficients along with temperature dependences, speed-—
dependence parameters of line broadening and the line-mixing coefficients. The same
fitting procedures are used here as described in section 4.1 of methane-air project in the

previous chapter.

The number of transitions that were used to obtain line parameters are listed in Table
5.1. The detail list of retrieved line parameters can be found in Appendix C and D. The
parameters for few transitions are not reported in the thesis, they were not possible to be
determined correctly due to very weak transitions and/or overlap with neighboring
transitions. The absorption lines of water vapor were used as calibration standards in the

recording of methane broadened by itself and Ho.

Table 5.1: Number of retrieved line parameters due to self- and H, broadening of

methane.
Self/Air  Position Intensity Lorentz Pressure n2 5" ORMES sd
width shift
Self © 0 198 181 176 169 80 o
H & 3 198 187 129 79 60 =

n? stands for temperature-dependence of broadening, 8 is used for temperature
dependency in pressure-induced shift coefficient, ORME® represents for off-diagonal
relaxation matrix elements and S¢ is used for speed-dependence parameters.
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The residuals of multi-spectrum fits of methane broadened by itself and Hz in the
spectral range 4180-4190 cm™ using three fitting models (Voigt, Speed dependent Voigt

and speed dependent Voigt with line mixing) are shown in Fig. 5.1.
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Fig 5.1: Residuals of multi-spectrum fitting of methane broadened by itself and hydrogen
spectra in the v, + v, band.

5.2 Self- and H»>-broadened half-width coefficients and temperature dependences
The self- and H»>-broadened half-width coefficients along with their temperature
dependences of methane in the v, + v4 band are determined on a line-by-line basis using
Eq. (4.1) and selected values are listed with their uncertainties in Table 5.2. The results are
discussed with respect to the tetrahedral symmetry species (A1, A2, E, F1 and F2) of methane

and as a function of the rotational quantum index |m/|.
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Table 5.2: Sample of retrieved self- and air- broadening parameters along with their
temperature-dependence exponents obtained by multi-spectrum fitting using SDVP.

-1)

£~ £ 5~ »3 EX 5% = 2
E 2% 9O 1 X 323 iy ERNNE;
- S O 8> £ § = = IE 3 IE — —

o = S ~ =g < SR
1 1R1 1R 9  4218.416115(1) 1.317(1)x10% 0.0654(4) 0.0762(6) 0.48(1) 0.95(2)
2 1Rl 2R 15 4229.195067(1) 2.204(2)x10% 0.0651(2) 0.0790(2) 0.50(1) 0.81(1)
2 2E1 1E6 4207.487244(1) 8.053(1)x1022 0.0658(4) 0.0818(4) 0.47(1) 0.81(1)
2 2E1 2E11  4218.07734(1) 1.121(4)x10%* 0.0697(4) 0.0887(5) 0.32(1) 0.67(1)
3 2FR 1  3F 21 4234.35149(1) 2.728(4)x10%  0.0711(4) 0.0790(5) 0.45(1) 0.89(1)
3 3A 1 2A16  4200.821017(1) 2.828(3)x10% 0.0651(3) 0.0779(3) 0.53(1) 0.83(1)
3 3Rl 2F 15 4201.400550(1) 1.708(2)x10% 0.0668(2) 0.0812(2) 0.48(1) 0.86(1)
4 3F1 AF 25 4239.428865(1) 3.052(4)x102' 0.0687(3) 0.0820(3) 0.49(1) 0.84(1)
4 4E1 3E14  4195.649714(1) 1.316(1)x102' 0.0564(1) 0.0749(2) 0.46(1) 0.79(1)
4 AA 1 4A 9 4216.474061(1) 4.043(5)x102t 0.0669(2) 0.0812(2) 0.48(1) 0.82(1)
5 5E1  4E 19  4188.649414(1) 1.304(1)x10%* 0.0630(1) 0.0749(2) 0.86(1) 0.86(1)
5 4AE1 5E 20  4244.437574(1) 1.922(2)x10%* 0.0579(2) 0.0730(2) 0.50(1) 0.82(1)
6 6F,1 5F 35 4184.387552(1) 1.838(1)x10% 0.0618(2) 0.0798(2) 0.56(1) 0.80(1)
7 6F,2 TF138  4253.768243(1) 2.291(2)x10% 0.0649(3) 0.0797(4) 0.54(1) 0.79(1)
7 6E1 TE25  4254.638687(1) 1.544(2)x10%* 0.0597(4) 0.0726(6) 0.55(1) 0.73(2)
7 TR 1 TF143  4212.990834(1) 1.521(3)x10% 0.0636(5) 0.0799(5) 0.68(2) 0.77(2)
7 7A1  TAL 15 4216.675194(1) 2.603(2)x10% 0.0632(5) 0.0763(3) 0.54(1) 0.85(1)
8 7A;1 8A;15 4258.695654(1) 2.975(3)x10% 0.0623(2) 0.0735(2) 0.51(1) 0.84(1)
8 7E1 8E29  4258.941223(1) 7.780(1)x1022 0.0496(3) 0.0638(3) 0.45(2) 0.76(1)
8 8A;1 8A15 4210.634690(1) 1.875(1)x10% 0.0587(2) 0.0718(2) 0.53(1) 0.80(1)
8 B8E1 8E31  4211.351872(2) 5.010(1)x1022 0.0627(7) 0.0762(6) 0.49(3) 0.81(1)
8 8F,1 8F 46  4215.381817(1) 1.009(1)x10% 0.0613(3) 0.0757(3) 0.55(2) 0.82(1)
9  9A1  8A;18 4159.053776(1) 1.619(2)x10% 0.0598(1) 0.0736(2) 0.44(1) 0.81(1)
9 9F1 8F,52 4160.036111(1) 9.897(1)x10%2 0.060(1) 0.0762(2) 0.54(1) 0.80(1)
9 9Fl 9F,50  4208.447501(2) 7.510(1)x10%2 0.0575(4) 0.0699(3) 0.57(2) 0.83(1)
9 O9E1 9E35  4214.451581(1) 5.151(1)x1022 0.0603(7) 0.0722(8) 0.65(4) 0.79(3)
10 10A11  9A;21  4252.613689(1) 1.578(3)x10% 0.0631(2) 0.0754(2) 0.43(1) 0.76(1)
10 10E2 10E38 4217.773981(3) 3.302(1)x10%2 0.0459(6) 0.0602(6) 0.47(4) 0.65(2)
11 10F2 11F,52 4272.010898(3) 5.473(3)x10%2 0.0670(8) 0.0807(7) 0.65(3) 0.76(1)
11 11A;1 11A121 4211.256385(2) 4.845(1)x10%2 0.0574(5) 0.0685(4) 0.57(3) 0.71(1)
12 11E2 12E38 4275.138151(4) 1.719(1)x10%2 0.0437(5) 0.0557(4) 0.44(4) 0.67(2)
13 12F3 13F, 60 4279.255197(6) 2.458(1)x10%2 0.0634(9) 0.0772(7) 0.52(5) 0.88(2)
13 12A;2 13A,21 4279.171847(4) 3.830(1)x10% 0.0574(6) 0.0702(4) 0.80(2)

aStatistical uncertainties are given in parentheses.
bn, and n, are temperature-dependence exponents of air- and self-broadened half-width
coefficients, respectively.
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Figs. 5.2(a,b) show the variation in Hz-broadening and self-broadening Lorentz
half-width coefficients as a function of |m| corresponding to rotational symmetry species
types (A, E, F) of methane. As shown in Fig. 5.2(a), H2-broadened half-width coefficients
vary from 0.0422(18) to 0.0718(5) cm™atm®, whereas self-broadened half-width
coefficients range from 0.0548(2) to 0.0887(5) cm™atm™ as displayed in Fig. 5.2(b), both
measured at 296 K for |m| values up to 14. The range of my measured Hz-broadened half-
width coefficients are close to the previously obtained Hz-broadened values (0.0479-0.0878
cmtatm™) in the v, fundamental band study of methane [37] at temperatures ranging from
161-295 K. The half-width coefficients in this study follow the same trend of variation as
found in the air-broadened methane study described in chapter 4. The half-width
coefficients due to self- and Hz-broadening show higher values for F symmetric transitions
compared to those of the species A, E , which is same as the finding of the air-broadening
analysis (see Figs. 4.2a, 4.3a in chapter 4). In most cases, the half-width coefficients show
the usual trend of variation with giving lower values for E-type transitions, which is similar

to previous CHa-Hz v, band studies [37, 38] and (v, v,) band studies of methane [30].

The comparison between self- and Hz-broadened half-width coefficients is shown
in Fig. 5.3. As shown in Fig. 5.3, it is clearly seen that the values of self-broadening half-

width coefficients are larger compared to the H>-broadening widths.
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Fig 5.2: Variation of (a) CHs-Hz and (b) CH4-CH4 half-width coefficients
corresponding to A, E and F transitions in the v; + v, band of methane. The error
bars which cannot be seen, are smaller than the size of the symbols used.
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Fig 5.3: Comparison of CHs-H2 and CH4-CHg4 half-width coefficients corresponding to A,
E and F transitions in the v; + v, band of methane.

The temperature-dependence exponents n; due to Hz-broadening and n, due to self-
broadening of methane are plotted as a function of |m| in Fig. 5.4(a,b). As mentioned in
Table 5.1, the number of n; measurements due to self-broadening (176) were higher than
n, measurements due to Ha-broadening (129) and both of them show relatively high
measurement uncertainties at higher |m| values possibly due to weaker transitions. As
shown in Fig. 5.4(a,b), the values of n; vary between 0.32(1) and 0.68(2) and n. ranges
from 0.64(3) to 1.06(2). Varshani and Chudamani [37] published their temperature-
dependence of H.-broadened half-width coefficients (0.35-0.52) which are close to the
present results (0.32-0.68). Though a pattern of variation is observed in the retrieval of ny
values, which provide lower values due to E-symmetry transitions with some exceptions

up to |m|=10, but no clear pattern of variation is observed in the values of n..
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Fig. 5.5 compares the temperature-exponent values of n; and n; as a function of |m/|, which
show clearly the larger values due to self-broadening up to [m| = 10 and after that it gives
some exceptions. Though the temperature dependences on Hz-broadening shows values up

to |m| = 13, but the in case of self-broadening values up to [m| = 14 could be obtained.
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Fig 5.5: Comparison between temperature exponents of CHs-H> and CH4-CHa half-width
coefficients corresponding to A, E and F transitions in the v, + v, band of methane.

5.3 H»- and self-shift coefficients along with temperature dependences
The pressure-induced self- and H»-shift coefficients and their temperature
dependences of methane in the v, + v,4 band were determined using Egs. (4.2-4.3) as a function

of |m|. The measured values are tabulated in Table 5.3.
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Table 5.3: Selection of retrieved self- and Hz-induced shift parameters along with their

temperature-dependence exponents and speed dependence parameters.

~ ~ @ T T

2c %o &% Er  Er_&f

gL 85 3 3 - 3 3 S

- ) g n g [an 2N

S N S S

S S
1 1R 1  1FR9  -0.0099(3) -0.0104(5) 0.000045(3) 0.000129(7)  0.05(1)
2 1R 1 2F 15  -0.0099(2) -0.0091(3) 0.000016(2) 0.000088(3)  0.05(1)
2 2E1 1E6  -0.0101(4) -0.0098(4) 0.000034(4) 0.000118(5) 0.06(1)
2 261 2E11  -0.0102(3) 0.000045(3) 0.000228(10) 0.08(1)
3 21 3FR21 -0.0059(3) 0.000031(2) 0.000142(7)  0.16(1)
3 3A,1 2A;6  -00113(3) -0.0080(4) 0.000038(2) 0.000137(4) 0.07(1)
3 3FR1 2R 15 -0.0083(3) -0.0102(2) 0.000038(3) 0.000065(2)  0.04(1)
4 4A/1 4A,9  -0.0089(2) -0.0096(3) 0.000029(2) -0.000061(4) 0.05(1)
5 4E1 S5E20  -0.0089(2) -0.0119(3) 0.000018(2) 0.000068(4)  0.09(1)
7 6F2 TF138 -0.0125(2) -0.0118(3) 0.000055(2) 0.000146(4)  0.06(1)
7 6E1 7E25  -0.0096(4) -0.0132(5) 0.000030(4) 0.000078(6)  0.06(1)
7 7Rl TF43  -0.0077(4)  -0.0151(6) 0.07(1)
7 7A;1 7A/15 -0.0104(2) -0.0103(3) 0.000038(2) 0.000102(3)  0.05(1)
8 7A;1 8A/15 -0.0084(2) -0.0102(3) 0.000024(2) 0.000080(3) 0.05(1)
8 8E1 8E3L  -0.0091(6) -0.0117(5) 0.000090(4)  0.07(1)
8 8F,1 8F146  -0.0074(3) -0.0090(3) 0.000092(3)  0.07(1)
9 O9F1  9F,50  -0.00930(3) 0.0115(2) 0.000090(3)  0.09(1)
9 O9E1 9E35  -0.0093(6) -0.0100(8) 0.000091(11) 0.10(1)

10 9F13  10F, 48 -0.0143(3) -0.0160(3) 0.000044(5) 0.000127(1)

10 9A;1  10A, 16 -0.0112(2) -0.0146(2) 0.000032(4) 0.000084(2)
11 10F,2 11F51 -0.0124(3) -0.0155(3) 0.000069(3)  0.07(1)
11 10A;1 11A,18 -0.0092(6) -0.0108(7) 0.000083(9)  0.11(1)
12 11E1 12E39 -0.0098(7) -0.0146(6) 0.000095(10) 0.13(2)
12 11F;1 12F,58 -0.0082(5) -0.0136(4) 0.000061(6)  0.15(1)

aStatistical uncertainty, TD is used as temperature-dependence and S¢ stands for speed
dependence parameters which has no unit.

All measured self- and H»-shift coefficients are found to be negative similar to
previous studies [37-40]. No discernible patterns are observed in the variations of shift
coefficients as a function of rotational symmetry species, which is similar to the previous

studies [37, 38, 40]. As shown in Fig. 5.6a, the measured CH4-H> shift coefficients vary
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from -0.0164(7) to -0.0035(3) cm?atm?, while the self-shift coefficients range from
-0.0233(10) to -0.0040 (3) cm™atm™ as shown in Fig. 5.6b. Chudamani and Varanasi [37]
found their Hz-shift coefficients ranging from -0.0055 to 0.0005 cm™atm™ and Margolis
[38] found his shift coefficient values ranging in between -0.01430 and 0.00009 cm™atm™,
The retrieved pressure-shift coefficients in my present study are consistent with those
studies in the sense that most of them are negative with few exceptions in their results. My
retrieved shift coefficients values are different possibly due to the fact that the present study

is carried out over a wide range of pressures and temperatures compared to the previous

studies.
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Fig 5.6: Variation of (a) CHs-H2 and (b) CH4-CHa shift coefficients corresponding to A, E

and F transitions as a function of |m| in the v; + v, band of methane. The error bars which
cannot be seen, are smaller than the size of the symbols used.

Fig. 5.7 shows the comparison in shift values due to H.- and self-shift coefficients
of methane for the same transitions and the errors bar are not included in this comparison.
From Fig. 5.7, it is seen that the measured self-shift coefficients are close to the H-shift
coefficients with showing a slight higher values in Hx-shift. It is also seen that the shift
coefficients due to both self- and H»-shift show larger variations for |m| values from 6 to

13.
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Fig 5.7: Comparison of CHs-H> and CH4-CHjs shift coefficients corresponding to A, E
and F transitions in the v; + v, band of methane.

