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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  ߥଵ +  .ସߥ

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 ߥଵ +  ସ band of methane. A Speed-Dependent Voigtߥ

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 H2-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-1), mid- (4000-400 cm-1) and far-

infrared (400-33 cm-1), 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 
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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 (CH4) 

broadened by itself, air, and hydrogen in the spectral range of (4100-4300 cm-1). 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 109.5º. Methane is lighter than N2, major 

components of air but heavier than H2 with a melting point of -183º C and a boiling point 

of -164º 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]. 
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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 CO2 

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 CO2 [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 CO2. This higher energy absorption by CH4 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 Co2 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 
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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 dwarfsa 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 µm) are 

very important to quantify the abundance of CH4 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  

 

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

the mass of Jupiter [adapted from NASA website] 
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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 

12CH4 in the wavenumber range (0-4800 cm-1) conducted by  Albert et al. [13]. The position 

and intensity of rotational-vibrational methane transitions in the spectral band (4600-4887 

cm-1) were revised also by Daumont et al. [14]. Hence, the temperature-dependent analysis 

of methane in the ߥଵ +  band is important to support the above mentioned remote sensing 4ߥ

applications and for updating the spectroscopic databases. H2 is one of the dominant 

constituents in the atmospheres of Jovian exoplanets and brown dwarfs [15-17]. The line 

parameters of methane broadened by H2 have not been included in the public spectroscopic 

databases, e.g., HITRAN and GEISA. Recently, the necessity of H2-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 H2 in support of terrestrial and Jovian atmospheres. The spectroscopic 

line-shape studies of methane broadened by H2 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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ଵߥ +  band is one of the strongest interacting bands of methane, whose study is required 4ߥ

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 H2.      

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-1) 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-1 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 cm-1atm-1. 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-1. 

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. 
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 Pine and Gabard [22] published the collisional line-shape parameters using a first-

order approximation for the Q branch transitions in the 3ߥ 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, O2, Ar, 

CH4) 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-1 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-1 atm-1 and half-width coefficients varied 

from 0.045 to almost 0.090 cm-1 atm-1 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-1 for the 2ߥ + -band was reported by Predoi-Cross et al. [25]. The off 3ߥ

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-1atm-1 and 0.0005 to 0.0205 cm-1atm-1 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 2ߥ +  3ߥ

and 3ߥ +  respectively. The necessity of the multi-spectrum analysis of methane in its ,4ߥ

other strongest band, 1ߥ + ଵߥ was pointed out in their publications. The ,4ߥ +  ସ band isߥ

one of the most intense bands of methane located at 4020 cm-1, 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 1ߥ +   .band of methane using a multi-spectrum non-linear fitting program 4ߥ
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 Previously, a very limited study was carried out in the retrieval of spectroscopic 

line-shape parameters of methane broadened by H2. Varanasi [19] studied the collisional 

broadened half widths of methane in its ߥଷ and 2ߥଷ bands broadened by different perturbers 

including H2 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 H2, He, N2, O2 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 ߥସ band of methane at low temperatures (161–295 K) broadened 

by He, Ne, Ar, H2, N2, O2 and air. For H2-broadening of methane, the half widths 

parameters and temperature exponents varied from 0.0479 to 0.0878 cm-1atm-1 and 0.35 to 

0.52, respectively. They found all H2-shift coefficient values as negative ranging from -

0.0059 to 0.000 cm-1atm-1. 

 Margolis [38] investigated the combination bands ߥଵ + ଷߥ ସ andߥ + ସߥ  of CH4 

broadened by H2 at room-temperature. He recorded spectra using FTS at Kitt peak having 

unapodized resolution 0.011 cm-1 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.   
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 In 1993, Margolis again published the results of H2-broadening coefficients [39] in 

the  ߥସ 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 ߥଵ +  ସߥ

and ߥଷ + ସߥ  bands and he found the average precision of the broadening coefficients  

~ 2.5%.    

 The line-shape studies of 13CH4 broadened by H2 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-1 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 H2-broadened half-width coefficients for E-type transitions 

compared to other two types (A, F) transitions. The shift parameters due to H2-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 H2 in the spectral range of  

4100-4300 cm-1. 

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 |݉|, where |݉| 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  |݉| 

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, I investigate the temperature-dependent line-shape studies of 

methane broadened by itself and hydrogen in the combination band 

1ߥ +  of methane. The Lorentz half-width coefficients along with temperature 4ߥ

dependences, pressure-shift coefficients with temperature dependences, speed-dependence 

parameters and line-mixing coefficients are reported for both self- and H2-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 1ߥ +  band resulting from the interaction 4ߥ

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, 4th edition by J. Michael Hollas’ [41] and ‘Spectra of 

Atoms of Molecules, 2nd 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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ߥ   = ܴு ቀ
ଵ
ଶమ
− ଵ

௡ᇲమ
ቁ       (2.1) 

where ߥ 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 (ܿ ⁄ߣ ) of the H atom. ܴܪ is the Rydberg 

constant (1.097x107 m-1) for the H atom and ݊′ defines the energy level, whose values are 

3, 4, 5, …..  

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

relationship between energy and wavenumber expressed by: 

ܧ   = ݊ℎߥ = ݊ℎܿߥ෤       (2.2) 

where n is an integer (0, 1, 2, 3, 4,…), h is Planck’s constant, ߥ෤  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 

Schrödinger equation for a rigid rotor model of diatomic molecule gives the rotational 

energy, 

ݎܧ   = ℎ2

ܫ2ߨ8 +ܬ)ܬ 1)       (2.3) 
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which is quantized, where ܫ = ߤ ,ଶ is the moment of inertia of the moleculeݎߤ = ௠భ௠మ
௠భା௠మ

 is 

the reduced mass of a two-particle system of masses ݉ଵ and ݉ଶ, 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: 

ܨ   =  (2.4)         ݔ݇−

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: 

ܪ   = − ௛మ

଼గమఓ
ௗమ

ௗ௫మ
+ ଵ

ଶ
 ଶ       (2.5)ݔ݇

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

(ݔ)ߥ2߰݀  

2ݔ݀ + ቀ8ߥܧߤ2ߨ
ℎ2 − 2ݔ݇ߤ2ߨ4

ℎ2 ቁ߰(ݔ)ߥ =  (2.6)    (ݔ)ߥ߰ܧ
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where ߰ߥ indicates the vibrational wave function. The solution of Eq. (2.6) gives the 

expression for vibrational energy: 

ݒܧ   = ℎݒ)ߥ + 1 2⁄ )       (2.7) 

in which ݒ is the vibrational quantum number whose values are the integers  0, 1, 2, 3…. 