A linear temperature dependence Eq. (4.3) was used to determine the temperature-
dependence of Ha- and self-shift coefficients of methane. The measured temperature
dependences of CH4-CH4 and CHa-H2 shift coefficients are plotted in Fig. 5.8(a) and 5.8(b),
respectively as a function of |m|. As seen from both figures, similar to shift coefficients no
systemic pattern of variations is observed in their temperature dependences with respect to
(A, E, F) symmetry transitions. All temperature-dependence of shift coefficients are found
to be positive. As shown in both figures, the temperature dependences of Ho-shift range
from 0.000013(1) to 0.000075(5) cmtatmK™ and those for self-shift parameters vary from
0.000033(3) to 0.000228(10) cm™atm*K™. No published results are available to compare

the present study with.
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The temperature dependences due to self- and H»-shift coefficients are compared and they
are shown in Fig. 5.9. From Fig. 5.9, it is seen that the temperature dependences of the Ha-
shift show smaller values than self-shift. On the contrary, for methane-air project, the
temperature dependences of CHas-air were higher than those of self-shift, which may be due

to the fact of Hz being lighter than CHa.
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Fig 5.9: Comparison of temperature dependences of CHs-H> and CH4-CHys shift
coefficients corresponding to A, E and F transitions in the v; + v, band of methane.

5.4 Speed-dependence analysis

The speed-dependence parameters are determined for the first time in the analysis
of methane broadened by H» The speed dependence due to self- and H»>-broadening are
presented for three rotational symmetry species (A, E, F) in the vibrational band v, + v, as
function of |[m| in Fig. 5.10. The values are found to be positive varying from 0.02(1) to
0.16(1). No other experimental or theoretical speed dependence results are published in

this band of methane broadened by H» to compare with. The speed-dependence parameters
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are found to be dependent on the rotational quantum number and they show gradual
increase with |m| values. The average value of the retrieved speed dependence parameters
is lower than the calculated value performed by Kochanov [65]. Most of previous studies
reported the value of these parameters ranging up to 0.17. More theoretical and laboratory
studies are required in other bands of methane broadened by H. to comments on the

vibrational dependency of these parameters.

. 0.18

é 0.16 - & T

g 0.14 + Calculated Iil A Ele r-J'--I eﬁ

Q G 1 1

o 51t

£ 0.10- gé 7 |

= 1 & . & &g

S 0.084 4 c}. g :

S 006 . & Yo i i 3

3 %1 v Ga . E LR -

S 0.04+ @%gg @D[D 2B
0.02 — T [1'] T v T v T T T v 1

0O 2 4 6 8 10 12 14

Fig 5.10: Variation in speed dependence parameters of methane broadened by H> in the
v, + v, band as a function of |m|. The error bars which cannot be seen, are smaller than
the size of the symbols used.

5.5 Off-diagonal relaxation matrix coefficients
The off-diagonal relaxation matrix element mechanism was used in the retrieval of
line-mixing coefficients for 40 pairs of transitions due to self-broadening and 33 pairs of

transitions for Ho-broadening. The results for line-mixing coefficients are listed in Table

5.4. The line-mixing parameters were determined through the off-diagonal relaxation
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formalism by providing extra line-mixing pairs at the end of the input files in Labfit
program. The possible transitions for line-mixing among tetrahedral symmetry species
follow the rules: A, & A,, F1 & F, and E < E. As seen in Fig. 5.11 (a,b), off-diagonal
relaxation matrix coefficients for both H»-broadening and self-broadening are found
positive. The Hz-broadened line-mixing coefficients vary from 0.0106(3) to 0.0482(23) cm"

tatm, while self-broadening line-mixing coefficients vary from 0.0014(3) to 0.0237(4)

cmtatm™.
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Fig 5.11: Off-diagonal relaxation matrix element coefficients for (a) CH4-H> and (b) CHa-
CHa broadening in the v; + v, band as a function of |m|. The error bars which cannot be
seen, are smaller than the size of the symbols used.

Fig. 5.12 shows the comparison in line-mixing coefficients due to H>- and self-
broadening of methane as a function of |m|. Though the line-mixing coefficients are close
in both cases, the Ho-broadening gives comparatively higher values, which is expected. The
temperature-dependence of line-mixing coefficients were not possible to be determined
correctly. No Ha-broadened line-mixing results are available in the octad range for
comparing with my present line-mixing coefficients. More experimental and theoretical
line-mixing measurements in different bands of methane are needed to confirm the

vibrational dependences of Hz-broadened line-mixing coefficients.
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Table 5.4: List of retrieved line-mixing coefficients due to self- and H>-broadening of
methane in the band v, +v,.

Off diagonal relaxation matrix elements

Position CH:-H2 broadening? CH.-CH4 broadening?®

(cm?) |m|  Line-mixing pairs (cm?atm™®) (cm™atm™)

4119.419111 12 12F; 3 — 11F,66 0.0158(9) 0.0165(4)

4119.700352 12F, 3 — 11F; 69

4136.167128 11 11F 3 — 10F,63 0.0253(6) 0.0237(4)

4136.817899 11F, 3 — 10F; 63

4142.626092 11 11F; 1 — 10F,66 0.0085(9) 0.006(2)

4142.646404 11F, 1 — 10F

4153.651517 10 10F 1 — 9F;59 0.0042(4) 0.0036(3)

4154.102169 10F, 2 — 9F; 59

4150491305 9  9F, 2 — 8F; 51 0.018(6) 0.0197(4)

4160.035843 9F; 3 — 8F;52

4165578642 9  OF, 1 — 8F;52 0.0032(2) 0.003(1)

4165.762113 9F; 1 — 8F 54

4173.009946 9 9F, 2 — 8F153 0.0125(5) 0.0151(5)

4173.231512 9F; 3 — 8F;55

4177713984 9  OF; 1 — 8F,58 0.0032(6) 0.003(6)

4177.781651 9F, 1 — 8F155

4178252415 7  TF, 1 — 6F140 0.0032(2) 0.003(2)

4178.527636 7F1 1 — 6F41

4181.817074 6 6F1 1 — 5F 34 0.0078(7) 0.0075(4)

4182.336902 6F, 2 — 5F; 34

4189.774267 8 8F, 2 — T7F1 49 0.0016(1) 0.0019(1)

4189.8976 8E 2 — 7E 32

4190.486393 8 8F1 2 — TR, 47 0.0032(5) 0.0034(4)

4190.809754 8F, 1 — 7F1 50

4194757044 4 4 1 — 3F 23 0.0014(3)

4195.970544 4 1 — 3R 21

4198.506629 8 8F, 1 — 7F1 52 0.0145(13) 0.0064(14)

4198.985272 8F1 1 — 7F,50

4201.400581 3 3F 1 — 2F 15 0.0079(5) 0.0079(3)

4201.848098 3F1 1 — 2F, 16

4206.648252 7 7F1 2 — 6F, 42 0.0053(11)

4207.196401 7F, 2 — 6F1 41

4207.161599 9 9F, 1 — 8F;58 0.0213(19) 0.0215(10)

4207.395957 9F; 1 — 8F;61

4200.871337 7 TR 1 — 6F43 0.0048(6) 0.003(4)

4209.980328 7F, 1 — 6F143

421267804 7 TR 1 — TR 41 0.0079(8) 0.004(5)
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4212.99085
4213.072723
4213.600841
4215.628587

4216.24412

4217.5507
4218.075313
4219.653719
4219.785966
4223.612969
4223.814946
4233.810945
4234.297037
4239.428901
4239.577754
4240.381603
4240.736259
4242.181681

4242.2068

4249.14676
4249.439323
4253.645665
4253.768118
4258.533596
4258.831764
4259.263863
4259.797756
4259.691916
4259.976554
4266.496434
4266.606323

4266.75511
4267.134589
4268.909019
4268.972843

4282.12807
4282.541148
4284513121
4284.574479
4287.785453
4287.953274
4294.556414
4294592776

10

10

10

P PP P NNMNNRRRPRPRRRERRREPRRREPERLRNREPNNMNNRPRRERERRARNDPR

L A A A A A

7F1 43
10F, 56
10F, 57
5F; 32
5F; 33
3F, 20
3F1 22
8F; 48
8F1 49
5F; 35
5F; 36
6F; 45
6F, 46
4F; 25
4F; 26
6F, 49
6F; 48
4F; 28
4F; 31
6F, 34
6F; 32
TF, 37
7F, 38
8F, 43
8F1 42
4F; 30
4F;, 33
8F, 44
8F1 43
— 10A; 17
— 10F, 47
— 10F, 48
— 10A; 16
— 10F, 50
— 10F; 48
— 7F1 52
7F, 50
2F, 18
2F;1 18
6F; 44
6F 44
4F, 31
4F; 32

l

N
N
N
N
N
N

112

0.0032(10)

0.0048(8)

0.0077(4)

0.007(2)

0.01(12)

0.0124(5)

0.0096(11)

0.0063(7)

0.0063(14)

0.0063(7)

0.0482(23)

0.0063(4)

0.0221(7)

0.0129(28)

0.0069(13)

0.003(6)

0.003(5)

0.0048(6)

0.0073(3)

0.003(6)

0.0051(2)

0.0078(16)

0.0081(5)

0.0106(3)

0.0096(3)

0.003(7)

0.0036(6)

0.003(5)

0.0059(4)

0.0059(6)

0.0059(4)

0.0218(15)

0.0027(3)

0.0126(6)

0.0217(18)



4298.206083 4 4F; 1 — 4R 32 0.0116(10) 0.003(4)
4298.499938 4F, 1 — 4F 29

aStatistical uncertainties. The blank spaces in the table are appeared because the line
mixing coefficients were not possible to be determined for those transitions.
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CHAPTER 6: CONCLUSION

6.1 Summary of methane broadened by itself and air

In this study, the simultaneous multi-spectrum non-linear least-squares fitting
software ‘Labfit’ was used to measure precise line-shape parameters, such as CHs-CH4 and
CHg-air half-widths and pressure-shift coefficients along with their temperature
dependences, off-diagonal relaxation matrix element coefficients and speed-dependence
parameters of air-broadened methane in the v; +v, band. Both self-broadening and
temperature-dependence exponents of self-broadening coefficients were found to be
slightly higher than CHgs-air broadening analogues. In contrast, the CHgs-air shift
coefficients were larger than self-shift coefficients (less negative) of methane but the
temperature dependencies for self-shift coefficients were higher than those for CHs-air shift
coefficients. The line-mixing parameters were measured through off-diagonal relaxation
matrix element formalism, which provided slightly higher values for air-broadening. The
speed-dependence parameters have been presented for the first time (for transitions in the
v; + v, band) whose values vary from 0.038 to 0.198 and the values appeared to increase
with |m] values. The measured line positions and intensities show good agreement with the
calculated values and spectroscopic database results with average difference in line position

of 0.00117 cm™ and the maximum variation of line intensity of 15.4%.

6.2 Summary of methane broadened by itself and H>

The line-shape parameters due to self- and hydrogen-broadening of methane were
determined by using SDVP model. The self-width coefficients and their temperature-
dependence coefficients were found to be higher than those for Hz-broadening. All shift

coefficients were found to be negative but their temperature dependences were found
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positive and no systematic patterns of variations were found. Speed-dependence parameters
were found positive varying from 0.024 to 0.158. The line-mixing coefficients for both self-

and H2-broadening were found positive and the values are very close to each other.

Overall, the present spectroscopic studies of methane is useful towards the better
understanding of hydrocarbon cycles in the Earth’s atmosphere as well as the cold Jovian
atmosphere. The retrieved line shape parameters especially for methane broadened by itself

and H: can be used to update the spectroscopic databases like HITRAN and GEISA.

6.3 Future directions

Although the line-mixing coefficients were determined at room-temperature due to
self-, air- and Ha-broadening of methane, their temperature dependences need to be
determined. For the Hz-broadening analysis, | have determined line-shape parameters in
the v; + v, band of methane. The same type of analysis is essential in the two interacting
bands, v, +v; and v; +v,, of methane in its octad region to confirm their vibrational
dependencies. The present line-shape study for methane broadened by Hy is carried out for
cold atmospheric applications, the study needs to be extended to room temperature and for

exo-atmospheric applications at higher temperatures.

Another important abundant molecule found in exo-planetary atmospheres is He. So it is
essential to carry out the line-shape studies of methane broadened by He at different

experimental conditions in different bands of methane.
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Appendix

Appendix A: Supplementary data of line widths and their temperature dependences
for CH4 broadened by itself and air

Position® Intensity® Air-width? Self-width?

Iml Lower state  Upper state (cm™) (cm/mol) (cmtatm?)  (cm?atm?) nP n2*°
1 1F11 OF2 4 4212.98051(2) 4.27E-22(2) 0.0594(19)  0.0784(15) 0.87(3)
1 0A1 1 1A2 4 4223.90646(1)  2.231E-21(2) 0.0523(2) 0.0819(4)  076(1)  0.71(1)
1 1F11 1F29 4218.41614(1)  1.299E-21(2) 0.0596(4) 0.0774(8)  0.84(1)  0.94(3)
2 2F21 1F110 4207.20565(5)  1.031E-21(12)  0.0648(13)  0.0709(24)  0.94(2)

2 2E1 1E6 4207.48727(1) 7.92E-22(1) 0.062(5) 0.0811(5)  0.93(1)  0.84(1)
2 2F21 2F114 4218.33559(2)  1.907E-21(5)  0.0597(10)  0.075(16)  0.84(2)  0.88(4)
2 1F11 2F215 4229.19507(1)  2.095E-21(2) 0.0574(2) 0.0784(3)  09(1)  0.86(1)
3 3A21 2A16 4200.82101(2)  2.706E-21(5) 0.062(7) 0.0741(19) 0.76(1)  0.93(3)
3 3F21 2F115 4201.40058(1)  1.681E-21(2) 0.0636(3) 0.0838(3)  091(1)  0.83(1)
3 3F11 2F2 16 4201.84819(1)  1.685E-21(2) 0.064(3) 0.0833(3)  0.92(1)  0.84(1)
3 2E1 3E13 4234.41871(1)  1.817E-21(2) 0.0533(2) 00751(4)  087(1)  0.73(1)
3 3F21 3F122 4218.07962(3) 8.31E-22(3) 0.0577(5)  0.0846(19)  0.89(3)

3 2F21 3F121 4234.35157(1)  2.604E-21(4) 0.064(6) 0.0805(7)  081(1) 0.92(2)
3 3A21 3A17 4218.78453(1)  3.807E-21(4) 0.0592(3) 0.0825(5)  0.83(1)  0.8(1)
3 3F11 3F2 20 4217.55071(1)  2.295E-21(2) 0.0639(3) 0.0836(4)  091(1)  0.88(1)
4 4A11 3A28 4196.39505(1) 3.2E-21(3) 0.0602(2) 00821(2)  0.88(1) 0.81(1)
4 4F11 3F221 4195.97055(1)  1.908E-21(2) 0.0629(3) 0.0847(3)  091(1)  0.82(1)
4 4F21 3F123 4194.75695(1)  1.848E-21(2) 0.0575(3) 0.0792(4)  0.85(1)  0.9(1)
4 3F11 4F2 26 4239.57744(2)  2.68E-21(12) 0.0835(6) 0.0905(7)  0.72(1)  0.7(1)
4 4F11 4F2 27 4216.99381(1)  2.384E-21(2) 0.0636(2) 0.084(3)  091(1)  0.87(1)
4 4E1 4E 18 4217.36149(1)  1.595E-21(2) 0.0549(3) 0073(5)  091(1)  0.92(1)
4 3A21 4A1 10 4239.25185(1)  4.851E-21(4) 0.0581(3) 0.0748(5)  0.74(1)  0.83(1)
4 3F21 4F1 25 4239.4289(1) 2.992E-21(3) 0.0637(2) 0.0866(4)  087(1)  0.77(1)
4 4A11 4A29 4216.47409(1)  3.959E-21(3) 0.0621(2) 0.0832(2)  0.88(1)  0.83(1)
5 5F12 4F2 28 4188.34878(1)  1.912E-21(1) 0.0595(2) 0.0796(2)  0.86(1) 0.818(4)
5 5E1 4E 19 4188.64944(1)  1.292E-21(1) 0.0547(2) 0.0736(2)  0.85(1) 0.824(5)
5 5F11 4F2 29 4190.45691(1)  1.968E-21(2) 0.0609(2) 0.0818(3)  0.88(1)  0.83(1)
5 5F11 4F2 29 4190.45684(1) 1.95E-21(2) 0.0602(4) 0.082(4)  087(1)  0.86(1)
5 4A11 5A2 11 4244.81993(1)  4.849E-21(3) 0.0575(2) 0.0786(2)  0.831(5) 0.75(5)
5 4F21 5F1 30 424411276(1)  2.881E-21(2) 0.0598(2) 0.0808(2)  0.85(1)  0.80(4)
5 5F21 4F127 4189.8981(1) 1.888E-21(4) 0.0617(3) 0.0721(4)  0.89(1)

5 4E1 5E 20 4244.43763(1)  1.922E-21(2) 0.0539(3) 0.0665(4)  0.83(1)

5 5F21 5F1 33 4216.24415(1)  2.235E-21(2) 0.0638(3) 0.0832(3)  0.89(1)  0.85(1)
5 5E1 5E 22 4218.35005(2) ~ 1581E-21(6)  0.0586(10)  0.079(16)  0.8(3)

5 4F11 5F2 28 424456818(1)  2.846E-21(2) 0.0641(2) 0.0846(3)  0.88(1)  0.82(1)
5 5F11 5F2 32 4215.62878(1)  2.374E-21(2) 0.0581(2) 0.0873(3)  0.93(1)  0.72(1)
5 5F12 5F2 33 4218.68791(2)  2.036E-21(4) 0.0543(4) 0.09(10)  0.88(1)  0.99(3)
6 6F2 2 5F134 4182.337(1) 1.763E-21(1) 0.0641(2) 0.0813(3)  0.88(1)  0.86(1)
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5F11
6F11
6F2 2
6A2 1
6E 1
5F21
6F2 1
6A11
6F11
5F11
5F12
5F12
5F11
6E 1
6A11
6F2 1
6A2 1
7TE1
7F21
TF12
7F11
TA21
TF22
6A2 1
6F11
7TE1
TA21
TF12
TF22
6F2 2
7F11
6F2 1
7F21
6E 1
TF12
6A11
8E 2
8F11
8F22
8F21
7F11
7TE1
8F21

6F2 34
5F2 34
6F1 38
6A1 14
6E 26
6F1 32
6F1 37
6A2 13
6F2 39
6F2 35
6F2 33
6F2 34
6F2 33
5E 23
5A2 12
5F1 35
5A110
6E 27
6F1 40
6F2 40
6F2 41
6A1 15
6F1 39
7A113
TF2 37
TE 29
7A115
6F2 35
7TF145
7F138
7F2 41
7F139
TF143
TE 25
TF2 44
TA2 14
7E 30
TF2 46
TF1 47
TF148
8F2 44
8E 29
8F1 46

4249.14677(1)
4181.81703(1)
4217.89755(1)
4215.04378(1)
4214.30919(1)
4249.43948(1)
4214.5053(1)
4219.1589(1)
4218.54437(1)
4250.93073(1)
4248.78721(2)
4249.13218(3)
4248.7991(17)
4184.54674(1)
4181.3552(1)
4184.38755(1)
4183.82934(1)
4175.18305(1)
4178.2524(1)
4174.49344(1)
4178.52765(1)
4176.64743(1)
4175.67469(1)
4254.48128(1)
4253.64557(1)
4218.14263(2)
4216.67523(1)
4114.87652(15)
4217.59306(2)
4253.76818(2)
4212.67806(1)
4254.59508(1)
4212.99072(2)
4254.63877(1)
4219.20277(1)
4253.51921(1)
4167.52654(1)
4172.24391(1)
4167.15765(1)
4169.91906(1)
4259.69199(1)
4258.94129(1)
4215.38185(1)

1.526E-21(2)
1.757E-21(1)
1.995E-21(2)
3.172E-21(3)
1.29E-21(1)
2.637E-21(2)
1.913E-21(2)
3.283E-21(3)
1.992E-21(3)
8.85E-22(2)
2.753E-21(9)
6.66E-22(2)
2.65E-22(8)
1.229E-21(1)
2.868E-21(2)
1.803E-21(2)
2.983E-21(2)
9.89E-22(1)
1.585E-21(1)
1.488E-21(1)
1.593E-21(1)
2517E-21(2)
1.495E-21(1)
3.756E-21(4)
2.313E-21(3)
1.059E-21(2)
2.588E-21(3)
1.16E-22(1)
1.571E-21(4)
2.217E-21(8)
1.521E-21(2)
2.252E-21(3)
1.525E-21(4)
1.523E-21(2)
1.574E-21(3)
3.647E-21(3)
8.07E-22(0)
1.311E-21(1)
1.206E-21(1)
1.24E-21(2)
1.758E-21(2)
7.76E-22(1)
1.013E-21(1)
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0.0696(7)
0.0614(2)
0.0649(3)
0.0603(2)
0.0586(4)
0.0619(2)
0.0599(4)
0.0574(2)
0.0615(5)
0.0633(5)
0.059(6)
0.0578(11)

0.0574(3)
0.0564(2)
0.064(3)
0.0578(2)
0.0463(2)
0.0604(2)
0.0594(2)
0.0575(2)
0.0566(2)
0.0618(2)
0.0571(2)
0.062(3)
0.0489(5)
0.0568(3)

0.0603(6)
0.0666(4)
0.0571(3)
0.0596(3)
0.0615(9)
0.0531(3)
0.059(4)
0.055(2)
0.0482(3)
0.0566(3)
0.0586(3)
0.0562(3)
0.0554(4)
0.0461(5)
0.0585(6)

0.0853(5)
0.0791(2)
0.079(4)
0.0821(2)
0.0772(3)
0.0837(2)
0.079(5)
0.0834(4)
0.0766(9)
0.0807(4)
0.0811(6)
0.0751(10)

0.0749(2)
0.0774(2)
0.0755(6)
0.0793(1)
0.0636(1)
0.0785(1)
0.0776(2)
0.0767(2)
0.0775(1)
0.0789(2)
0.0763(3)
0.0788(5)
0.0663(9)
0.0775(3)
0.0754(26)
0.0778(9)
0.086(5)
0.0763(3)
0.0841(7)
0.0792(7)
0.0756(6)
0.0778(8)
0.0771(2)
0.0656(1)
0.074(2)
0.0763(2)
0.0754(2)
0.0759(3)
0.0638(3)
0.0762(3)

0.87(2)
0.87(1)
0.85(1)
0.87(1)
0.86(1)
0.88(1)
0.89(1)
0.89(1)
0.88(1)
0.91(1)
0.7(2)
0.97(4)

0.86(1)
0.85(1)
0.79(1)
0.87(1)
0.77(1)
0.85(1)
0.85(1)
0.83(1)
0.82(1)
0.89(1)
0.82(1)
0.83(1)
0.8(2)
0.81(1)

0.96(2)
0.88(1)
0.83(1)
0.86(1)
0.78(3)
0.84(1)
0.91(1)
0.86(1)
0.77(2)
0.78(1)
0.84(1)
0.82(1)
0.82(1)
0.79(2)
0.77(2)

0.98(2)
0.86(4)
0.97(1)
0.82(0)
0.82(1)
0.822(4)
0.89(1)
0.75(1)
0.92(3)
0.86(1)
0.69(1)
0.83(4)

0.86(1)
0.82(4)
0.9(1)
0.812(3)
0.782(4)
0.83(4)
0.821(4)
0.819(4)
0.826(3)
0.823(4)
0.98(1)
0.89(2)
0.87(4)
0.83(1)

0.98(3)
0.71(1)
0.79(1)
0.7(2)
0.79(2)
0.69(2)
0.72(3)
0.73(1)
0.77(4)
0.83(5)
0.81(4)
0.84(4)
0.82(1)
0.77(1)
0.81(1)
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TA21
8Al11
8E1
TF22
8F11
7F21
TF22
8F22
8E 2
8E1
TF12
7F21
8E1
7F21
8Al11
8F12
9F13
9F2 2
9E1
9F21
9F11
9A11
9A11
9F21
8F21
9E1
9F12
8Al11
8F11
8F12
8F22
9F13
9A2 1
9F2 2
9A2 1
9F11
9F12
8E1
8E1
8E 2
8F11
8E 2
9F13

8A115
8A2 15
7TE 31
8F141
8F2 47
8F143
8F1 42
8F148
8E 33
8E 31
8F2 43
8F1 42
8E 30
8F141
7A2 16
TF2 45
8F2 52
8F151
8E 36
8F152
9F2 50
8A2 17
9A2 19
9F151
9F1 46
9E 35
9F2 51
9A2 17
9F2 46
9F2 45
9F1 45
9F2 53
9A1 16
9F1 52
8A118
8F254
8F2 53
9E 31
9E 30
9E 29
9F2 45
9E 30
8F2 52

4258.69571(1)
4210.63473(1)
4172.11767(1)
4256.98437(2)
4210.94457(2)
4259.97661(1)
4258.83183(1)
4219.65375(2)
4219.34894(2)
4211.35189(3)
4258.53364(1)
4258.8699(3)
4210.05412(7)
4257.02245(5)
4172.44434(1)
4168.48594(1)
4160.0362(1)
4159.49119(1)
4163.00358(1)
4165.57858(1)
4208.44754(2)
4161.05395(1)
4216.07149(2)
4208.56282(2)
4263.75117(2)
4214.4516(3)
4214.74553(2)
4264.81856(1)
4264.56617(2)
4262.94329(2)
4261.67572(3)
4217.16519(4)
4216.90237(5)
4217.18084(5)
4159.05384(1)
4165.7622(1)
4162.68965(2)
4264.59898(3)
4263.59643(3)
4261.69096(4)
4263.0144(8)
4263.51062(8)
4160.03676(26)

2.942E-21(3)
1.872E-21(2)
8.73E-22(1)
5.61E-22(1)
1.055E-21(1)
1.238E-21(2)
1.136E-21(1)
7.69E-22(1)
7.04E-22(1)
5.04E-22(1)
1.316E-21(2)
3.83E-22(1)
2.54E-22(2)
2.22E-22(1)
2.176E-21(2)
1.219E-21(1)
1.015E-21(1)
1.005E-21(1)
7.03E-22(1)
1.124E-21(1)
7.56E-22(1)
1.706E-21(1)
1.198E-21(2)
7.79E-22(2)
8.17E-22(1)
5.14E-22(2)
7.66E-22(1)
1.953E-21(3)
1.118E-21(2)
9.49E-22(2)
1.146E-21(3)
6.23E-22(2)
6.04E-22(5)
4.78E-22(3)
1.613E-21(4)
1.094E-21(1)
1.028E-21(3)
4.83E-22(1)
3.98E-22(1)
7.17E-22(3)
1.25E-22(1)
1.57E-22(1)
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0.0531(2)
0.0527(3)
0.0536(4)
0.0622(10)
0.0538(6)
0.0608(5)
0.0623(5)
0.0617(7)
0.049(6)
0.0557(12)
0.0584(4)
0.0619(15)

0.0614(24)
0.0513(2)
0.0589(3)
0.0639(4)
0.061(4)
0.0527(5)
0.0542(3)
0.0507(8)
0.056(2)
0.0591(7)
0.0544(9)
0.0576(7)
0.0509(16)
0.0584(10)
0.0472(4)
0.0521(6)
0.0553(11)
0.0576(10)
0.0544(19)
0.0565(21)

0.056(3)
0.0504(3)
0.0564(4)
0.0516(13)
0.0597(16)
0.0458(17)

0.0744(2)
0.072(2)
0.0718(2)
0.0794(4)
0.0738(4)
0.0777(4)
0.0794(5)
0.0779(3)
0.0655(3)
0.0759(7)
0.0751(4)
0.0801(9)
0.0708(12)
0.0793(8)
0.0711(2)
0.0769(2)
0.0823(2)
0.0783(2)
0.0722(2)
0.0721(2)
0.0706(4)
0.0741(2)
0.0775(5)
0.0736(4)
0.0751(4)
0.0725(12)
0.0761(5)
0.0719(3)
0.0736(4)
0.0736(6)
0.0772(6)
0.0702(10)
0.0693(11)
0.0622(18)
0.0739(2)
0.0686(1)
0.0743(2)
0.0687(6)
0.0766(8)
0.0754(10)
0.0666(13)
0.0702(21)
0.087(43)

0.8(1)
0.77(1)
0.81(2)
0.87(3)
0.87(2)
0.85(2)
0.86(2)
0.83(3)
0.82(3)

0.87(1)

0.72(1)
0.85(1)
0.8(2)
0.79(2)
0.72(2)
0.76(2)

0.83(1)
0.81(3)

0.78(3)

0.74(1)
0.79(2)
0.85(3)
0.79(4)

0.78(1)
0.72(2)
0.77(2)

0.86(1)
0.81(1)
0.82(1)
0.83(1)
0.82(1)
0.83(1)
0.81(1)

0.8(1)
0.78(1)
0.82(1)
0.84(1)
0.84(2)
0.91(2)
0.87(2)
0.82(1)
0.81(4)
0.78(5)
0.79(4)
0.78(5)
0.80(4)
0.83(1)
0.83(5)

0.8(1)
0.76(1)
0.81(1)
0.77(4)
0.79(1)
0.78(1)
0.76(1)
0.81(1)
0.76(2)
0.67(3)
0.94(3)

0.819(3)
0.792(4)
0.821(5)
0.84(2)
0.82(2)
0.65(3)
0.83(3)

0.72(2)



10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

10E 2
10F2 3
10A11
10A21
10F2 2
10F11
10F12
10E1
10F21
10F2 2
9E1
10F2 3
9F2 2
9F13
10E 2
10F11
9A11
10A21
9A2 1
9F21
9F11
9F12
10F21
10F12
10A11
10E1
11F21
11F11
11A21
11F12
10F11
11E1
10A11
11F21
10F12
10F2 3
10E 2
10F2 2
10A21
11F22
11F2 3
11E2
11F13

9E 38
9F158
9A2 21
9A119
9F1 59
9F2 59
9F2 58
9E 39
9F1 60
10F1 56
10E 32
9F158
10F1 47
10F2 48
10E 38
10F2 57
10A2 16
10A1 20
10A1 17
10F1 48
10F2 50
10F2 49
10F1 54
10F2 58
10A2 19
10E 37
10F1 72
10F2 73
11A121
11F2 61
11F2 52
11E41
11A2 18
11F161
11F2 51
11F152
11E 34
11F153
11A117
11F163
11F1 64
11E 42
11F2 62

4150.54943(1)
4150.05814(2)
4152.61348(1)
4156.88723(2)
4154.10224(1)
4153.6515(1)
4151.01679(1)
4156.92255(2)
4156.8746(5)
4213.07282(12)
4267.55016(5)
4150.05767(4)
4266.60628(2)
4266.75528(2)
4217.77403(4)
4213.60096(3)
4267.13466(1)
4206.07311(2)
4266.49645(1)
4268.97289(2)
4268.90908(2)
4267.48632(2)
4206.0107(5)
4217.26503(3)
4215.96665(3)
4205.98668(7)
4155.79352(7)
4155.94847(7)
4211.25643(3)
4215.4239(6)
4272.01066(7)
4211.82193(7)
4271.57012(7)
4203.37035(14)
4271.12833(5)
4270.85482(5)
4270.99282(19)
4272.1593(5)
4273.53677(10)
4211.6042(6)
4217.2007(7)
4218.24804(8)
4218.57467(9)