The classical vibration frequency, ߥ relates to the spring constant (k) and the reduced mass 

 :by the following expression (ߤ)

ߥ   = ଵ
ଶగට

௞
ఓ
        (2.8) 

According to Eq. (2.7), the energy for the  ݒ = 0 gives the zero-point energy of (ℎߥ 2⁄ ) and 

the vibrational energy levels are equally spaced. The vibrational energy in terms of 

wavenumber ߥ෤  can be written as, 

ݒܧ   = ℎܿߥ෤(ݒ + 1 2⁄ )       (2.9) 

The vibrational energy levels are, therefore, equally spaced and separated by ℎܿߥ෤. 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, 4th 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 ቀܧሬሬ⃗ ቁ and magnetic field ቀܪሬሬሬ⃗ ቁ. They are perpendicular to each other and behave 

as the oscillating field of strengths ቚܧሬሬ⃗ ቚ and ቚܪሬሬሬ⃗ ቚ , 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 2ߥߨ. The y and z components of ܧሬሬ⃗  and ܪሬሬሬ⃗  for the depicted EM wave can be 

written in the following forms:  

ݕܧ   = ݐߥߨ2)ݏ݋ܿݕ0ܧ −  (2.10)      (ݔ݇

ݖܪ   = ݐߥߨ2)ݏ݋ܿݖ0ܪ −  (2.11)      (ݔ݇

where k is known as the wave vector, ܧ଴௬  and ܪ଴௭  are the maximum strength of ݕܧ and ݖܪ. 
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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, 4th edition, by Michael Hollas [41]). 

 

When EM radiation is applied to a two-level transition system containing the upper state 

(݊′) and lower state (݊′′), the transition is only possible when the change in energy between 

two states is equal to the energy of the incident radiation.  

  Δܧ = hν = ℎܿߥ෤       (2.12) 

in which ߥ and ߥ෤  represent the frequency of the radiation in Hz and line position in cm-1, 

respectively, c is the speed of light and h is Planck’s constant with 6.626x10-34 m2 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-1. The 

IR region encompasses three spectral regions; far-, mid- and near-infrared corresponding 

to (400-33 cm-1), (4000-400 cm-1) and (13000-4000 cm-1), 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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i) Induced absorption: If the molecular species M absorbs the incident 

radiation of energy ℎܿߥ෤ which excites the molecule from the lower state, ݊′′ 

to the upper state ݊′, the transition process is called induced absorption, 

which is described by the following equation:  

ܯ + ℎܿߥ෤ ⟶M*     (2.13) 

ii) 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 ℎܿߥ෤ that is necessary for the 

corresponding excitation. The spontaneous emission can be illustrated by 

the following equation:  

∗ܯ −ℎܿߥ෤  (2.14)     ܯ⟶

iii) Stimulated emission: The excited molecular state ܯ∗ sitting in the upper 

state ݊′ receives one more quanta of ℎܿߥ෤, which results in the transfer of 

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

Modern Spectroscopy, 4th edition, by Michael Hollas [41]). 
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electron from higher state to lower state. This transition process can be 

explained by the equation:  

∗ܯ + ℎܿߥ෤ ܯ⟶ + 2ℎܿߥ෤     (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 

′′݊′݊ࡾ   = ∫߰݊′
∗  (2.16)       ߬݀′′݊߰ࣆ

where ߰݊′ and ߰݊′′  are the wave functions associated with states ݊′ and ݊′′, ࣆ is the electric 

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

is either ‘forbidden’ or ‘allowed’ depending on the value of ቚ݊ࡾ′݊′′ ቚ
2

,which follows selection 

rules: ቚ݊ࡾ′݊′′ ቚ
2

= 0 for forbidden and ቚ݊ࡾ′݊′′ ቚ
2
≠ 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 ܧ = ଵ
ଶ
 ,ଶ, where ߱ is the angular velocity of the particle in unit of rad/s߱ܫ

I is the moment of inertia of the particle defined by ܫ =  ଶ, m is the mass of the particleݎ݉
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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: 

ܧ = ଵ
ଶ
஺߱஺ଶܫ + ଵ

ଶ
஻߱஻ܫ

ଶ + ଵ
ଶ
஼߱஼ܫ

ଶ      (2.17) 

 in the above equation are known as the principal axes of rotation. The total energy ܥ,ܤ,ܣ

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

ܧ   = ଵ
ଶ
௃ಲమ

ூಲ
+ ଵ

ଶ
௃ಳమ

ூಳ
+ ଵ

ଶ
௃಴మ

ூ಴
      (2.18) 

where, ܤܫ ,ܣܫ and ܥܫ are the moment of inertia along three principal axes which are equal 

ܣܫ) = ܤܫ =  for methane and JA , JB and JC are the rotational angular momenta along (ܥܫ

three principal axes A, B and C. The symmetry of methane as a tetrahedral molecule 

consists of 4 ܥଷ axes, 3 ܥଶ axes and 6 vertical plane of reflections (ߪ௩) and no inversion 

center, where  ܥଷ and ܥଶ are the 3-fold and 2-fold axes of rotation, ߪ௩ is the vertical plane 

of reflection as the symmetry elements. 

2.2.2 Rotational spectra 

The rotational energy of the spherical top molecule (ܣܫ = ܤܫ =  ,e.g., methane ,(ܥܫ

is given by: 

ݎܧ   = ܣܬ
ܤܬ+2

ܥܬ+2
2

ܫ2 = 2ܬ

 (2.19)       ܫ2

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

operator of ࡶ૛ on the wavefuncion ߰, i.e.,  ࡶ૛߰ = ቀℎ2 ⁄2ߨ4 ቁ ܬ)ܬ + 1)߰:  

ݎܧ   = ℎ2

ܫ2ߨ8 +ܬ)ܬ 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 

quantum mechanics and I is the moment of inertia. 

In IR spectroscopy, the rotational energy term values F(J) in cm-1 can be calculated by 

௥ܧ (ℎܿ)⁄ , which are expressed by: 

[ଵି݉ܿ](ܬ)ܨ  = ܬ)ܬܤ + 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: 

[ଵି݉ܿ]ܤ     = ௛
଼గమ௖ூ

     (2.22) 

where I 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: 

ݎࡾ   = ݎ߰∫
′ ݎ߰ࣆ∗

′′݀߬        (2.23) 

where r is used to specify the rotational transition, ࣆ is the dipole moment vector defined 

as ࣆ =  is the displacement vector  directing from ࢊ where q is the electric charge and ,ࢊݍ

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; ࣆ ≠ 0. 
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ii. The change in rotational quantum number between two states must 

be ∆ܬ = ±1. 

In absorption spectroscopy, ∆ܬ = ᇱܬ −  ᇱ corresponds to the quantum number ofܬ ᇱᇱ, whereܬ

the upper state and ܬᇱᇱ stands for the lower state of the rotational transition. The line 

positions of the rotational spectra in terms of the wavenumber [cm-1] are given by:

෤ߥ  ݉ܿൣ′′ܬ←′ܬ
−1൧ = ܨ ቀܬ′ቁ− ܨ ቀܬ′′ቁ = +ܬ)ܨ 1)− (ܬ)ܨ = +ܬ)ܤ2 1)  (2.24) 

The value of (.……2 ,1 ,0) ܬ 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=25ºC) the majority of molecules are in the ground vibrational 

energy level. The population in the excited Jth state of the transition, NJ is related to the 

population in the ground state, N0 by the Boltzmann distribution law: 

ܬܰ  
ܰ0

= +ܬ2) 1)݁−
ݎܧ
݇ܶ       (2.25) 
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where (2ܬ+ 1) represents the degeneracy of the Jth 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 ݀
ܬ݀

(ே಻
ேబ

) = 0. 