6.4E-22(1)
9.24E-22(3)
1.652E-21(1)
1.502E-21(3)
9.5E-22(1)
9.42E-22(1)
9.48E-22(1)
5.05E-22(1)
6.54E-22(4)
5.14E-22(13)
5.54E-22(5)
1.037E-21(6)
1.004E-21(1)
9.93E-22(1)
3.33E-22(1)
5.04E-22(1)
1.584E-21(2)
8.25E-22(1)
1.555E-21(2)
9.39E-22(1)
8.91E-22(1)
9.33E-22(1)
5.08E-22(5)
4.91E-22(2)
8.58E-22(2)
3.14E-22(3)
1.22E-22(0)
1.19E-22(1)
4.88E-22(1)
3.14E-22(2)
5.78E-22(5)
2.04E-22(1)
1.047E-21(7)
4.17E-22(10)
6.13E-22(2)
6.21E-22(3)
3.78E-22(10)
6.01E-22(3)
9.41E-22(9)
2.98E-22(2)
3.13E-22(2)
3E-22(2)
3.13E-22(3)
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0.0381(5)
0.0565(6)
0.0554(3)
0.0524(7)
0.0553(5)
0.0576(5)
0.0597(5)
0.0551(10)
0.0595(15)
0.0519(17)
0.0477(22)
0.0586(9)
0.0613(8)
0.0618(8)
0.0444(16)
0.0599(15)
0.0532(5)
0.0503(9)
0.0526(5)
0.05(7)
0.0475(6)
0.0533(7)
0.0456(18)
0.0627(17)
0.0548(9)

0.0479(14)

0.0585(21)

0.0555(20)
0.056(20)

0.0511(18)

0.0518(25)

0.0558(2)
0.0754(3)
0.0745(2)
0.071(5)
0.0731(2)
0.0746(2)
0.0761(2)
0.0728(5)
0.0718(9)
0.0715(15)
0.0703(9)
0.077(2)
0.0824(4)
0.0802(3)
0.0608(7)
0.0765(4)
0.0728(3)
0.0682(4)
0.0723(3)
0.0702(3)
0.0682(3)
0.0743(4)
0.0654(10)
0.0753(8)
0.073(5)
0.0647(10)
0.0659(6)
0.0639(6)
0.0688(5)
0.0794(14)
0.0761(9)
0.0719(8)
0.0789(23)
0.0665(13)
0.0721(8)
0.0717(9)

0.0689(8)
0.0596(26)
0.0691(7)
0.0717(17)
0.0743(22)
0.0745(32)

0.78(3)
0.76(1)
0.7(3)
0.69(2)
0.75(2)
0.75(2)

0.74(3)
0.77(3)

0.81(2)

0.81(2)
0.76(3)
0.72(3)
0.77(3)

0.66(1)
0.74(1)
0.784(4)
0.82(1)
0.76(1)
0.77(1)
0.8(1)
0.8(1)
0.62(3)
0.76(2)
0.77(3)
0.8(1)
0.73(1)
0.8(1)
0.65(3)
0.77(1)
0.79(1)
0.77(1)
0.75(1)
0.73(1)
0.74(1)
0.71(1)
0.93(4)
0.82(3)
0.77(1)
0.76(3)
0.72(2)
0.75(2)
0.72(2)

0.74(2)
0.73(2)

0.95(5)

0.81(2)

0.78(3)

0.77(2)

0.67(3)



11 11F11 11F2 59 4203.36517(42)

12 12F11 12F266  4200.85115(21)  1.91E-22(4)

12 12F11 11F2 79 4148.90173(5) 1.34E-22(1) 0.0634(6) 0.66(2)
12 12A11 11A2 27 4149.00754(3) 2.26E-22(0) 0.0413(13)  0.0637(3) 0.68(1)
12 12F21 12F165  4209.46141(12) 1.7E-22(2) 0.0741(18)

12 11E 2 12E 38 4275.13837(9) 2.72E-22(2) 0.0564(9)

12 12A12 12A2 22 4218.94838(8) 2.99E-22(2) 0.077(20)

12 12F22 12F167  4214.87965(11)  1.78E-22(2) 0.0751(18)

12 11A21 12A1 20 4276.71785(8) 6.31E-22(4) 0.0683(20)

12 11F11 12F2 58 4278.24434(7) 3.73E-22(2) 0.0638(11)

12 12F23 12F168  4217.95006(12)  1.93E-22(2) 0.0794(31)

12 12A21 12A1 23 4216.59435(8) 3.12E-22(2) 0.0736(15)

12 12F13 12F269  421852577(21)  2.04E-22(4)

12 11F21 12F1 57 4278.22145(7) 3.69E-22(2) 0.0653(11)

12 11F2 3 12F1 55 4275.29453(8) 3.85E-22(1) 0.0727(8) 0.76(3)
12 11F1 2 12F2 57 4275.87984(7) 3.81E-22(2) 0.0701(9) 0.7(3)
12 11F13 12F2 56 4275.05715(8) 3.72E-22(2) 0.067(9) 0.74(3)
12 12A11 12A2 21 4200.95235(8) 2.42E-22(1) 0.0591(8)

12 11F2 2 12F1 56 4276.58958(8) 3.79E-22(3) 0.0704(18)

12 12F12 12F268  4209.85379(17)  1.66E-22(2) 0.072(28)

12 11E1 12E 39 4276.5072(11) 2.55E-22(2) 0.0663(17)

12 12E 2 12E 46 4214.48913(42)

13 12A11 13A2 22 4282.7764(6) 3.67E-22(2) 0.0618(11)

13 12F11 13F262  4282.75272(16)  2.17E-22(4) 0.0686(34)

13 12F21 13F1 63 4281.09334(8) 2.17E-22(1) 0.0667(7) 0.71(3)
13 13F1 4 13F2 74 4218.843(29) 9.8E-23(3)

13 12A21 13A120 4279.41413(9) 3.76E-22(2) 0.0726(9) 0.73(4)
13 12F13 13F260  4279.25543(15)  2.44E-22(2) 0.0769(16)

13 12F12 13F2 61 4280.95108(9) 2.62E-22(1) 0.0816(10)

13 12A12 13A2 21 4279.17205(9) 3.81E-22(2) 0.0704(11)

13 12E 2 13E 40 4280.23957(22) 1.4E-22(2) 0.0571(17)

13 12F23 13F160  4279.10614(20)  1.42E-22(2) 0.0626(20)

13 12E1 13E 41 4282.74049(23)  1.45E-22(4)

13 13A11 13A226  4207.81607(16)  1.47E-22(1) 0.0688(11)

14 13A11 14A221  4285.28036(10) 2E-22(1) 0.0706(9)

14 13F23 14F163  4283.31849(18)  1.24E-22(1) 0.0752(15)

14 13F21 14F165  4287.15352(16)  1.23E-22(1) 0.061(16)

14 13A21 14A122  428391571(11)  1.93E-22(1) 0.0687(10)

14 13F12 14F266  4285.44726(16)  1.16E-22(1) 0.0647(13)

14 13F11 14F267  4287.17862(17)  1.15E-22(2) 0.0534(16)

14 13F2 2 14F164  4284.18755(19)  1.19E-22(2) 0.068(18)

aStatistical uncertainties are given in parentheses. n1 and n, are temperature-dependence
exponents of air- and self-broadened half-width coefficients, respectively.
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Appendix B: Supplementary data of line shifts along with their temperature
dependences and speed dependences parameters for CH4 broadened by itself and air

TDP TDP
Lower  Upper Position® Air-shift® Self-shift® air-shift? self-shift?
Iml state state (cm™) (cm?atm?)  (cm?atm?)  (cmltatm?’K?)  (cmlatm?K?) S3¢

1F11 OF2 4 4212.98051(2) 0.15(2)
0A11  1A24 4223.90646(1)  -0.0052(3)  -0.0123(5)  0.000107(2) 0.000079(6)

1F11 1F29 4218.41614(1) -0.007(4) 0.0107(7)  0.000094(4) 0.000102(9)

2E1 1E6 4207.48727(1) -0.007(8) -0.0104(5)  0.000063(7) 0.000093(6) 0.06(1)
2F21  1F110  4207.20565(5) 0.00008(10)  0.000121(11)

1F11  2F215  4229.19507(1)  -0.0064(3)  -0.0106(3)  0.000043(3) 0.000032(3)

2F21  2F114  4218.33559(2)

3A21  2A16 4200.82101(2)  -0.0078(5)  -0.0081(5)  0.000056(4) 0.000119(5)

3F21  2F115  4201.40058(1)  -0.0064(4)  -0.0109(3)  0.000047(4) 0.000046(3)

3F11  2F216  4201.84819(1)  -0.0071(4)  -0.0138(3)  0.000057(4) 0.000074(3)

2E1 3E 13 4234.41871(1)  -0.0056(3)  -0.0105(5)  0.000071(3) 0.000077(6)

3F21  3FL22  421807962(3)  -0.0078(6) 0.000108(7)

2F21  3FL21  4234.35157(1)  -0.0064(6) 0.000056(5)  0.000116(11)

3A21  3A17 4218.78453(1)  -0.0074(3)  -0.0066(7)  0.000046(2) 0.000135(9)

3F11  3F220  4217.55074(1)  -0.0054(3)  -0.0102(5)  0.000044(3)

4A11 3A28 4196.39505(1)  -0.0067(2)  -0.0116(3)  0.000051(2) 0.000042(4) 0.04(1)
4F11  3F221  4195.97055(1) -0.007(3) -0.0113(3)  0.000057(3) 0.000061(4)

4F21  3FL23  4194.75695(1)  -0.0062(4)  -0.0138(3)  0.000062(4) 0.00004(3)

5F11  4F229  4190.45691(1)  -0.0075(3)  -0.0126(3)  0.000049(3) 0.000067(3)

4E1 4E 18 4217.36149(1)  -0.0045(3)  -0.0107(4)  0.000067(3) 0.000069(5)

3F11  4F226  423957744(2)  -0.0122(4)  -0.0189(5)  0.000075(2) 0.000065(7) 0.19(1)

4F11  4F227  4216.99381(1) -0.006(3) -0.0092(4)  0.000042(3) 0.000062(4)
3A21  4A110  4239.25185(1)  -0.0066(2)  -0.0115(4)  0.000051(2) 0.06(1)
3F21  4F125 4239.4289(1) -0.0048(2)  -0.0073(5) 0.05(1)

4A11 4A29 4216.47409(1)  -0.0058(2)  -0.0111(4)  0.000039(2) 0.000034(4) 0.05(1)
5F12  4F228  4188.34878(1)  -0.0062(2)  -0.0113(2)  0.000055(2) 0.000065(2)
5E1 4E 19 4188.64944(1)  -0.0071(3)  -0.0136(2)  0.000074(3) 0.000086(2) 0.08(0)

4E1 5E 20 424443763(1)  -0.0066(3)  -0.0126(4) 0.00006(2) 0.00005(5) 0.11(1)
5F12  5F233  4218.68791(2)  -0.0087(5) 0.000091(5)

4A11  5A211  4244.81993(1)  -0.0062(2)  -0.0101(3)  0.000055(1) 0.000077(4)  0.059(5)
4F21  5FL30  424411276(1)  -0.0051(2)  -0.0102(2)  0.000033(2) 0.06(1)

5F11  4F229  4190.45684(1)  -0.0076(4)  -0.0126(5)  0.000052(4) 0.000049(6)
5F21  5FL33  4216.24415(1)  -0.0058(3)  -0.0092(3)  0.000041(3) 0.000062(4)
5E1 5E 22 4218.35005(2)

4F11  5F228  424456818(1)  -0.0064(2)  -0.0105(4)  0.000056(2) 0.000086(5)
5F11  5F232  421562878(1)  -0.0064(3) -0.011(3) 0.000046(3) 0.000063(3)

o o o1 oo oo oo ool gl A DS B DD D DB B B OWOWWwWWwWWWwWWwWwWw NN NN R,

5F21  4F127 4189.8981(1) 0.0048(4)  -0.0051(6) 0.00014(4) 0.000139(6)
6F22  5F134 4182.337(1) -0.0081(4)  -0.0134(2) 0.00007(4) 0.000095(2)  0.088(5)
6F11  5F234  4181.81703(1)  -0.0058(3)  -0.0102(2)  0.000048(3) 0.00005(2) 0.066(5)
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5F11
6F2 2
6A2 1
6E 1
5F21
6F2 1
6A11
6F11
5F11
5F12
5F12
5F11
6F2 1
6A2 1
7TE1
7F21
TF12
7F11
TA21
6F11
7TE1
TA21
7F21
6E 1
TF12
6A11
TF22
7F11
6F2 1
TF12
TF22
6F2 2
6A2 1
8E 2
7F11
8F11
8F22
8F21
8E1
8Al11
8F12
7TE1
8F21

6F2 34
6F1 38
6A1 14
6E 26
6F1 32
6F1 37
6A2 13
6F2 39
6F2 35
6F2 33
6F2 34
6F2 33
5F1 35
5A110
6E 27
6F1 40
6F2 40
6F2 41
6A1 15
TF2 37
TE 29
7A115
TF143
TE 25
TF2 44
TA2 14
6F1 39
7F2 41
7F139
6F2 35
TF145
7F138
7A113
7E 30
8F2 44
TF2 46
TF1 47
7F148
7TE 31
7A2 16
TF2 45
8E 29
8F1 46

4249.14677(1)
4217.89755(1)
4215.04378(1)
4214.30919(1)
4249.43948(1)
4214.5053(1)
4219.1589(1)
4218.54437(1)
4250.93073(1)
4248.78721(2)
4249.13218(3)
4248.7991(17)
4184.38755(1)
4183.82934(1)
4175.18305(1)
4178.2524(1)
4174.49344(1)
4178.52765(1)
4176.64743(1)
4253.64557(1)
4218.14263(2)
4216.67523(1)
4212.99072(2)
4254.63877(1)
4219.20277(1)
4253.51921(1)
4175.67469(1)
4212.67806(1)
4254.59508(1)
4114.87652(15)
4217.59306(2)
4253.76818(2)
4254.48128(1)
4167.52654(1)
4259.69199(1)
4172.24391(1)
4167.15765(1)
4169.91906(1)
4172.11767(1)
4172.44434(1)
4168.48594(1)
4258.94129(1)
4215.38185(1)

-0.005(4)
-0.0059(2)
-0.0062(5)
-0.0073(2)
-0.0075(5)
-0.0074(3)
-0.006(6)
-0.0073(9)

-0.0069(3)
-0.0067(2)
-0.0076(3)
-0.0069(3)
-0.0069(3)
-0.0081(3)
-0.0072(2)
-0.0026(3)
-0.0108(6)
-0.0071(3)
-0.0072(10)
-0.0063(4)
-0.008(6)
-0.0055(2)
-0.0088(4)
-0.0063(5)
-0.0072(4)

-0.0051(7)
-0.01(3)
-0.0067(2)
-0.0078(4)
-0.0053(4)
-0.0074(4)
-0.008(4)
-0.0075(4)
-0.0087(5)
-0.0079(2)
-0.0086(4)
-0.0065(6)
-0.0058(8)
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-0.0056(6)
-0.0107(4)
-0.0094(3)
-0.0105(3)
-0.0136(2)
-0.0098(5)
-0.0094(5)
-0.0114(8)
-0.0113(3)

-0.0127(12)

-0.0119(2)
-0.0125(2)
-0.0138(1)
-0.0122(1)
-0.0107(1)
-0.0126(1)
-0.0129(1)
-0.0046(4)
-0.0144(8)
-0.0112(3)
-0.015(7)
-0.0118(6)
-0.0157(7)
-0.0087(4)
-0.0121(1)
-0.0104(2)
-0.0108(7)

-0.0091(8)
-0.0149(4)
-0.0162(5)
-0.0144(1)
-0.0122(3)
-0.0118(2)
-0.0112(1)
-0.0123(1)
-0.0119(2)
-0.0122(2)
-0.0136(1)
-0.0114(3)
-0.0098(3)

0.000085(8)
0.00005(4)
0.000039(3)
0.000056(5)
0.000069(2)
0.000045(4)
0.000052(3)
0.000059(6)
0.000085(8)

0.000057(3)
0.00006(2)
0.000089(3)
0.000052(3)
0.000055(3)
0.000058(3)
0.00006(2)

0.000059(3)

0.000072(5)
0.000065(6)
0.000035(2)
0.000053(4)
0.000056(5)
0.000056(4)

0.000108(3)
0.000075(2)
0.00007(5)
0.00007(4)
0.000057(4)
0.00004(4)
0.000066(4)
0.000053(6)
0.000044(2)
0.00007(4)
0.000066(7)
0.000066(9)