Therefore,  ݔܽ݉ܬ = ටቀ ݇ܶ
2ℎܿܤ

ቁ− 1
2       (2.26) 

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-1 (Eq. (2.24)) can be written in the following 

way 

[ଵି݉ܿ](ܬ)ܨ  = ܬ)ܬܤ + 1)− ܬ)ଶܬܦ + 1)ଶ     (2.27) 

and ߥ෤ൣܿ݉−1൧ = +ܬ)ܨ 1)− (ܬ)ܨ = +ܬ)ܤ2 1)− +ܬ)ܦ4 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 C3 

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 ݒܤ and centrifugal distortion constant ݒܦ 

are related to the vibration-rotation coupling constants ߙ and ߚ  by the following 

expressions: 

ݒܤ   = ݁ܤ − ∑ ݅ߙ ቀ݅ݒ + ݀݅
2
ቁ݅       (2.29) 

ݒܦ   = ݁ܦ −∑ ݅ߚ ቀ݅ݒ + ݀݅
2
ቁ݅       (2.30) 

where the rotational constants ݁ܤ and ݁ܦ correspond to the equilibrium state of the potential 

energy of the molecule, ݀݅ denotes the degeneracy of the vibrational level (where ݀݅ = 1 

represents the non-degenerate level). The ro-vibrational coupling constants ݅ߙ and ݅ߚ are 

very small compared to the rotational constants ݁ܤ and ݁ܦ at equilibrium. Since there is 

slight vibrational dependency of both rotational and distortion constants B and D, so Eq. 

(2.27) and (2.28) can be written in the modified form given by: 

(ܬ)ݒܨ   = +ܬ)ܬݒܤ ܬ)2ܬݒܦ−(1 + 1)2     (2.31) 

෤ൣܿ݉−1൧ߥ   = +ܬ)ݒܤ2 1)− +ܬ)ݒܦ4 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:    

(ݒ)ܩ   = ாೡ
௛௖

= ݒ)෤ߥ + ଵ
ଶ
)      (2.33) 

where ߥ෤  is known as the frequency of vibration in cm-1 and ݒ 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 (݀ߤ ݎ݀ ≠ 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:  

߭ࡾ   = ݒ߰∫
′ ∗ ݒ߰ࣆ

 (2.34)       ݔ݀′′
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where ߰ݒ
′′ and ߰ݒ

′ ∗ 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., ݔ = ݎ) −  ௘). For any homo-nuclear diatomic molecule (likeݎ

O2), 0 =ݒࡾ but, ߭ࡾ ≠ 0 for any heteronuclear diatomic molecule (like HCl). Thus the 

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

ࣆ  = ௘ࣆ + ቀௗࣆ
ௗ௫
ቁ
௘
ݔ + ૚

૛!
ቀௗ

మࣆ
ௗ௫మ

ቁ
௘
ଶݔ + ⋯     (2.35) 

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

ݒࡾ   = ݁ࣆ ݒ߰∫
′ ݒ߰∗

+ݔ݀′′ ቀ݀ࣆ
ݔ݀
ቁ
݁
ݒ߰∫

′ ∗ ݒ߰ݔ
 (2.36)           ⋯+ݔ݀′′

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 ߰ݒ
′ ∗ and ߰ݒ

′′, if  ݒᇱ ≠ ᇱᇱݒ , they are 

orthogonal and ∫߰ݒ
′ ݒ߰∗

ݔ݀′′ = 0. Therefore, the vibrational transition moment depends on 

the change of dipole moment with respect to x,  

ݒࡾ = ቀ݀ࣆ
ݔ݀
ቁ
݁
ݒ߰∫

′ ∗ ݒ߰ݔ
+ݔ݀′′ ⋯       (2.37) 

The transition is either allowed or forbidden depending on the vibrational selection rule 

ݒ∆) = ±1), where ∆ݒ is the change in vibrational states between upper state ݒ′ and lower 

state ݒ′′. 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 (݀ࣆ ⁄ݔ݀ )݁
2  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: 

ݒܰ  
ܰ0

= ݁−
ݒܧ
݇ܶ        (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: 

݁ܦ   ≅
෤݁2ߥ

݁ݔ෤݁ߥ4
        (2.39) 

where ߥ෤݁ represents the vibration wavenumber and ߥ෤݁݁ݔ is the first order anharmonic terms. 
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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, 4th edition, by Michael Hollas [41]). 

Thus the deviation from the harmonicity of the molecule also relaxes the vibrational 

selection rule from ∆ݒ = ±1 to ∆ݒ = ±1, ±2, ±3, …which introduces the concept of 

overtone bands (∆ݒ = ±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: 

(ݒ)ܩ   = ෤௘ߥ ቀݒ + ଵ
ଶ
ቁ − ௘ݔ෤௘ߥ ቀݒ + ଵ

ଶ
ቁ
ଶ

+ ௘ݕ෤௘ߥ ቀݒ + ଵ
ଶ
ቁ
ଷ

+ ⋯  (2.40) 

where ߥ෤݁ represents the vibration wavenumber for the classical oscillator and ߥ෤݁݁ݔ and ߥ෤݁݁ݕ 

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:  

௩ାଵܩ∆ ଶ⁄ = ݒ)ܩ + 1) − (ݒ)ܩ = ෤௘ߥ − ݒ௘(2ݔ෤௘ߥ + 2) + ௘ݕ෤௘ߥ ቀ3ݒଶ + ݒ6 + ଵଷ
ସ
ቁ (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 (∆ݒ = ±1) is 

given by: 

௩ାଵܩ∆   ଶ⁄ = ෤௘ߥ − ݒ)௘ݔ෤௘ߥ2 + 1)     (2.42) 

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

(such as 2←0, 3←0) can be determined by:  

௩ାଵܩ∆   ଶ⁄ = ݒ)ܩ + 2) − (ݒ)ܩ = ෤௘ߥ2 − ݒ2)2 +  ௘  (2.43)ݔ෤௘ߥ(3

where ∆ܩ௩ାଵ ଶ⁄  is used to denote the transition wavenumber. 

The expression of the zero point energy for the anharmonic approximation is presented by:  

(0)ܩ = ଵ
ଶ
෤௘ߥ −

ଵ
ସ
௘ݔ෤௘ߥ + ଵ

଼
 ௘     (2.44)ݕ෤௘ߥ

where all anharmonic higher terms have been neglected except first order terms ߥ෤݁݁ݔ and 

 .݁ݕ෤݁ߥ

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: 

  ߰ = ߰ଵ(ܳଵ).߰ଶ(ܳଶ) …߰ଷேି଺(ܳଷேି଺)     (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: 

ଶݒ,ଵݒ)ܩ   … (ଷேି଺ݒ = ∑ ෤௜ߥ ቀݒ௜ + ௗ೔
ଶ
ቁଷேି଺

௜ୀଵ     (2.46) 

In the above equation, ݀݅ denotes the degeneracy of the ith 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: 

ଶݒ,ଵݒ)ܩ … (ଷேି଺ݒ = ∑ ෤௜ߥ ቀݒ௜ + ௗ೔
ଶ
ቁଷேି଺

௜ୀଵ ෤ߥ+ ݅ ∑ ∑ ݅݅≤݇(݅ݒ)݇݅ݔ ቀ݅ݒ + ݀݅
2
ቁ ቀ݇ݒ + ݀݇

2
ቁ      (2.47)  

The terms ݇݅ݔ in the above expression are known as the anharmonicity constants, which 

arise due to ith and kth 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 

ݒ∆ = ᇱݒ − ᇱᇱݒ =  ᇱᇱ are the ground vibrationalݒ ᇱ are the excited vibrational states andݒ  ,±1

states. In rotation-vibration spectroscopy, the vibrational and rotational transitions occur 

simultaneously and each vibrational state contains the rotational transitions with different 

 ᇱᇱ specify the ground stateܬ ᇱ denote the excited rotational states andܬ ,ᇱ′ valuesܬ ᇱandܬ
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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 (ܬ)߭ܨ and vibrational (ݒ)ܩ values using equations (2.31) and (2.40): 

,ݒ)ܵ (ܬ = (ݒ)ܩ + (ܬ)௩ܨ = ෤௘ߥ ቀݒ + ଵ
ଶ
ቁ − ௘ݔ෤௘ߥ ቀݒ + ଵ

ଶ
ቁ
ଶ

+ ⋯+ ܬ)ܬ௩ܤ + 1)− ܬ)ଶܬ௩ܦ + 1)ଶ 

           (2.48) 

By neglecting the centrifugal distortion and anharmonicity terms, Eq. (2.48) reduces to: 

,ݒ)ܵ (ܬ = ෤௘ߥ ቀݒ + ଵ
ଶ
ቁ + ܬ)ܬ௩ܤ + 1)     (2.49) 

In ro-vibrational infrared spectroscopy, the transition occurs between ݒ + 1 ←  and is ݒ

governed by the selection rules Δݒ = ±1 and Δܬ = 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  Δܬ = 0  is known as Q branch, whereas the branches of transitions for Δܬ = 1  and 

Δܬ = −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 ቀሬܴሬ⃗ ቁ and vibrational angular momentum ቀ݈⃗ቁ, the 

rotational term values can be represented as: 

,ܬ)ݒܨ   ݈) = ݒܤ ቂܬ)ܬ+ 1)− ݈2ቃ−ݒܦ ቂܬ)ܬ+ 1)− ݈2ቃ
2
   (2.50) 
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where the total angular momentum of the molecule ⃗ܬ = ሬܴሬ⃗ + ݈⃗ and hence the total energy of 

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

ܶ = ∑ ෤௜ߥ ቀݒ௜ + ௗ೔
ଶ
ቁଷேି଺

௜ୀଵ ෤ߥ+ ݅ ∑ ∑ ݅݅≤݇(݅ݒ)݇݅ݔ ቀ݅ݒ + ݀݅
2
ቁ ቀ݇ݒ + ݀݇

2
ቁ+ 

∑ ݐݐ݃
ݐ2݈

2
ݐ ܬ)ܬݒܤ+ + +ܬ)ܬ]ݒܦ−(1 1)]2    (2.51) 

In the above equation, ݀݅ is the degeneracy of the ith energy level. ߥ෤ ݅ represent the 

wavenumber in cm-1 and ݃ݐݐ = 0, ݈ ݐ = 0 for nondegenerate level the subscript ‘t’ represents 

the degeneracy modes along with vibrational angular momentum ݈ݐ. 

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 Td 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-1ߥ) is the representation of the A1 species due to four C-H bonds 

stretching, one doubly-degenerate vibration (symmetric bending-2ߥ) belongs to the E class 

and two triply-degenerate vibrations (asymmetric C-H stretching mode -3ߥ and asymmetric 

bending mode- 4ߥ) are representations of the F2 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 3ߥ and 4ߥ, which are triply degenerate. The 

two other low intensity bands 1ߥ and 2ߥ 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 ߥଶ is double 
degenerate, ߥଷ and ߥସ are triply degenerate modes. 

 

The present study looks at the combination band 1ߥ +  of methane in its octad 4ߥ

band, i.e., eight interacting bands (3ߥସ, ߥଶ + ,ସߥ2 ଵߥ + ଷߥ ,ସߥ + ,ସߥ ଶߥ2 + ,ସߥ ଵߥ + ,ଶߥ ଶߥ +

,ଷߥ and 2ߥଶ ) in the spectral range of 3500 to 4700 cm-1. 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: Δܬ = 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 ݒ  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.  

https://chem.libretexts.org/Core/Physical_and_Theoretical_Chemistry/Spectrosco
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The transition wavenumbers ߥ෤ܲ, ߥ෤ܳ and ߥ෤ܴ for P, Q and R- branch transitions can be 

expressed by: 

(ܬ)෤ܲߥ   = +ݒ)ܵ 1, ܬ − 1)− ,ݒ)ܵ (ܬ = ෤ߥ −  (2.52)    ܬܤ2

(ܬ)෤ܳߥ   = +ݒ)ܵ 1, (ܬ − ,ݒ)ܵ (ܬ = ෤ߥ      (2.53) 

(ܬ)෤ܴߥ   = ݒ)ܵ + 1, +ܬ 1)− ,ݒ)ܵ (ܬ = ෤ߥ +  (2.54)    ܬܤ2

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 I0 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: 

(ߥ)ܫ   =  ௄(ఔ)௅       (2.55)ି݁(ߥ)଴ܫ

the ratio of  ܫ/(ߥ)ܫ଴(ߥ) provides the transmittance due to the absorption of the gas sample. 

The parameter (ߥ)ܭ is known as the spectral absorption coefficient, which is related to the 

line-shape function  ݃(ߥ −  :଴) by the following expressionߥ

(ߥ)ܭ   = ߥ)݃(ܶ)ܵ߯݌ −  ଴)       (2.56)ߥ
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where p is the pressure in atmosphere and ߯ is the volume mixing ratio between partial to 

total gas samples, ܵ(ܶ) is the strength of the spectral line as a function of temperature in 

unit of ܿ݉−2ܽ0ߥ ,1−݉ݐ is the center frequency of the transition and ݃(ߥ −  ଴) representsߥ

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 (∆ݐ∆ܧ ≥ ℎ ⁄ߨ2 ), 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; 

  ߬ =  (2.57)           ݐଵ଴ܣ
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where the Einstein coefficient 10ܣ 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 ߛ. 