0.000116(8)
0.000044(5)
0.00005(3)
0.000066(3)
0.000112(2)
0.000068(5)
0.000118(6)
0.000066(10)
0.000084(3)
0.000109(7)

0.000065(2)
0.000086(2)
0.0001(1)
0.00005(1)
0.000073(1)
0.000068(1)
0.000072(1)

0.000076(10)
0.000082(4)

0.000073(7)

0.00005(4)
0.000077(1)
0.000076(2)
0.000063(9)

0.000124(4)

0.000085(1)
0.000069(3)
0.000073(2)
0.000071(1)
0.00007(1)
0.000075(2)
0.00008(2)
0.000079(1)
0.000086(3)
0.000075(3)

0.15(1)
0.08(1)
0.06(1)
0.05(1)
0.04(1)

0.06(1)

0.098(4)
0.079(4)
0.081(4)
0.075(4)
0.064(4)
0.08(1)
0.12(1)
0.08(1)

0.05(1)

0.1(1)
0.16(1)
0.11(1)
0.096(4)
0.11(1)
0.079(4)
0.059(4)
0.07(1)
0.06(1)
0.046(5)

0.11(1)
0.09(1)
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TA21
8Al11
TF22
8F11
7F21
TF22
8F22
8E 2
8E1
TF12
7F21
8E1
7F21
9F13
9F2 2
9E1
9F21
9A11
9A2 1
9F11
9F12
9A11
9F21
8F21
9E1
9F12
8Al11
8F11
8F12
8F22
9F11
9F13
8E1
8E1
8E 2
8F11
8E 2
9F13
9A2 1
9F2 2
10E 2
10F2 3
10A11

8A115
8A2 15
8F141
8F2 47
8F143
8F1 42
8F148
8E 33
8E 31
8F2 43
8F1 42
8E 30
8F141
8F2 52
8F151
8E 36
8F152
8A2 17
8A118
8F254
8F2 53
9A2 19
9F151
9F1 46
9E 35
9F2 51
9A2 17
9F2 46
9F2 45
9F1 45
9F2 50
8F2 52
9E 31
9E 30
9E 29
9F2 45
9E 30
9F2 53
9A1 16
9F1 52
9E 38
9F158
9A2 21

4258.69571(1)
4210.63473(1)
4256.98437(2)
4210.94457(2)
4259.97661(1)
4258.83183(1)
4219.65375(2)
4219.34894(2)
4211.35189(3)
4258.53364(1)
4258.8699(3)
4210.05412(7)
4257.02245(5)
4160.0362(1)
4159.49119(1)
4163.00358(1)
4165.57858(1)
4161.05395(1)
4159.05384(1)
4165.7622(1)
4162.68965(2)
4216.07149(2)
4208.56282(2)
4263.75117(2)
4214.4516(3)
4214.74553(2)
4264.81856(1)
4264.56617(2)
4262.94329(2)
4261.67572(3)
4208.44754(2)
4160.03676(26)
4264.59898(3)
4263.59643(3)
4261.69096(4)
4263.0144(8)
4263.51062(8)
4217.16519(4)
4216.90237(5)
4217.18084(5)
4150.54943(1)
4150.05814(2)
4152.61348(1)

-0.0066(3)
-0.0074(4)

-0.0096(7)
-0.0083(7)
-0.0058(8)

-0.0073(9)

-0.0039(5)

-0.0089(6)
-0.0059(5)
-0.0074(6)
-0.0072(4)
-0.0093(3)
-0.0079(3)
-0.0078(4)
-0.0071(5)

-0.0078(11)

-0.007(10)

-0.0061(4)
-0.0081(7)

-0.0071(11)

-0.0085(5)

-0.0083(4)
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-0.0106(3)
-0.013(2)
-0.0115(4)
-0.0121(3)
-0.0136(3)
-0.0093(5)
-0.011(3)
-0.0123(3)
-0.0128(5)
-0.0094(3)
-0.0149(9)
-0.0175(8)
-0.018(8)
-0.0156(2)
-0.0093(1)
-0.0133(1)
-0.0124(1)
-0.0138(1)
-0.0121(1)
-0.0137(1)
-0.0126(1)
-0.012(4)
-0.0131(3)
-0.0111(3)
-0.0117(10)
-0.0132(5)
-0.0113(3)
-0.0129(4)
-0.0108(3)

-0.0129(3)

-0.0144(7)
-0.0136(7)
-0.0228(11)
-0.0179(11)

-0.0153(11)
-0.0219(16)
-0.0154(1)
-0.0115(3)
-0.0123(1)

0.000065(3)
0.00006(4)

0.000068(7)

0.00007(7)

0.000063(8)
0.000053(5)
0.000059(4)
0.000041(4)
0.000063(5)
0.000051(6)

0.000079(5)
0.000077(8)

0.000075(6)
0.000063(9)
0.000038(5)

0.000074(3)
0.000065(2)
0.000052(4)
0.000069(2)
0.000077(4)
0.000051(5)
0.000055(3)
0.000096(3)
0.00007(4)
0.00005(3)
0.000105(11)
0.000084(6)
0.000102(9)
0.000069(2)
0.000064(1)
0.00007(2)
0.000068(1)
0.000079(1)
0.000064(1)
0.000077(1)
0.000069(2)
0.00007(4)
0.000049(4)
0.000066(3)

0.000064(6)
0.000082(2)
0.000086(4)
0.000051(3)
0.000056(8)
0.000067(3)

0.000097(7)
0.000079(7)

0.000141(12)

0.000101(1)
0.000058(2)
0.000065(1)

0.07(1)
0.06(1)
0.08(1)
0.06(1)
0.05(1)
0.05(1)
0.05(1)

0.174(4)
0.126(4)
0.103(5)
0.08(4)
0.058(4)
0.046(5)
0.04(1)
0.06(1)
0.08(1)
0.1(1)
0.08(1)

0.11(1)

0.19(1)
0.2(1)
0.087(4)



10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
12
12

10A21
10F2 2
10F11
10F12
10E1
10F21
10F2 3
9F2 2
9F13
10E 2
10F11
9A11
10A21
9A2 1
9F21
9F11
9F12
10F21
10F12
10A11
10E1
10F2 2
9E1
11F11
11F21
11A21
11F12
10F11
11E1
10A11
11F21
10F12
10F2 3
10E 2
10F2 2
10A21
11F22
11F2 3
11E2
11F13
11F11
12F11
12F11

9A119
9F1 59
9F2 59
9F2 58
9E 39
9F1 60
9F158
10F1 47
10F2 48
10E 38
10F2 57
10A2 16
10A1 20
10A1 17
10F1 48
10F2 50
10F2 49
10F1 54
10F2 58
10A2 19
10E 37
10F1 56
10E 32
10F2 73
10F1 72
11A121
11F2 61
11F2 52
11E41
11A2 18
11F161
11F2 51
11F152
11E 34
11F153
11A117
11F163
11F1 64
11E 42
11F2 62
11F2 59
12F2 66
11F2 79

4156.88723(2)
4154.10224(1)
4153.6515(1)
4151.01679(1)
4156.92255(2)
4156.8746(5)
4150.05767(4)
4266.60628(2)
4266.75528(2)
4217.77403(4)
4213.60096(3)
4267.13466(1)
4206.07311(2)
4266.49645(1)
4268.97289(2)
4268.90908(2)
4267.48632(2)
4206.0107(5)
4217.26503(3)
4215.96665(3)
4205.98668(7)
4213.07282(12)
4267.55016(5)
4155.94847(7)
4155.79352(7)
4211.25643(3)
4215.4239(6)
4272.01066(7)
4211.82193(7)
4271.57012(7)
4203.37035(14)
4271.12833(5)
4270.85482(5)
4270.99282(19)
4272.1593(5)
4273.53677(10)
4211.6042(6)
4217.2007(7)
4218.24804(8)
4218.57467(9)
4203.36517(42)
4200.85115(21)
4148.90173(5)

-0.0095(7)
-0.0079(6)
-0.0071(6)
-0.0097(7)

-0.0171(10)

-0.0117(10)

-0.0079(6)
-0.0081(12)
-0.0048(6)
-0.0078(9)
-0.0078(8)
-0.0069(10)
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-0.0133(5)
-0.0137(1)
-0.012(1)
-0.0147(2)
-0.0145(5)
-0.0112(12)
-0.02(5)
-0.0046(3)
-0.0199(3)
-0.0137(6)
-0.0129(3)
-0.0156(2)
-0.0134(3)
-0.0081(3)
-0.0133(3)
-0.0131(3)
-0.0113(3)
-0.014(7)
-0.0116(8)
-0.0087(8)
-0.0138(10)
-0.012(6)
-0.01(9)
-0.0157(5)
-0.015(4)
-0.0138(3)
-0.0126(10)
-0.0118(5)
-0.0145(5)
-0.0115(16)
-0.0216(14)
-0.0169(6)
-0.0084(8)

-0.0147(5)

-0.0118(4)

-0.0192(23)

-0.0136(3)

0.000056(8)

0.000063(9)

0.000112(12)

0.000073(7)

0.00007(10)
0.000067(10)

0.000047(5)
0.00006(2)
0.000043(2)
0.000067(2)
0.000071(6)
0.000112(12)
0.000077(3)
0.000028(4)
0.000108(3)
0.000101(8)
0.000056(4)
0.000068(2)
0.000059(4)
0.000061(3)
0.000067(3)
0.000066(3)
0.000078(3)

0.000065(8)

0.000054(8)

0.000058(8)

0.000065(7)

0.000067(5)

0.000061(7)

0.000053(7)

0.000066(7)

0.000056(8)

0.000063(6)

0.11(1)
0.07(1)
0.06(5)
0.07(1)
0.12(1)

0.12(1)
0.09(1)
0.14(2)
0.1(1)

0.09(1)
0.16(2)



12 12A11 11A227  4149.00754(3) -0.0137(2) 0.000072(3) 0.13(1)

12 12F21 12F165  4209.46141(12) -0.0138(8)

12 11E2  12E38  4275.13837(9) -0.0128(6) 0.000096(10)
12 12A12 12A222  4218.94838(8)

12 12F22  12F167  4214.87965(11) -0.0102(12)

12 11A21 12A120  4276.71785(8)

12 11F11  12F258  4278.24434(7) -0.0156(9)

12 12F23  12F168  4217.95006(12)

12 12A21 12A123  4216.59435(8) -0.0148(17)

12 12F13  12F269  4218.52577(21)

12 11F21 12F157  4278.22145(7) -0.0144(9)

12 11F23  12F155  4275.29453(8) -0.0227(6)

12 11F12  12F257  4275.87984(7) -0.0124(6)

12 11F13  12F256  4275.05715(8) -0.006(7) 0.000069(10)
12 12A11 12A221  4200.95235(8) -0.0169(7)

12 11F22 12F156  4276.58958(8) -0.0161(15)

12 12F12 12F268  4209.85379(17) -0.021(22)

12 11E1  12E39  4276.5072(11) -0.0174(14)

12 12E2  12E46  4214.48913(42)

13 12A11 13A222  4282.7764(6) -0.0148(11)

13 12F11 13F262  4282.75272(16) -0.0187(20)

13 12F21 13F163  4281.09334(8) -0.0141(5) 0.000079(9)
13 13F14 13F274  4218.843(29)

13 12A21 13A120  4279.41413(9) -0.0243(6)

13 12F13  13F260  4279.25543(15) -0.014(10)

13 12F12 13F261  4280.95108(9) -0.0193(7)

13 12A12 13A221  4279.17205(9)

13 12E2  13E40  4280.23957(22) -0.0125(11)

13 12F23 13F1 60 4279.10614(20)
13 12E1 13E 41 4282.74049(23)

13 13A11 13A226 4207.81607(16) -0.0123(9)
14 13A11 14A221 4285.28036(10) -0.0151(5)
14 13F23 14F1 63 4283.31849(18) -0.0133(9)
14 13F21 14F1 65 4287.15352(16) -0.015(11)
14  13A21 14A122 4283.91571(11) -0.0139(6)
14 13F12 14F2 66 4285.44726(16) -0.0149(8)
14 13F11 14F2 67 4287.17862(17) -0.0174(11)
14  13F22 14F1 64 4284.18755(19) -0.0152(12)

aStatistical uncertainties are given in parentheses. TDP stands for temperature dependences
and S° stands for speed-dependence parameters.
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Appendix C: Supplementary data of line widths and their temperature dependences
for CHa4 broadened by itself and H»

Position® Intensity? Ho-width? Self-width?
Iml Lower state  Upper state (cm™) (cm/mol) (cmtatm?)  (cm?atm?) nP n2*°

1 0A11 1A2 4 4223.906441(1)  2.318E-21(3)  0.0677(3)  0.0776(3)  0.46(1) 0.73(1)
1 1F11 1F29 4218.416115(1)  1.317E-21(1)  0.0654(4)  0.0762(6) 0.48(1) 0.95(2)
1 1F11 OF2 4 4212.980503(2) 442E-22(1)  0.0544(11)  0.0745(11) 059(3)  0.9(2)
2 1F11 2F215 4229.195067(1)  2.204E-21(2)  0.0651(2) 0079(2)  05(1)  0.81(1)
2 2E1 2E11 4218.077734(1)  2.121E-21(4)  0.0697(4)  0.0887(5)  0.32(1) 0.67(1)
2 2E1 1E6 4207.487244(1) 8.05E-22(1) 0.0658(4)  0.0818(4) 0.47(1) 0.81(1)
2 2F21 1F110 4207.205927(3)  1.A74E-21(4)  0.0614(14)  0.0719(11) 054(2)  1(2)
2 2F21 2F114 4218.335579(1)  1.981E-21(4)  0.0695(12)  0.0757(11) 1(3)
3 3F11 2F2 16 4201.848149(1)  1.727E-21(1) 0.065(2) 0081(2)  05(1) 0.829(5)
3 2E1 3E13 4234.418669(1)  1.861E-21(2)  0.0573(2)  0.0732(3) 0.41(1) 0.73(1)
3 2F21 3F121 4234.351497(1)  2.728E-21(4)  0.0711(4) 0.079(5)  0.45(1) 0.89(1)
3 3A21 2A16 4200.821017(1)  2.828E-21(3)  0.0651(3)  0.0779(3)  0.53(1)  0.83(1)
3 3F21 2F115 4201.40055(1) 1708E-21(2)  0.0668(2)  0.0812(2)  0.48(1) 0.86(1)
3 3A21 3A17 4218.784496(1)  3.926E-21(6)  0.0665(3)  0.0792(3)  0.51(1)  0.86(1)
3 3F11 3F2 20 4217.55068(1) 2.353E-21(2)  0.0659(3)  0.0812(3) 0.52(1) 0.89(1)
4 3F11 4F2 26 4239.577837(1)  3.076E-21(3)  0.0621(2)  0.0778(3)  0.56(1) 0.81(1)
4 3A21 4A1 10 4239.251865(1)  4.944E-21(6)  0.0591(3)  0.0726(3)  0.6(1)  0.84(1)
4 3F21 4F1 25 4239.428865(1)  3.052E-21(4)  0.0687(3) 0.082(3)  0.49(1) 0.84(1)
4 4E1 3E14 4195.649714(1)  1.316E-21(1)  0.0564(1)  0.0749(2)  0.46(1)  0.79(1)
4 4F11 3F221 4195.970545(5)  1.977E-21(1)  0.0642(1)  0.0826(1) 0.53(5) 0.806(4)
4 4F21 3F123 4194.757054(1)  1.935E-21(1)  0.0628(2)  0.0767(3)  0.56(1)  0.86(1)
4 4A11 3A28 4196.395062(4)  3.318E-21(2)  0.0634(1)  0.0788(1)  0.52(4) 0.804(3)
4 4F11 4F2 27 4216.993786(1)  2.435E-21(2)  0.0648(2)  0.0818(2)  0.54(1) 0.87(1)
4 4E1 4E 18 4217.361452(1)  1.613E-21(2) 0.058(3) 007233)  05(1)  0.91(1)
4 4A11 4A29 4216.474061(1)  4.043E-21(5)  0.0669(2)  0.0812(2) 0.48(1) 0.82(1)
5 4A11 5A2 11 4244.819887(1) 4.94E-21(6) 0.063(2) 0.0769(2)  051(1) 0.756(5)
5 5E1 4E 19 4188.649414(1)  1.304E-21(1)  0.0579(2) 0073(2)  05(1)  0.82(1)
5 5F12 4F2 28 4188.348757(5)  1.942E-21(1) 0.063(1) 0.0782(1)  055(1) 0.815(4)
5 4F11 5F2 28 4244.568138(1) 2.93E-21(3) 0.0649(2)  0.0817(3)  0.54(1) 0.83(1)
5 5F11 5F2 32 4215.628731(2)  2.203E-21(6)  0.0665(6)  0.0802(3)  0.48(1)  0.89(1)
5 5F11 4F2 29 4190.456858(1)  2.003E-21(1)  0.0626(2)  0.0792(3)  0.55(1)  0.86(1)
5 5F21 5F1 33 4216.244118(1)  2.269E-21(2)  0.0645(2)  0.0817(2)  0.54(1)  0.86(1)
5 5F21 4F127 4189.898113(1)  1.959E-21(4) 0.062(4) 0.0762(5)  055(1) 1.01(1)
5 5F12 5F2 33 4218.684057(3)  2.883E-21(42)  0.0678(6)  0.0803(7) 0.85(2)
5 4E1 5E 20 4244.437574(1)  1.945E-21(2) 0.056(3) 0.0687(3)  0.44(1)  0.94(1)
5 4F21 5F1 30 4244112724(1)  2.942E-21(3)  0.0645(2)  0.0791(2)  0.54(1) 0.789(4)
5 5E1 5E 22 4218.350008(2)  1.528E-21(5)  0.0616(10)  0.0759(13)
6 5E1 6E 22 4248.792264(11)  1.447E-21(21)  0.0648(13)  0.0627(19)
6 5F12 6F2 34 4249.132117(2) 6.78E-22(2) 0.0549(8)  0.0752(10) 0.88(4)
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5F21
5F11
5F11
6F11
5F12
6F2 2
6A2 1
6A11
6F11
6F2 1
6E 1
6E 1
6A2 1
6A11
6F2 1
6F2 2
6A11
TA21
7F21
7TE1
6F2 1
6F2 2
6E 1
6A2 1
6F11
7TE1
7F11
TF22
7F11
TF12
TA21
TF12
TF12
TF22
TF12
7F21
7TE1
7F11
TA21
7F21
TF12
TF22
7F21

6F1 32
6F2 35
6F2 34
6F2 39
6F2 33
5F134
5A110
5A2 12
5F2 34
5F1 35
5E 23
6E 26
6A1 14
6A2 13
6F1 37
6F1 38
TA2 14
7A115
6F1 40
TE 29
7F139
7F138
TE 25
7A113
TF2 37
6E 27
7F2 41
6F1 39
6F2 41
6F2 40
6A1 15
TF2 44
6F2 34
7TF145
6F2 35
TF143
8E 29
8F2 44
8A115
8F143
8F2 43
8F141
8F141

4249.439413(1)
4250.930668(L)
4249.146763(1)
4218.544326(1)
4248.786427(4)
4182.336963(1)
4183.829312(5)
4181.355176(5)
4181.81703(1)
4184.387552(1)
4184.546623(1)
4214.309149(1)
4215.043748(1)
4219.158856(1)
4214.505278(1)
4217.897509(1)
4253.519163(1)
4216.675194(1)
4178.252417(1)
4218.142548(1)
4254.59503(1)
4253.768243(1)
4254.638687(L)
4254.481225(1)
4253.64555(1)
4175.183036(1)
4212.678024(1)
4175.674689(1)
4178.527643(1)
4174.493451(1)
4176.647424(1)
4219.202731(1)
4113.092352(5)
4217.592981(1)
4114.87633(3)
4212.990834(1)
4258.941223(1)
4259.691917(1)
4258.695654(1)
4259.976549(1)
4258.533574(1)
4256.9843(2)
4257.022338(4)

2.696E-21(2)
8.85E-22(1)
1.539E-21(2)
2.007E-21(2)
2.22E-21(26)
1.772E-21(1)
3.037E-21(2)
2.909E-21(2)
1.766E-21(1)
1.838E-21(1)
1.211E-21(2)
1.293E-21(1)
3.224E-21(3)
3.355E-21(4)
1.931E-21(2)
1.996E-21(3)
3.706E-21(4)
2.603E-21(2)
1.584E-21(1)
1.058E-21(1)
2.302E-21(3)
2.291E-21(2)
1.544E-21(2)
3.803E-21(4)
2.311E-21(2)
1.004E-21(1)
1.524E-21(1)
1.501E-21(1)
1.597E-21(1)
1.489E-21(1)
2.537E-21(3)
1.584E-21(2)
5.49E-23(3)
1.556E-21(3)
1.161E-22(5)
1.521E-21(3)
7.78E-22(1)
1.76E-21(2)
2.975E-21(3)
1.237E-21(1)
1.313E-21(2)
5.6E-22(1)
2.2E-22(1)
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0.0649(2)
0.0635(3)
0.0718(5)
0.064(5)
0.0566(5)
0.0643(2)
0.0619(1)
0.062(2)
0.0628(2)
0.0618(2)
0.0611(2)
0.0604(2)
0.0652(2)
0.0657(3)
0.0628(3)
0.0646(3)
0.0594(2)
0.0632(2)
0.0611(2)
0.0519(4)
0.0638(4)
0.0649(3)
0.0597(4)
0.0651(2)
0.0651(3)
0.0499(2)
0.0604(2)
0.0627(2)
0.0614(2)
0.0622(2)
0.0622(2)
0.0606(4)
0.0653(14)
0.063(6)
0.0603(8)
0.0636(5)
0.0496(3)
0.061(3)
0.0623(2)
0.0607(3)
0.0602(3)
0.0629(5)
0.062(10)

0.0817(2)
0.0807(3)
0.0853(5)
0.0773(6)
0.0832(9)
0.0794(2)
0.078(1)
0.075(2)
0.0786(2)
0.0798(2)
0.0749(2)
0.0771(2)
0.0804(2)
0.0807(3)
0.0777(4)
0.0787(3)
0.0753(2)
0.0763(3)
0.0773(3)
0.0659(6)
0.0822(6)
0.0797(3)
0.0726(6)
0.0759(2)
0.0778(4)
0.0645(2)
0.076(2)
0.0785(2)
0.0757(2)
0.076(3)
0.0741(2)
0.0765(6)
0.0799(9)
0.0742(7)
0.0758(6)
0.0799(5)
0.0638(3)
0.075(3)
0.0735(2)
0.0775(3)
0.075(3)
0.0792(3)
0.0783(6)

0.53(1)
0.54(1)
0.58(2)
0.56(1)
0.55(2)
0.54(1)
0.53(1)
0.53(1)
0.54(1)
0.56(1)
0.53(1)
0.56(1)
0.51(1)
0.49(1)
057(1)
0.54(1)
0.54(1)
0.54(1)
0.52(1)
0.43(2)
0.55(1)
0.54(1)
0.55(1)
0.49(1)
0.51(1)
0.43(1)
0.56(1)
0.51(1)
0.53(1)
0.51(1)
0.5(1)
053(2)

0.64(2)

0.68(2)
0.45(2)
0.55(1)
0.51(1)
0.55(1)
0.53(1)
0.56(2)

0.803(5)
0.85(1)
0.94(2)
0.94(2)
0.73(3)
0.87(1)
0.8(3)
0.837(4)
0.815(4)
0.8(1)
0.84(1)
0.81(1)
0.82(4)
0.77(1)
0.91(1)
0.95(1)
0.75(1)
0.85(1)
0.81(1)
0.84(3)
0.71(2)
0.79(1)
0.73(2)
0.94(1)
0.89(1)
0.78(1)
0.78(1)
0.82(1)
0.82(1)
0.84(1)
0.85(1)
0.75(2)
0.83(2)
1.06(2)
0.87(1)
0.77(2)
0.76(1)
0.81(1)
0.84(1)
0.83(1)
0.83(1)
0.82(1)
0.88(2)
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TF22
7F21
7F21
8E 2
8F22
8F12
8F21
8Al11
8F11
8E1
8E1
8E 2
8E1
8F21
8Al11
8F11
8F22
8F21
8F11
8F12
8Al11
9F11
8E1
9A11
9F21
9F12
9E1
9A2 1
9E1
9F13
8E1
8E 2
8F11
8F22
8E 2
9A11
9F11
9F21
9E1
9F12
9A2 1
9F2 2
9F13

8F1 42
8F1 42
8F143
7E 30
TF1 47
TF2 45
7F148
8A2 15
8F2 47
8E 31
8E 30
8E 33
7TE 31
8F1 46
7A2 16
TF2 46
8F148
9F1 46
9F2 46
9F2 45
9A2 17
9F2 50
9E 31
9A2 19
9F151
9F2 51
9E 35
9A1 16
8E 30
9F2 53
9E 30
9E 30
9F2 45
9F1 45
9E 29
8A2 17
8F254
8F152
8E 36
8F2 53
8A118
8F151
8F2 52

4258.831772(1)
4258.869833(2)
4259.977137(5)
4167.526484(1)
4167.157619(1)
4168.485903(1)
4169.919017(1)
4210.63469(1)
4210.944546(1)
4211.351872(2)
4210.053981(9)
4219.348893(1)
4172.117678(1)
4215.381817(1)
4172.444341(1)
4172.243915(1)
4219.653706(1)
4263.751122(2)
4264.566102(1)
4262.943221(2)
4264.818493(1)
4208.447501(2)
4264.598911(2)
4216.071417(1)
4208.562798(2)
4214.745506(2)
4214.451581(2)
4216.902358(3)
4115.990616(7)
4217.165159(3)
4263.596388(3)
4263.51055(7)
4263.014328(7)
4261.675688(2)
4261.690861(3)
4161.053923(1)
4165.762154(1)
4165.578602(1)
4163.003536(1)
4162.689677(2)
4159.053776(1)
4159.491209(1)
4160.036111(1)

1.137E-21(1)
3.83E-22(1)
1.059E-21(11)
8.078E-22(4)
1.206E-21(1)
1.218E-21(1)
1.239E-21(1)
1.875E-21(1)
1.052E-21(1)
5.01E-22(1)
2.49E-22(3)
7.04E-22(1)
8.68E-22(1)
1.009E-21(1)
2.196E-21(4)
1.313E-21(1)
7.66E-22(1)
8.17E-22(1)
1.118E-21(2)
9.43E-22(2)
1.956E-21(2)
751E-22(1)
4.87E-22(1)
1.189E-21(1)
7.76E-22(1)
7.63E-22(1)
5.15E-22(1)
6.02E-22(3)
5E-23(0)
6.22E-22(2)
3.97E-22(1)
1.57E-22(1)
1.25E-22(1)
1.148E-21(3)
7.07E-22(3)
1.692E-21(1)
1.095E-21(5)
1.104E-21(5)
7.029E-22(5)
1.035E-21(3)
1.619E-21(2)
1.004E-21(1)
9.9E-22(1)
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0.063(4)
0.0637(8)
0.0643(5)
0.0516(1)
0.0613(1)
0.0614(2)
0.0616(2)
0.0587(2)
0.0613(4)
0.0627(7)
0.0578(18)
0.0498(3)
0.0589(2)
0.0613(3)
0.0599(2)
0.0595(2)
0.0607(3)
0.0611(4)
0.0571(4)
0.0576(6)
0.0586(3)
0.0575(4)
0.0565(7)
0.0604(6)
0.0589(4)
0.0608(4)
0.0603(7)
0.0576(10)
0.0608(16)
0.0519(7)
0.0617(8)
0.0591(26)
0.052(17)
0.0601(7)
0.0518(11)
0.0605(3)
0.0569(1)
0.0584(1)
0.0593(2)
0.0596(2)
0.0598(1)
0.0622(1)

0.06(1)

0.0794(4)
0.0804(7)
0.0805(4)
0.0661(1)
0.0766(1)
0.0773(2)
0.075(2)
0.0718(2)
0.0746(3)
0.0762(6)
0.0729(18)
0.0656(3)
0.0719(3)
0.0757(3)
0.0697(3)
0.0736(3)
0.0776(3)
0.0755(4)
0.0734(4)
0.074(5)
0.0713(3)
0.0699(3)
0.0704(6)
0.0778(4)
0.0732(3)
0.0757(4)
0.0722(8)
0.0691(8)
0.0752(11)
0.0687(8)
0.0766(7)
0.073(21)
0.066(11)
0.0783(6)
0.0704(10)
0.0731(2)
0.0687(1)
0.0723(1)
0.0727(1)
0.0744(2)
0.0736(2)
0.0787(2)
0.0762(2)

0.53(1)

0.48(2)
0.45(1)
0.51(1)
0.51(1)
0.54(1)
0.53(1)
05(2)

051(2)
0.5(1)
0.55(2)
0.43(1)
0.47(1)
0.59(2)
051(2)
052(2)
053(2)
0.48(1)
057(2)

0.48(2)
0.54(2)
0.56(3)

0.47(1)
0.5(1)
0.49(1)
0.56(1)
0.51(1)
0.44(1)
0.56(1)
0.54(1)

0.81(1)
0.82(2)
0.81(1)
0.75(1)
0.802(5)
0.782(5)
0.81(1)
0.8(1)
0.8(1)
0.81(1)
0.88(2)
0.77(1)
0.82(1)
0.82(1)
0.85(1)
0.83(1)
0.8(1)
0.81(1)
0.76(1)
0.8(1)
0.79(1)
0.83(1)
0.82(2)
0.78(1)
0.77(1)
0.79(1)
0.79(3)
0.93(3)
0.79(3)
0.7(3)
0.83(2)

0.83(3)
0.76(2)
0.69(3)
0.85(1)
0.79(1)
0.78(1)
0.75(1)
0.8(1)
0.81(1)
0.78(1)
0.8(1)



10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
12
12
12

9F13
9A11
9A2 1
9F12
9F21
9F11
9F2 2
10E 2
10A21
10E1
10A11
10F2 2
10E1
10F21
10F21
10F12
9E1
10A21
10E 2
10A11
10F12
10F2 3
10F11
10F2 2
10F11
10F11
10F2 2
10F12
10F2 3
10A11
10A21
11A21
11F21
11F22
11F11
11E1
11F12
11F11
11F2 3
11F21
11E2
11F13
11F12

10F2 48
10A2 16
10A1 17
10F2 49
10F1 48
10F2 50
10F1 47
10E 38
9A119
9E 39
10A2 19
10F1 56
10E 37
10F1 54
9F1 60
10F2 58
10E 32
10A1 20
9E 38
9A2 21
9F2 58
9F158
9F2 59
9F1 59
10F2 57
11F2 52
11F153
11F2 51
11F152
11A2 18
11A117
11A121
10F1 72
11F163
10F2 73
11E41
11F2 61
11F2 59
11F1 64
11F161
12E 38
12F2 56
12F2 57

4266.755118(2)
4267.134602(1)
4266.496427(1)
4267.486265(2)
4268.972845(2)
4268.909037(2)
4266.606303(2)
4217.773981(3)
4156.887224(1)
4156.92253(2)
4215.966631(2)
4213.07271(8)
4205.986643(4)
4206.010714(5)
4156.874962(3)
4217.265004(2)
4267.550174(5)
4206.073073(2)
4150.549498(1)
4152.613689(1)
4151.016765(1)
4150.058291(1)
4153.651498(1)
4154.102201(1)
4213.600913(2)
4272.010898(3)
4272.159158(3)
4271.128214(2)
4270.854783(2)
4271.57011(3)
4273.53687(3)
4211.256385(2)
4155.793472(6)
4211.604096(8)
4155.948357(6)
4211.821883(5)
4215.423844(4)
4203.365714(18)
4217.200666(5)
4203.371193(10)
4275.138151(4)
4275.057005(3)
4275.879714(3)