݌ݏ߬     = 1
ߛ = 1

೙ᇲ೙ᇲᇲܣ
       (2.58) 

where ܣ௡ᇲ௡ᇲᇲ is the coefficient for transition from higher ݊′ to lower ݊′′ state due to 

spontaneous emission. 

The larger ܣ௡ᇲ௡ᇲᇲ 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 ܣ௡ᇲ௡ᇲᇲ 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 ݃(ߥ −  :ଵ଴) and the Lorentzian line-shape function is thus represented byߥ

ߥ)݃   − (ଵ଴ߥ = ఊ
(ఊ ଶ⁄ )మା(ଶగ)మ(ఔିఔబభ)మ

       (2.59) 

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

temperature by the following expression: 

(ܶ)ߛ   = ௉
௉బ
଴ߛ ቀ బ்

்
ቁ
௡

       (2.60) 

In above equation, 0ߛ is known as the Lorentz half-width coefficient in unit of ܽ1−1ܿ݉−݉ݐ 

at standard atmospheric pressure  ܲ0 (1 atm) and room-temperature ܶ0 (298 K). The 

normalized Lorentzian profile is illustrated in Fig. 2.8: 
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Fig 2.8: Illustration of the normalized Lorentzian line-shape function. 

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

 

At the peak intensity, ߥ = ݃ ଵ଴ andߥ ߥ) − ଵ଴) gives the value of 4ߥ ⁄ߛ  and the function drops 

to half value when  

ߥ)2(ߨ2)   − 2(10ߥ = ߛ
 (2.61)       ߨ4

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

ଵߥ∆   ଶ⁄ = ఊ
ଶగ

= ଵ
ଶగఛೞ೛

       (2.62) 

The Lorentzian profile is thus expressed in terms of ∆ߥଵ ଶ⁄   by: 

ߥ)݃   − (ଵ଴ߥ = ∆ఔభ మ⁄ ଶగ⁄

൫∆ఔభ మ⁄ ଶ⁄ ൯మା(ఔିఔభబ)మ
     (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 ܽݒ approaching the detector, then the 

observed frequency ܽߥ of the transition is related to the actual transition frequency ߥ by the 

expression: 

ܽߥ   = ߥ ቀ1− ܽݒ
ܿ
ቁ
−1

       (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: 

ߥ)ܦ݃   − (0ߥ = 1
0ߥ
ቆට݉ܿ2

ቇܶ݇ߨ2 ݁
 02൯   (2.65)ߥ൫2݇ܶ/2(0ߥ−ߥ)2ܿ݉−

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

஽ߥ∆   = ଴ටߥ2
ଶ௞்௟௡ଶ
௠௖మ

       (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 0ߥ 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. 

 

Fig 2.9: Illustration of the normalized Lorentzian line-shape function. (Source: Page 31, 
Chapter 1, Spectra of Atoms and Molecules, 2nd 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: 

ߥ)݃   − (଴ߥ = ∫ ݃ூ(ߥ଴ᇱ − ߥ)଴)݃ுߥ − (଴ᇱߥ
ஶ
ିஶ  ଴ᇱ   (2.67)ߥ݀

with the substitution of ݔ = ଴ᇱߥ −  ଴, the above expression can be reduced toߥ

ߥ)݃ − (଴ߥ = ∫ ݃ூ(ݔ)݃ு(ߥ − ଴)ஶߥ
ିஶ  (2.68)    ݔ݀

where  ݃ܫ represents the homogeneous Lorentzian function and ݃ܪ denotes the Doppler 

inhomogeneous function and the Voigt shape function ݃(ߥ −   ,଴) as a convolution of bothߥ

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: 

,ߥ)ݐ݃݅݋ݒ݃   (0ߥ = ൬ 1
ܦߛ
൰ቆට݈݊2

ߨ ቇܴ݁[݁(ݕ,ݔ,ߥ)ݎݎ]   (2.69) 

where ݁ݎݎ represents the complex error function and ܦߛ is the Doppler half-width. 



42 
 

 

Fig 2.10: Illustration of the Voigt line-shape profile as convolving both Lorentzian and 
Gaussian functions. (Source: Page 29, Chapter 1, Spectra of Atoms and Molecules, 2nd 

edition, by Peter F. Bernath[42]). 

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

ݔ   = ቀඥ(݈݊2)ቁ ൫ఔିఔబି௣ఋ
బ൯

ఊವ
, and ݕ = ቀඥ(݈݊2)ቁ ఊಽ

ఊವ
    (2.70) 

where  ߜ଴ 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: 

ߥ)݃   − (଴ߥ = ఊ
గ ∫

௙(௩ሬ⃗ )ௗయ௩

ఊమା൫ఔିఔబି௞ሬ⃗ .௩ሬ⃗ ൯
మ = ଵ

ଶగ ∫
௙(௩ሬ⃗ )ௗయ௩

ఊା௜൫ఔିఔబି௞ሬ⃗ .௩ሬ⃗ ൯
+c.c  (2.71)  

In Eq. (2.71), ߥ defines the line position, 0ߥ corresponds to the center of the line and c.c 

represents the complex conjugate parts. The function ݂(⃗ݒ) is known as Maxwellian 

velocity distribution function, which is defined by: 

(ݒ⃗)݂   = ଷି(ଶݑߨ) ଶ⁄ ݁ି௩మ ௨మ⁄        (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 ሬ݇ሬ⃗  in parallel with the 

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

Maxwell distribution and by omitting the factor ሬ݇ሬ⃗ ሬሬ⃗ݒ. , 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]: 

(ݒ)݅ܮߛ = (݉ݒ)݅ܮߛ ቆ1 + ቀܸ݅ܮߛܽ
2 − ܿቁቇ      (2.73) 

݅ߜ
(ݒ)0 = ݅ߜ

(݉ݒ)0 ൬1 + 0ቀܸ݅ߜܽ
2 − ܿቁ൰      (2.74)   
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where ݉ݒ 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,  ܽ݅ܮߛ  and ܽ0݅ߜ are the speed-dependence Lorentz half-width 

and pressure-induced shift parameters for the ith 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: 

(1ܶ)ߛ 
(2ܶ)ߛ = ቀܶ1

ܶ2
ቁ
−݊

         (2.75) 

In the above equation, ߛ 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 1ߥ and  ߥଶ, 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 ߥ due to the absorption of a single photon through inelastic 

collision and the process is illustrated in Fig. 2.11.  