9.7E-22(1)
1.583E-21(1)
1.553E-21(2)
9.3E-22(1)
9.37E-22(1)
8.94E-22(1)
9.75E-22(1)
3.3E-22(1)
1.493E-21(3)
5.04E-22(1)
8.52E-22(2)
5.1E-22(8)
3.14E-22(1)
4.83E-22(5)
6.48E-22(3)
4.89E-22(1)
5.57E-22(4)
8.22E-22(1)
6.22E-225(4)
1.578E-21(3)
9.38E-22(1)
9.3E-22(1)
9.351E-22(5)
9.51E-22(1)
5E-22(1)
5.47E-22(3)
6.11E-22(3)
6.19E-22(1)
6.3E-22(1)
1.05E-21(3)
9.38E-22(3)
4.84E-22(1)
1.196E-22(3)
2.96E-22(1)
1.181E-22(5)
2.03E-22(1)
3.14E-22(1)
2.48E-22(6)
3.12E-22(2)
3.27E-22(6)
2.72E-22(1)
3.78E-22(1)
3.82E-22(1)
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0.0609(4)
0.0587(3)
0.0558(3)
0.0582(4)
0.0558(4)
0.0563(4)
0.0622(4)
0.0459(6)
0.0586(3)
0.0578(3)
0.0574(4)
0.0568(8)
0.0536(9)
0.0571(14)
0.0524(4)
0.059(6)
0.0561(11)
0.055(4)
0.0422(1)
0.0631(2)
0.0602(2)
0.0611(1)
0.0594(1)
0.06(1)
0.0604(4)
0.067(8)
0.0582(5)
0.0585(4)
0.0587(4)
0.0605(10)
0.0476(7)
0.0574(5)
0.0521(5)
0.0538(7)
0.053(6)
0.0573(9)
0.0602(9)
0.0474(16)
0.0555(12)
0.0557(13)
0.0437(5)
0.0553(5)
0.0576(5)

0.0764(3)
0.0729(2)
0.0726(3)
0.0743(3)
0.07(3)
0.0696(3)
0.0773(4)
0.0602(6)
0.0719(5)
0.0742(5)
0.0729(4)
0.0711(9)
0.0637(7)
0.0635(11)
0.069(7)
0.0749(6)
0.0699(8)
0.0685(3)
0.0548(2)
0.0754(2)
0.0758(2)
0.0768(2)
0.0746(2)
0.0738(2)
0.0759(3)
0.0807(7)
0.0699(5)
0.0732(3)
0.0724(4)
0.076(10)
0.0595(8)
0.0685(4)
0.0642(4)
0.0687(6)
0.0628(5)
0.0714(6)
0.0778(10)
0.0629(16)
0.0726(13)
0.0654(10)
0.0557(4)
0.0689(3)
0.0706(4)

0.49(2)
0.47(2)
0.43(2)
052(2)
052(2)
051(2)
05(2)

053(2)
0.59(2)
0.56(2)

05(2)
0.4(1)
0.43(1)
0.55(1)
0.57(1)
0.52(1)
0.55(1)
0.63(3)
0.65(3)
0.56(2)
0.58(2)
0.56(2)

0.57(3)

0.81(1)
0.78(1)
0.74(1)
0.71(1)
0.75(1)
0.75(1)
0.76(1)
0.65(2)
0.75(2)
0.7(2)
0.77(1)
0.75(2)
0.76(3)

0.92(3)
0.81(2)
0.78(3)
0.75(1)
0.67(1)
0.76(1)
0.79(1)
0.77(1)
0.73(1)
0.75(1)
0.77(1)
0.76(1)
0.74(1)
0.82(1)
0.79(1)
0.63(3)
0.83(3)
0.71(1)
0.71(2)
0.66(2)
0.78(2)
0.73(2)

1(4)
0.67(2)
0.73(1)
0.7(1)



12 11F2 3 12F1 55 4275.294315(3) 3.83E-22(1) 0.0568(5)  0.0719(3) 0.76(1)

12 11A21 12A1 20 4276.717795(3) 6.35E-22(2) 0.0561(7)  0.0657(7) 0.69(3)
12 11F21 12F157 4278.221394(3) 3.7E-22(1) 0.0521(6)  0.0653(5) 0.65(2)
12 11F11 12F2 58 4278.244319(3) 3.74E-22(1) 0.0544(7)  0.0653(5) 0.73(2)
12 11E1 12E 39 4276.506827(6) 259E-22(3)  0.0583(10)  0.0691(9) 0.74(4)
12 12A11 12A2 21 4200.952244(6) 2.48E-22(1) 0.0494(8)  0.0595(7)
12 12F21 12F1 65 4209.461375(9) 167E22(1)  0.0601(14)  0.0732(12)
12 12A12 12A2 22 4218.94833(5) 299E-22(2)  0.0584(13)  0.0754(16)
12 11F2 2 12F1 56 4276.589509(4) 3.84E-22(1) 0.0579(8)  0.0717(8) 0.72(3)
12 12F22 12F1 67 4214.879649(8) 1.76E-22(1) 0.062(14)  0.0744(13)
12 12A21 12A1 23 4216.594242(5) 3.15E-22(2) 0.0574(9)  0.0743(12)
12 12F12 12F2 68 4209.853878(12)  166E-22(2)  0.0542(23)  0.0736(21)
12 12A11 11A2 27 4149.007479(2)  2.273E-22(3)  0.0534(2)  0.0643(2)  0.53(1) 0.68(1)
12 12F11 11F2 79 4148.901712(4)  1.336E-22(4) 0.051(4) 0.0627(3) 052(2) 0.66(1)
13 12F21 13F1 63 4281.093222(5) 2.2E-22(1) 0.058(8) 0.0697(6) 0.68(2)
13 12F13 13F2 60 4279.255197(6) 2.46E-22(1) 0.0634(9)  0.0772(7) 0.88(2)
13 12A12 13A2 21 4279.171847(4) 3.83E-22(1) 0.0574(6)  0.0702(4) 0.8(2)
13 12A21 13A1 20 4279.413922(4) 3.78E-22(1) 0.0577(6)  0.0722(4) 0.75(2)
13 12F23 13F1 60 4279.10593(9) 1.46E-22(1)  0.0533(11)  0.0646(7) 0.82(4)
13 12A11 13A2 22 4282.776466(4) 3.5E-22(3) 0.0573(11)  0.0632(9)
13 12E1 13E 41 4282.740586(14)  147E-22(2)  0.0422(18)  0.0588(18)
13 13A11 13A226  4207.816028(12)  1.44E-22(1)  0.0515(13)  0.0668(9)
13 12E 2 13E 40 4280.239739(13)  146E-22(1)  0.0572(15)  0.0638(L1)
13 12F11 13F2 62 4282.752732(11)  2.13E-22(2)  0.0587(27)  0.0688(26)
14 13A21 14A1 22 4283.915495(7) 1.95E-22(1) 0.0566(9)  0.0709(7) 0.64(3)
14 13F21 14F1 65 4287.153379(10)  1.23E-22(1)  0.0471(15)  0.0611(13)
14 13A11 14A2 21 4285.280242(7) 2.02E-22(1) 0.0571(9)  0.0717(7) 0.67(3)
14 13F12 14F2 66 4285447189(11)  117E-22(1)  0.0547(14)  0.067(10)
14 13F23 14F1 63 4283.318251(10)  127E-22(1)  0.0627(16)  0.0787(14)
14 13F22 14F1 64 4284.187454(11)  122E-22(1)  0.0558(14)  0.0698(L1)

aStatistical uncertainties are given in parentheses.
bn, and n, are temperature-dependence exponents of air- and self-broadened half-width
coefficients, respectively.
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Appendix D: Supplementary data of shifts along with their temperature dependences
and speed dependences parameters for CH4 broadened by itself and H>

TDP TDP
Lower Upper Position® Ho-shift? Self-shift* Ho-shift? self-shift®
Iml state state (cm™) (cm™atm™) (cm?atm?)  (ecmtatm™K?h)  (em?tatmlK?) S3¢

0A11  1A24  4223906441(1)  -0.0114(3)  -0.0107(4)  0.000017(2) 0.000106(5)  0.08(1)
1F11  1F29  4218.416115(1)  -0.0099(3)  -0.0104(5)  0.000045(3) 0.000129(7)  0.05(1)

1IF11  OF24  4212.980503(2) 0.000166(12)
2E1 2E11  4218.077734(1)  -0.0102(3) 0.000045(3)  0.000228(10)  0.08(1)
2E1 1E 6 4207.487244(1)  -0.0101(4)  -0.0098(4)  0.000034(4) 0.000118(5)  0.06(1)
2F21  1F110  4207.205927(3)  -0.0068(10)  -0.0088(11) 0.000122(9)

1F11  2F215  4229.195067(1)  -0.0099(2)  -0.0091(3)  0.000016(2) 0.000088(3)  0.05(1)
2F21  2F114  4218.335579(1)  -0.0087(9)

3F11  2F216  4201.848149(1)  -0.011(2)  -0.0121(2)  0.000035(2) 0.000097(2)  0.05(1)
3A21  2A16  4200.821017(1)  -0.0113(3)  -0.008(4) 0.000038(2) 0.000137(4)  0.07(1)
3F11  3F220  4217.55068(1)  -0.0089(2)  -0.0082(4)  0.000026(2) 0.000055(5)  0.05(1)
3F21  2F115  4201.40055(1)  -0.0083(3)  -0.0102(2)  0.000038(3) 0.000065(2)  0.04(1)
2E1 3E13  4234.418669(1)  -0.009(2) -0.01(3) 0.000023(2) 0.000091(5)  0.06(0)
2F21  3F121  4234.351497(1)  -0.0059(3) 0.000031(2) 0.000142(7)  0.16(1)
3A21  3A17  4218.784496(1)  -0.0078(3)  -0.0048(6)  0.000043(2) 0.000178(7)  0.07(1)
3A21 4A110  4239.251865(1)  -0.0075(2)  -0.0074(3)  0.000013(1) 0.000072(4)  0.07(1)
3F21  4F125  4239.428865(1)  -0.0066(2)  -0.0073(4) 0.09(5)
3F11  4F226  4239577837(1)  -0.012(2)  -0.0093(3)  0.000039(2) 0.00015(5) 0.04(1)
4E1 3E14  4195649714(1)  -0.0096(1)  -0.0123(1)  0.000036(2) 0.000089(2)  0.055(4)
4F11  3F221  4195.970545(4)  -0.0098(1)  -0.0105(1)  0.000038(1) 0.000085(2)  0.025(4)
4F21  3F123  4194.757054(1)  -0.0094(2)  -0.0117(2)  0.000036(2) 0.000074(2)  0.079(4)
4A11  3A28  4196.395062(4)  -0.0089(1)  -0.0109(1)  0.000033(L) 0.00007(2)  0.041(4)
4F11  4F227  4216.993786(1)  -0.0087(2)  -0.0082(3) 0.00003(2) 0.000084(4)  0.04(1)
4E1 4E18  4217.361452(1)  -0.0094(3)  -0.0098(3)  0.000025(3) 0.000086(4)

4A11  4A29  4216474061(1)  -0.0089(2)  -0.0096(3)  0.000029(2) 0.000061(4)  0.05(1)
4E1 5E20  4244.437574(1)  -0.0089(2)  -0.0119(3)  0.000018(2) 0.000068(4)  0.09(1)
4F11  5F228  4244.568138(1) -0.01(2) -0.0091(3)  0.000021(2) 0.00011(5) 0.05(1)
4A11  5A211  4244819887(1)  -0.0086(2)  -0.0091(3)  0.000014(2) 0.000097(4)

5F12  5F233  4218.684057(3)  -0.0133(4)  -0.0061(9)  0.000047(3)  0.000216(14)

4F21  5F130  4244.112724(1)  -0.0065(2)  -0.0089(2) 0.000033(3)  0.07(1)
5E1 5E22  4218.350008(2)  -0.009(12) 0.000099(14)

5E1 4E19  4188.649414(1)  -0.0101(1)  -0.0128(1)  0.000036(2) 0.000093(2)  0.075(4)
5F12  4F228  4188.348757(5)  -0.009(1)  -0.0104(1)  0.000031(2) 0.000077(2)  0.04(4)
5F11  5F232  4215.628731(2)  -0.0105(2)  -0.0103(3)  0.000025(3) 0.000082(3)

5F11  4F229  4190.456858(1)  -0.0106(2)  -0.0114(3)  0.000031(2) 0.000081(3)  0.04(4)
5F21  5F133  4216.244118(1)  -0.0087(2)  -0.0082(3)  0.000029(2) 0.000083(3)  0.04(1)

o o oo oo oo ool g0 A DS B D D DB B B OWOWWwWWwWW W W N NN DNDNDN R R,

5F21  4F127  4189.898113(1)  -0.0035(3) 0.000044(3) 0.000189(8)  0.08(1)
5E1 BE22  4248.792264(11) -0.0201(25)
5F12  6F234  4249.132117(2) -0.008(11)
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5F21
5F12
5F11
5F11
6F2 2
6A2 1
6A11
6F11
6F11
6F2 1
6E 1
6E 1
6A2 1
6A11
6F2 1
6F2 2
6A11
TF12
6F2 1
6F2 2
6E 1
6A2 1
6F11
7TE1
7F11
TF22
7F11
TF12
TA21
TA21
7F21
7TE1
TF12
TF22
TF12
7F21
7TE1
8E 2
8F22
8F12
8F21
8Al11
8F11

6F1 32
6F2 33
6F2 35
6F2 34
5F134
5A110
5A2 12
5F2 34
6F2 39
5F1 35
5E 23
6E 26
6A1 14
6A2 13
6F1 37
6F1 38
TA2 14
TF2 44
7F139
7F138
TE 25
7A113
TF2 37
6E 27
7F2 41
6F1 39
6F2 41
6F2 40
6A1 15
7A115
6F1 40
TE 29
6F2 34
7TF145
6F2 35
TF143
8E 29
7E 30
TF1 47
TF2 45
TF148
8A2 15
8F2 47

4249.439413(1)
4248.786427(4)
4250.930668(1)
4249.146763(1)
4182.336963(1)
4183.829312(5)
4181.355176(5)
4181.81703(1)
4218.544326(1)
4184.387552(1)
4184.546623(1)
4214.309149(1)
4215.043748(1)
4219.158856(1)
4214.505278(1)
4217.897509(1)
4253.519163(1)
4219.202731(1)
4254.59503(1)
4253.768243(1)
4254.638687(1)
4254.481225(1)
4253.64555(1)
4175.183036(1)
4212.678024(1)
4175.674689(1)
4178.527643(1)
4174.493451(1)
4176.647424(1)
4216.675194(1)
4178.252417(1)
4218.142548(1)
4113.092352(5)
4217.592981(1)
4114.87633(3)
4212.990834(1)
4258.941223(1)
4167.526484(1)
4167.157619(1)
4168.485903(1)
4169.919017(1)
4210.63469(1)
4210.944546(1)

-0.011(2)
-0.013(7)
-0.0084(3)
-0.0049(4)
-0.0119(2)
-0.0102(1)
-0.0098(1)
-0.008(1)
-0.0109(4)
-0.0098(1)
-0.0102(2)
-0.0085(2)
-0.0077(2)
-0.0116(2)
-0.0093(3)
-0.009(2)
-0.0071(2)
-0.012(3)
-0.009(3)
-0.0125(2)
-0.0096(4)
-0.0092(2)
-0.0047(2)
-0.0108(1)
-0.0081(2)
-0.0109(1)
-0.0101(1)
-0.0096(1)
-0.0109(1)
-0.0104(2)
-0.0106(1)
-0.0096(3)
-0.0098(14)
-0.0094(4)
-0.01(9)
-0.0077(4)
-0.0085(3)
-0.0102(1)
-0.0092(1)
-0.0109(1)
-0.0099(1)
-0.0092(2)
-0.0079(3)
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-0.0125(2)

-0.0102(3)
-0.0062(5)
-0.0122(2)
-0.0117(1)
-0.0111(2)
-0.0089(1)
-0.0086(6)
-0.0113(2)
-0.0116(2)
-0.0094(2)
-0.0084(2)
-0.0084(4)
-0.0096(4)
-0.0094(3)
-0.0084(3)
-0.0138(6)
-0.0081(6)
-0.0118(3)
-0.0132(5)
-0.0143(4)
-0.0053(4)
-0.0136(2)
-0.0094(2)
-0.0119(2)
-0.0119(2)
-0.0104(2)
-0.0126(2)
-0.0103(3)
-0.0117(2)
-0.0109(5)
-0.0069(6)
-0.0089(7)
-0.009(6)
-0.0151(6)
-0.0107(2)
-0.0139(1)
-0.0102(1)
-0.0134(1)
-0.0118(1)
-0.0119(2)
-0.0107(2)

0.00003(2)

0.000039(2)
0.000041(1)
0.000027(2)
0.000024(2)
0.00004(4)
0.000031(2)
0.000022(2)
0.000029(3)
0.000027(2)
0.000045(3)
0.000045(3)
0.000037(3)
0.000014(2)
0.000058(4)
0.000031(3)
0.000055(2)
0.00003(4)
0.000031(2)

0.000022(2)
0.000021(3)
0.000029(2)
0.000017(2)

0.000024(2)
0.000038(2)

0.000043(4)

0.000015(2)
0.000017(2)
0.000025(2)
0.000018(2)

0.00003(4)

0.000119(2)
0.000151(13)
0.000093(2)
0.000138(7)
0.000105(2)
0.000093(2)
0.000074(2)
0.00007(2)
0.000104(8)
0.000072(2)
0.000078(2)
0.000085(2)
0.000069(2)
0.000133(5)
0.000087(5)
0.00007(4)
0.000051(4)
0.000086(7)
0.000095(7)
0.000146(4)
0.000078(6)
0.000047(5)

0.00012(2)
0.000094(2)
0.000097(2)
0.000089(2)
0.000089(3)
0.000088(3)
0.000102(3)
0.000076(3)
0.000111(8)
0.000062(7)
0.000064(8)

0.000094(3)
0.000089(1)
0.000087(1)
0.000081(1)
0.000082(1)
0.000082(2)
0.000091(2)

0.06(1)

0.15(1)
0.064(4)

0.032(4)
0.039(4)
0.05(1)
0.028(4)
0.072(5)
0.03(1)
0.068(5)
0.05(1)
0.05(1)
0.06(1)

0.06(1)
0.06(1)
0.06(1)
0.10(1)
0.06(1)
0.09(1)
0.04(1)

0.06(1)
0.06(1)

0.05(1)

0.09(1)

0.09(1)

0.07(1)
0.10(1)
0.094(3)
0.061(4)
0.041(5)
0.05(1)
0.048(5)
0.08(1)
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7F11
TA21
7F21
TF12
TF22
7F21
TF22
7F21
7F21
8E1
8E1
8E 2
8E1
8F21
8Al11
8F11
8F22
8F21
8E 2
8F11
8F12
9F11
8E1
9A11
9F21
8E1
8Al11
8F11
8F22
8E 2
9A11
9F11
9F21
9E1
9F12
9A2 1
9F2 2
9F13
9F12
9E1
9A2 1
9E1
9F13

8F2 44
8A115
8F143
8F2 43
8F141
8F141
8F1 42
8F1 42
8F143
8E 30
8E 31
8E 33
7TE 31
8F1 46
7A2 16
TF2 46
8F148
9F1 46
9E 30
9F2 46
9F2 45
9F2 50
9E 31
9A2 19
9F151
9E 30
9A2 17
9F2 45
9F1 45
9E 29
8A2 17
8F254
8F152
8E 36
8F2 53
8A118
8F151
8F2 52
9F2 51
9E 35
9A1 16
8E 30
9F2 53

4259.691917(1)
4258.695654(1)
4259.976549(1)
4258.533574(1)
4256.9843(2)
4257.022338(4)
4258.831772(1)
4258.869833(2)
4259.977137(5)
4210.053981(9)
4211.351872(2)
4219.348893(1)
4172.117678(1)
4215.381817(1)
4172.444341(1)
4172.243915(1)
4219.653706(1)
4263.751122(2)
4263.51055(7)
4264.566102(1)
4262.943221(2)
4208.447501(2)
4264.598911(2)
4216.071417(1)
4208.562798(2)
4263.596388(3)
4264.818493(1)
4263.014328(7)
4261.675688(2)
4261.690861(3)
4161.053923(1)
4165.762154(1)
4165.578602(1)
4163.003536(1)
4162.689677(2)
4159.053776(1)
4159.491209(1)
4160.036111(1)
4214.745506(2)
4214.451581(2)
4216.902358(3)
4115.990616(7)
4217.165159(3)

-0.0082(2)
-0.0084(2)
-0.0099(3)
-0.0069(3)
-0.0089(4)
-0.0126(10)
-0.0084(3)
-0.0109(8)

-0.0115(10)
-0.0091(6)
-0.0104(3)
-0.0094(2)
-0.0074(3)
-0.0104(1)
-0.0105(1)
-0.0096(3)
-0.0091(4)

-0.0098(3)
-0.0083(4)
-0.0093(3)
-0.0093(7)
-0.0094(4)
-0.0098(3)
-0.0112(8)
-0.0084(2)
-0.0154(16)
-0.0045(7)
-0.014(10)
-0.0103(1)
-0.0106(1)
-0.0099(1)
-0.0099(1)
-0.0099(1)
-0.0099(1)
-0.0091(1)
-0.0116(1)
-0.0108(4)
-0.0093(6)
-0.0142(10)
-0.0093(14)
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-0.0112(2)
-0.0102(3)
-0.0131(3)
-0.0086(3)
-0.0105(3)
-0.016(7)
-0.0088(4)
-0.0141(8)

-0.0133(8)
-0.0117(5)
-0.0115(3)
-0.0109(3)
-0.009(3)
-0.0123(2)
-0.0112(2)
-0.0097(2)
-0.0101(3)

-0.0118(3)
-0.0097(3)
-0.0115(2)
-0.0131(6)
-0.0116(3)
-0.0119(3)
-0.0129(6)
-0.0104(2)
-0.0171(10)

-0.0229(10)
-0.0134(1)
-0.0132(1)
-0.0114(1)
-0.0123(1)
-0.0117(1)
-0.0107(1)
-0.0092(1)
-0.0137(1)
-0.0119(4)
-0.01(8)
-0.0142(8)
-0.0116(6)

0.000019(3)
0.000024(2)
0.000026(4)

0.000023(3)

0.000019(2)
0.000019(2)

0.000029(2)
0.000018(2)
0.000016(2)
0.000018(2)

0.000021(2)

0.000075(3)
0.00008(3)
0.000081(3)
0.000057(3)
0.000061(4)
0.000112(8)
0.00006(4)
0.000118(10)
0.000048(5)
0.000106(7)
0.00009(4)
0.000111(3)
0.000096(3)
0.000092(3)
0.000091(3)
0.000093(3)
0.000074(3)
0.000083(3)

0.0001(4)
0.000068(3)

0.00009(3)
0.000111(7)
0.000084(4)
0.000075(4)
0.000094(7)
0.000097(2)
0.000153(12)
0.000072(7)
0.00008(11)
0.000084(1)
0.000083(1)
0.000083(1)
0.000087(2)
0.000082(2)

0.00008(2)
0.000084(2)
0.000082(2)
0.000088(5)
0.000091(11)
0.000087(11)
0.000077(10)

0.09(1)
0.05(1)
0.05(1)

0.07(1)

0.05(1)

0.07(1)

0.06(1)
0.07(1)

0.06(1)
0.05(1)
0.08(1)

0.09(1)

0.08(1)
0.09(1)

0.059(4)
0.032(4)
0.074(4)
0.101(4)

0.038(5)
0.125(4)

0.056(4)

0.10(1)
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10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
12
12
12

9F13
9A11
9A2 1
9F12
9F21
9F11
10F12
9F2 2
10F11
10E1
10F21
10F21
9E1
10A21
10E 2
10A11
10F12
10E 2
10A21
10E1
10A11
10F2 2
10F2 3
10F11
10F2 2
10F11
10F2 2
10F12
11E1
11F12
11F11
11F22
11F11
10F2 3
11A21
10A11
11F2 3
11F21
11F21
10A21
11E2
11F13
11F12

10F2 48
10A2 16
10A1 17
10F2 49
10F1 48
10F2 50
10F2 58
10F1 47
10F2 57
10E 37
10F1 54
9F1 60
10E 32
10A1 20
9E 38
9A2 21
9F2 58
10E 38
9A119
9E 39
10A2 19
10F1 56
9F158
9F2 59
9F1 59
11F2 52
11F153
11F2 51
11E41
11F2 61
11F2 59
11F163
10F2 73
11F152
11A121
11A2 18
11F1 64
11F161
10F1 72
11A117
12E 38
12F2 56
12F2 57

4266.755118(2)
4267.134602(1)
4266.496427(1)
4267.486265(2)
4268.972845(2)
4268.909037(2)
4217.265004(2)
4266.606303(2)
4213.600913(2)
4205.986643(4)
4206.010714(5)
4156.874962(3)
4267.550174(5)
4206.073073(2)
4150.549498(1)
4152.613689(1)
4151.016765(1)
4217.773981(3)
4156.887224(1)
4156.92253(2)
4215.966631(2)
4213.07271(8)
4150.058291(1)
4153.651498(1)
4154.102201(1)
4272.010898(3)
4272.159158(3)
4271.128214(2)
4211.821883(5)
4215.423844(4)
4203.365714(18)
4211.604096(8)
4155.948357(6)
4270.854783(2)
4211.256385(2)
4271.57011(3)
4217.200666(5)
4203.371193(10)
4155.793472(6)
4273.53687(3)
4275.138151(4)
4275.057005(3)
4275.879714(3)

-0.0143(3)
-0.0112(2)
-0.0074(3)
-0.0093(3)
-0.0098(3)
-0.0097(3)
-0.0101(5)
-0.0048(3)
-0.0096(4)
-0.0088(9)
-0.0071(8)
-0.0164(4)
-0.0089(10)
-0.0093(3)
-0.0104(1)
-0.0093(1)
-0.012(1)
-0.0088(4)
-0.0082(2)
-0.0101(3)
-0.0061(3)
-0.0076(6)
-0.0091(1)
-0.01(1)
-0.0107(1)
-0.0086(4)
-0.0095(4)
-0.0124(3)
-0.0099(8)
-0.0106(7)
-0.0108(15)
-0.0079(6)
-0.0093(5)
-0.0057(4)
-0.0093(4)
-0.0092(6)
-0.0072(11)
-0.0089(12)
-0.011(4)
-0.0164(7)
-0.0086(4)
-0.0045(5)
-0.0087(5)
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-0.016(3)
-0.0146(2)
-0.007(3)
-0.0103(3)
-0.0121(3)
-0.012(3)
-0.0101(6)
-0.004(3)
-0.0114(3)
-0.0107(7)
-0.0121(5)
-0.0167(9)
-0.0081(8)
-0.0118(3)
-0.0145(1)
-0.0105(1)
-0.0131(1)
-0.0123(5)
-0.0096(5)
-0.0128(5)
-0.0072(5)
-0.0107(5)
-0.0098(1)
-0.0104(1)
-0.0121(1)
-0.0107(3)
-0.0136(2)
-0.0155(3)
-0.0129(4)
-0.0111(8)

-0.01(4)
-0.013(4)
-0.0077(3)
-0.0125(3)
-0.0108(7)

-0.0133(4)
-0.0233(10)
-0.0111(3)
-0.0041(3)
-0.0111(3)

0.000044(5)
0.000032(4)

0.000056(5)
0.000075(5)

0.000133(20)

0.000127(3)
0.000084(2)
0.000088(3)
0.000095(3)
0.000087(3)
0.000084(3)
0.000089(9)
0.000073(4)
0.000078(4)
0.000078(9)

0.000065(9)
0.000086(3)
0.000117(2)
0.000089(2)
0.000088(2)
0.000123(7)
0.000101(6)
0.000099(6)
0.000083(6)
0.000075(6)
0.000081(2)
0.000072(2)
0.00008(2)
0.00009(3)
0.000084(3)
0.000069(3)
0.000065(7)
0.000105(12)

0.000081(8)
0.000078(8)
0.000049(5)
0.000088(4)
0.000083(9)

0.000088(7)

0.000111(4)

0.000084(4)
0.000072(5)

0.09(1)

0.05(1)
0.115(4)
0.114(4)

0.07(1)

0.13(1)

0.11(1)

0.09(1)

0.121(4)
0.034(4)
0.074(5)

0.07(1)

0.14(2)

0.09(1)
0.11(1)

0.13(1)



12 11F23 12F155  4275294315(3)  -0.0146(4)  -0.0201(3) 0.000059(4)

12 12A11 12A221  4200.952244(6)  -0.0103(7)  -0.0144(6) 0.000078(10)
12 12F21 12F165  4209.461375(9)  -0.0091(12)  -0.0127(7) 0.000086(12)
12 12A12 12A222  4218.94833(5)  -0.0097(8)  -0.0085(11) 0.15(2)
12 11F11 12F258  4278.244319(3)  -0.0082(5)  -0.0136(4) 0.000061(6)  0.15(1)
12 11E1  12E39  4276506827(6)  -0.0098(7)  -0.0146(6) 0.000095(10)  0.13(2)
12 11A21 12A120  4276.717795(3)  -0.008(5) -0.011(6) 0.000093(9)
12 11F21 12F157  4278.221394(3)  -0.0085(6)  -0.0129(4) 0.000068(6)
12 12F11 11F279  4148901712(4)  -0.0102(3)  -0.0127(2) 0.000086(4)  0.08(1)

12 11F22 12F156  4276.589509(4)  -0.0093(6)  -0.0146(7)
12 12F22 12F167  4214.879649(8)  -0.0098(11)  -0.0097(9)
12 12A21 12A123  4216594242(5)  -0.0088(8) -0.0117(13)

12 12F12 12F268  4209.853878(12) -0.0174(18)

12 12A11 11A227  4149.007479(2)  -0.0097(2)  -0.0122(1) 0.000098(2)  0.14(1)
13 12F21 13F163  4281.093222(5)  -0.0091(6)  -0.0121(3) 0.000103(7)

13 12F13 13F260  4279.255197(6)  -0.0121(7)  -0.0118(5) 0.000132(9)  0.13(2)
13 12A12 13A221  4279.171847(4)  -0.0037(5) 0.000093(7)

13 12A21 13A120  4279.413922(4)  -0.0159(5)  -0.0226(3) 0.00006(5) 0.11(1)
13 12F23  13FL60  4279.10593(9) 0.00014(12)

13 13A11 13A226 4207.816028(12) -0.0085(12)  -0.0111(7)

13 12A11 13A222  4282.776466(4)  -0.0067(7)  -0.0128(7) 0.000121(11)  0.15(2)

13 12E1  13E41  4282.740586(14)
13 12E2  13E40  4280.239739(13)  -0.011(12)  -0.0117(7)

13 12F11 13F262  4282.752732(11) -0.016(14)

14 13A21 14A122  4283915495(7)  -0.0091(7)  -0.0119(4) 0.000079(9)  0.14(2)
14  13F21 14F165 4287.153379(10) -0.0087(11)  -0.0134(8) 0.000109(14)

14 13A11 14A221  4285280242(7)  -0.0097(7)  -0.0135(4) 0.000062(9)  0.14(2)

14 13F12  14F266  4285.447189(11) -0.0097(11) -0.0133(6)
14 13F23  14F163  4283.318251(10) -0.0094(12) -0.0115(6)
14 13F22  14F164  4284.187454(11)  -0.0093(13) -0.0127(9)

aStatistical uncertainties are given in parentheses.
TDP stands for temperature dependences and S¢ stands for speed-dependence parameters.

The blank spaces in all tables in appendices are appeared because the parameters were not
possible to be determined correctly for those transitions.
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