 

 

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 (݇஻ܶ) 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: ܣଵ ↔ ଵܨ ଶ andܣ ↔ ܧ ଶ andܨ ↔  Lévy et al. [47] expressed the equation to .ܧ

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

(ߥ)݇ = ଵ
గ
∑ ௜ܵ

௘௙௙ ቆ
ఊಽ೔

ቀఔିఔ೔
೐೑೑ି௉ఋ೔

బቁାఊಽ೔
మቇ+

௒೔ቀఔିఔ೔
೐೑೑ି௉ఋ೔

బቁ
మ

ቀఔିఔ೔
೐೑೑ି௉ఋ೔

బቁାఊಽ೔
మ௜    (2.76) 

In Eq. (2.86), ܻ݅ is known as the line-mixing parameters, ܵ݅
݂݂݁  represents the effective line 

intensity and ݅ߥ
݂݂݁ is 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 ܹ [25], in 

which coupling between sets of transitions is recognized as the off-diagonal matrix 

elements. The line-shape factor (ߥ)ܫ due to collisional effects can be represented in a matrix 

form [48]:     

(ߥ)ܫ = ࡵߥ)்ࢄ − ૙ࣇ −  (2.77)     ࢄߩଵି(ࢃ݅

Here, ࡵ denotes the ܰ × ܰ identity matrix; ࣇ૙ is a ܰ × ܰ diagonal matrix for which the 

diagonal elements are the zero pressure line positions; ߩ also represents a ܰ × ܰ diagonal 

matrix having the number density of the lower states of each transition diagonally; ࢃ stands 

for the relaxation matrix. ܶࢄ denotes the transpose of matrix ࢄ, which is a 1 × ܰ matrix. 

The elements of ࢄ are related to the intensity ݆ܵ and number density in the lower state ݆ߩ 

of ݆ݐℎ spectral line by the following equation:  
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݆ܺ = ඨ
݆ܵ
൘݆ߩ         (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: 

݆݇ߢ   = ܽ ൤ห∆݆݇ܧห0ܤ
൨
−ܾ
݌ݔ݁ ൬−ܿห∆݆݇ܧห݇ܶܤ

൰     (2.79)  

Here ∆ܧ௝௞  is the measure of energy difference due to the transition between jth and kth 

rotational energy levels, 0ܤ 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 

௝௞ߢ௞ߩ) = ௞ߩ ௞௝), whereߢ௝ߩ  and ߩ௝ are the population densities at two different rotational 

energy states of k and j, respectively.  

Thus, the off-diagonal elements ൫ܹ݆݇൯ of the relaxation matrix satisfying the detailed 

balanced condition at constant pressure and temperature can be given by: 

ܹ݆݇ = ܹ݆݇
݆ߩ
݇ߩ

        (2.80) 

where ݆ߩ and  ݇ߩ are the density of populations in jth and kth rotational states. 
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The diagonal elements (Wkk) of the relaxation matrix are related to the collisional transfer 

rate ൫݆݇ߢ൯ by the following relation: 

  ܹ݇݇ = 1
2
ൣ∑ ݆݆݇ߢ ൧

ݎ݁݌݌ݑ + 1
2
ൣ∑ ݆݇݇ߢ ൧

 (2.81)    ݎ݁ݓ݋݈

The notations upper and lower in Eq. (2.81) are the representation of two vibrational states 

of the molecule. The off-diagonal elements (Wjk) of the matrix can be determined from the 

following equation: 

  ܹ݆݇ =  (2.82)        ݆݇ߢߚ−

in which ߚ 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 ൫݇ܮߛ൯ and pressure shifts ݇ߜ of the ݆ݐℎ spectral line, respectively: 

ܹ݇݇ = ݇ܮߛ +  (2.83)       ݇ߜ݅

The line-mixing coefficients due to weaker transitions are thus calculated from the off-

diagonal relaxation matrix elements related to the dipole matrix elements ቀ݇ߤ,݆ߤቁ by the 

expression below: 

  ܻ݇(ܶ) = 2∑
݆ߤ
݇ߤ
൬
ܹ݆݇
݆ߥ−݇ߥ

൰݆≠݇         (2.84) 

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

line-shapes.  
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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, O2, CH4, 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 H2 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’, 2nd 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, 2nd edition, by Brian C. Smith 

[50]). 

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 (ߜ) is related to the 

mirror displacement (∆) by the following relation: 

ߜ   = 2∆        (3.1) 

If the two light beams travel an equal optical path length, then there will be no path 

difference, for which ߜ = 0, i.e., Zero Path Difference (ZPD). It is mentionable that the 

value of ߜ is twice the magnitude of mirror displacement (∆), 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 



52 
 

relation between the path difference and the wavelength of the light used. The interference 

patterns follow the following conditions: 

ߜ  =  (3.2)     (constructive)    ߣ݊

and ߜ = ቀ݊ + ଵ
ଶ
ቁ  (3.3)     (destructive)   ߣ

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

2,3 …… 

 

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

[50]) 

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: 

  ߰ =  (3.4)       (࢞  . ఠ௧ି࢑)଴݁௜ܣ

In above equation, 0ܣ is the amplitude of the incident wave, ߱ is the angular frequency of 

the wave, t is the time, ࢞ is the position vector of the wave and ࢑ is known as the wave 

vector, which is given by:  

  ࢑ = ଶగ
ఒ
෠݇ = ෤ߥߨ2 ෠݇       (3.5) 

where ߥ෤  denotes the wavenumber in cm-1 and ෡݇ 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 ߰ݎ and ߰ݐ, then the total wave function ൫߰ݐ݋ݐ = ݎ߰  ൯ can be written as theݐ߰+

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

detector can be written in the following way: 

(ߜ)ܫ   = ݐ݋ݐ߰ݐ݋ݐ߰
∗ = 0ܣ

2

2
ቂ1 + ݏ݋ܿ ቀ2ߨ

ߣ ቁቃߜ = 0ܫ
2

[1 +  (3.6) [(ߜ෤ߥߨ2)ݏ݋ܿ

Here, 0ܫ is the intensity of the incident monochromatic wave, which is proportional to the 

square of the amplitude and ߜ 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: 

(ߜ)ܫ   = ∫ ାஶ݀ (ߜ෤ߥߨ2)ݏ݋ܿ(෤ߥ)ܵ
ିஶ  ෤     (3.7)ߥ
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The spectrum can then be derived by applying a Fourier transform of the interferogram as 

shown in the following way: 

(෤ߥ)ܵ   = ∫ ାஶ݀ (ߜ෤ߥߨ2)ݏ݋ܿ(ߜ)ܫ
ିஶ  (3.8)     ߜ

where ܵ(ߥ෤) 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. 

ܴܵܰ(ܰ) = √ܰ ܴܵܰ(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 



55 
 

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 (12CH4) and with the mixture of dilute air and 18 spectra with mixture of 

H2 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 

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

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 (CaF2) 

was used in the splitting of near-IR radiation used in the current experimental set up at JPL. 

The CaF2 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, CaF2 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 [55] ݉ߤ. 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-1 and the maximum optical 

path difference was about 90 cm. Among 14 spectra, 8 of them were recorded of pure 

(99.9% isotopically 12C enriched) 12CH4. 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 3ߥ 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             VMRa      P  (Torr)b T  (K)c 
bk2534 12CH4 1.00 385.0 298.4 
bk2557 12CH4 1.00 22.2 250.0 
bk2556 12CH4  1.00 121.5 250.0 
bk2551 12CH4 1.00 9.90 200.0 
bk2550 12CH4 1.00 43.95 200.0 
bk2549 12CH4 1.00 169.0 200.0 
bk2540 12CH4 1.00 4.5 148.4 
bk2537 12CH4 1.00 149.0 148.5 
bk2544 12CH4+Air 0.043 225.3 148.4 
bk2560 12CH4+Air 0.055 112.6 250.0 
bk2559 12CH4+Air 0.057 254.6 250.0 
bk2554 12CH4+Air 0.073 148.5 200.0 
bk2553 12CH4+Air 0.074 299.9 200.0 
bk254 12CH4+Air 0.096 95.0 148.4 

VMRa=Volume mixing ratio, Pb
 is the total sample pressure and Tc is the temperature of 

the recorded spectra. 

3.3.2 Methane-H2 spectra 

The experimental conditions for the methane-H2 spectra with varying path lengths are 

listed in Table 3.2. 
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Table 3. 2: Experimental conditions for the methane-H2 spectra recorded at JPL. 

Spectra no. Gas  sample            Path length (cm) VMRa      P  (Torr)b T (K)c 

bk2534 12CH4 20.38 1.00 385.0 298.4 
bk2557 12CH4 20.38 1.00 22.2 250.0 
bk2556 12CH4        20.38  1.00 121.5 250.0 
bk2551 12CH4 20.38 1.00 9.90 200.0 
bk2550 12CH4 20.38 1.00 43.95 200.0 
bk2549 12CH4 20.38 1.00 169.0 200.0 
bk2540 12CH4 20.38 1.00 4.5 148.4 
bk2537 12CH4 20.38 1.00 149.0 148.5 
kp4731 12CH4 20.94 1.00 0.12 220.2 
Kp4740 12CH4+H2 20.94 0.00033 198.09 148.5 
Bk4735 12CH4+H2 20.94 0.00037 168.47 160.3 
kp4738 12CH4+ H2 20.94 0.00088 197.83 160.3 
kp4724 12CH4+ H2 20.94 0.0022 96.92 200.3 
kp4723 12CH4+ H2 20.94 0.0022 235.6 200.3 
kp4702 12CH4+ H2 17.65 0.00373 294.92 293.8 
kp4703 12CH4+ H2 17.65 0.00374 100.25 293.8 
kp4727 12CH4+ H2 20.94 0.0121 263.67 220.2 
kp4728 12CH4+ H2 20.94 0.0122 150.16 220.2 

VMRa=Volume mixing ratio, Pb
 is the total sample pressure and Tc 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 H2 in the (ߥଵ +  ସ) band over the spectral range fromߥ

4100-4300 cm-1. 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 H2-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 H2 are shown in Fig. 3.4 (a) and (b).   
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Fig 3.4: A typical multi-spectrum fitted residual of the 1ߥ +  band of (a) methane-air 4ߥ
and (b) methane-H2 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 1ߥ +  4ߥ

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 (ܶ,݌)ܮߛ, line position (݌)ߥ 

and pressure induced-shift coefficient 0ߜ(ܶ) are determined by the following three 

equations:  

(ܶ,݌)ܮߛ = ܮߛൣ݌
0൯(1−߯)[ܶ0ܶ,0݌൫(݊݃݅݁ݎ݋݂)0 ܶ⁄ ]݊1൧+

ܮߛൣ                          
0൯߯[ܶ0ܶ,0݌൫(݂݈݁ݏ)0 ܶ⁄ ]݊2൧,      (4.1) 

(݌)ߥ = ଴ߥ + −1)(݊݃݅݁ݎ݋݂)଴ߜ]݌ ߯) +   (4.2)    ,[߯(݂݈݁ݏ)଴ߜ
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(ܶ)0ߜ = (0ܶ)0ߜ + ܶ)ᇱߜ − ܶ0).       (4.3) 

where ܮߛ
0൫0ܶ,0݌൯ and 0ߜ(ܶ) stand for pressure broadening and pressure-induced shift 

coefficients, respectively in units of ൫cm−1atm−1൯ at atmospheric pressure p0 (1 atm) and 

standard temperature T0 (250 C).  (ܶ,݌)ܮߛ represents the Lorentz half-width of the spectral 

line in ܿ݉ିଵ at pressure p and temperature T, ߯ is the volume mixing ratio of methane in 

the sample mixtures, n1 and n2 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 0ߥ both in ܿ݉ିଵ and ߜᇱ denotes the temperature dependence of pressure-shift 

coefficients. The term ‘foreign’ appearing in Eqs. (4.1-4.2) represents the air or H2 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: 

ܮߛ
0 = ܮߛ

(݉ݒ)0 ൬1 + ܵ ൤ቀݒ ൗ݌ݒ ቁ
2
− ܿ൨൰      (4.4) 

In above equation, ݒ,ݒ௠ and ݌ݒ 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 ܿ 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:  

ܹ݆݆ = ݆ܮߛ +  (4.5)         ݆ߜ݅

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

W represent the Lorentz widths ቀ݆ܮߛቁ and pressure shifts ݆ߜ of the ݆ݐℎ 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-1. 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 |݉|, where ݉ values are defined as −ܬ, ܬ and ܬ + 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 na  ߜ ᇱ,௕  ORMEc Sd 

Self 
20

8 

20
5 200 179 158 134    94 

75
 

Air 149 110 117 92    46 

  na stands for temperature-dependence of broadening, ߜ′,ܾ is used for temperature 
dependency in pressure-induced shift coefficient, ORMEc represents for off-diagonal 
relaxation matrix elements and Sd 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 1ߥ +  band are listed in 4ߥ

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. 
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(n
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a,
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1 2E 1 1E 6 4207.48727(1) 7.920(1)x10-22             0.0620(5) 0.0811(4) 0.93(1) 0.84(1) 
1 1F1 1 1F2 9 4218.41614(1) 1.299(2)x10-21             0.0596(4) 0.0774(8) 0.84(1) 0.94(3) 
1 0A1 1 1A2 4 4223.90646(1) 2.231(2)x10-21             0.0523(2) 0.0819(4) 0.76(1) 0.71(1) 
2 1F1 1 2F2 15 4229.19507(1) 2.095(2)x10-21             0.0574(2) 0.0784(3) 0.90(1) 0.86(1) 
3 3F2 1 2F1 15 4201.40058(1) 1.681(2)x10-21             0.0636(3) 0.0838(4) 0.91(1) 0.83(1) 
3 3F1 1 2F2 16 4201.84819(1) 1.685(2)x10-21             0.0640(3) 0.0833(3) 0.92(1) 0.84(1) 
3 3A21 3A1 7 4218.78453(1) 3.807(4)x10-21           0.0592(3) 0.0825(5) 0.83(1) 0.80(1) 
3 2E 1 3E 13 4234.41871(1) 1.817(2)x10-21           0.0533(2) 0.0751(4) 0.87(1) 0.73(1) 
4 3A2 1 4A1 10 4239.25185(1) 4.851(4)x10-21           0.0581(3) 0.0748(5) 0.74(1) 0.83(1) 
4 4F21 3F1 23 4194.75695(1) 1.848(2)x10-21           0.0575(3) 0.0792(4) 0.85(1) 0.90(1) 
5 5E 1 4E 19 4188.64944(1) 1.292(1)x10-21           0.0547(2) 0.0736(2) 0.85(1) 0.824(5) 
5 5A1 1 4F2 29 4190.45684(1) 1.950(2)x10-21           0.0602(4) 0.0820(4) 0.87(1) 0.86(1) 
5 4E 1 5E  20 4244.43763(1) 1.922(2)x10-21           0.0539(3) 0.0665(4) 0.83(1)  
6 6E 1 6E 26 4214.30919(1) 1.290(1)x10-21             0.0586(4) 0.0772(3) 0.86(1) 0.82(1) 
6 6F1 1 5F2 34 4181.81703(1) 1.757(1)x10-21           0.0614(2) 0.0791(2) 0.87(1) 0.856(4) 
6 6A2 1 5A1 10 4183.82934(1) 2.983(2)x10-21           0.0578(2) 0.0793(1) 0.87(1) 0.812(3) 
6 6E 1 5E  23 4184.54674(1) 1.229(1)x10-21           0.0574(3) 0.0749(2) 0.86(1) 0.86(1) 
7 7F1 2 6F2 40 4174.49344(1) 1.488(1)x10-21             0.0594(2) 0.0776(2) 0.85(1) 0.821(4) 
7 7A2 1 6A1 15 4176.64743(1) 2.517(2)x10-21             0.0566(2) 0.0775(1) 0.82(1) 0.826(3) 
7 7F1 1 6F2 41 4178.52765(1) 1.593(1)x10-21             0.0575(2) 0.0767(2) 0.83(1) 0.819(4) 
7 6A1 1 7A2 14 4253.51921(1) 3.647(3)x10-21             0.0550(2) 0.0771(2) 0.86(1) 0.73(1) 
7 6E 1 7E 25 4254.63877(1) 1.523(2)x10-21             0.0531(3) 0.0756(6) 0.84(1) 0.69(2) 
8 7F1 2 8F2 43 4258.53364(1) 1.316(2)x10-21           0.0584(4) 0.0751(4) 0.87(1) 0.84(1) 
8 8F1 1 7F2 45 4168.48594(1) 1.219(1)x10-21             0.0589(3) 0.0769(2) 0.85(1) 0.808(4) 
9 8A11 9A2 17 4264.81856(1) 1.953(3)x10-21              0.0472(4) 0.0719(3) 0.74(1) 0.78(1) 
9 9F1 1 8F2 54 4165.7622(1) 1.094(1)x10-21             0.0504(3) 0.0686(1) 0.72(2) 0.792(4) 
9 9A2 1 8A1 18 4159.05384(1) 1.613(4)x10-21           0.0560(3) 0.0739(2) 0.78(1) 0.819(3) 
9 9F2 2 8F1 51 4159.49119(1) 1.005(1)x10-21           0.0610(4) 0.0783(2) 0.79(2) 0.794(4) 
9 9F1 3 8F2 52 4160.03620(1) 1.015(1)x10-21           0.0610(4) 0.0783(2) 0.79(2) 0.782(5) 
9 8F2 1 9F1 46 4263.75117(2) 8.17(1)x10-22              0.0576(7) 0.0751(4) 0.78(3) 0.81(1) 
10 10A21 9A1 19 4156.88723(2) 1.502(3)x10-21              0.0524(7) 0.0710(5) 0.70(3) 0.82(1) 
10 10A11 9A2 21 4152.61348(1) 1.652(1)x10-21              0.0554(3) 0.0745(2) 0.76(1) 0.784(4) 
10 10A21 10A120 4206.07311(2) 8.250(1)x10-22         0.0503(9) 0.0682(4) 0.71(5) 0.77(1) 
10 9A1 1 10A216 4267.13466(1) 1.584(2)x10-21          0.0532(5) 0.0728(3) 0.81(2) 0.79(1) 
10 9F2 1 10F1 48 4268.97289(2) 9.390(1)x10-22          0.0500(7) 0.0702(3) 0.76(3) 0.73(1) 
11 10F22 11F1 53 4272.1593(5) 6.010(3)x10-22          0.051(18) 0.0689(8) 0.67(10) 0.77(2) 

a Statistical uncertainties are given in parentheses. 
bn1 and n2 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 
in the ߥଵ +  ,ସ band. The green colors in the transmission panel represent the pure spectraߥ

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 |݉| 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-1atm-1 and 0.0534(16)-0.0905(7) cm-1atm-1 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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Fig 4.2: (a) Variation of CH4-air half-width coefficients corresponding to A, E and F 
transitions, (b) comparison of  air-width coefficients with HITRAN2012 database as a 

function of |m| in the ߥଵ +  .ସ band of methaneߥ
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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 4.3: (a) Variation of CH4- CH4 half-width coefficients corresponding to A, E and F 
transitions as a function of |m| in the ߥଵ + -ସ band of methane, (b) comparison of selfߥ
width coefficients with HITRAN2012 database entries. The error bars which cannot be 

seen, are smaller than the size of the symbols used. 
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Fig 4.4: Comparison of CH4-H2 and CH4-CH4 half-width coefficients corresponding to A, 
E and F transitions in the ߥଵ +  .ସ band of methaneߥ

 

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 (n1) 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, n1 and n2 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 4.5: Variation in temperature-dependence exponents of (a) CH4-air and (b) CH4-CH4 
half-width coefficients corresponding to A, E and F transitions in the 1ߥ +  band of 4ߥ

methane. The error bars which cannot be seen, are smaller than the size of the symbols 
used. 
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Fig 4.6: Comparison between temperature exponents of CH4-air and CH4-CH4 half-width 
coefficients corresponding to A, E and F transitions in the 1ߥ +  .band of methane 4ߥ

 

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. I 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. 
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1 0A1 1 1A2 4 -0.00070(4) -0.0107(7) 0.000094(4) 0.000102(9) 0.04(1) 
1 0A1 1 1A2 4 -0.0052(3) -0.0123(5) 0.000107(2) 0.000079(6) 0.05(1) 
2 2E 1 1E 6 -0.0070(8) -0.0104(5) 0.000063(7) 0.000093(6) 0.06(1) 
2 1F1 1 2F2 15 -0.0064(3) -0.0106(3) 0.000043(3) 0.000032(3) 0.01(1) 
3 3A2 1 3A1 7 -0.0074(3) -0.0066(7) 0.000046(2) 0.000135(9) 0.02(1) 
3 2E 1 3 E 13 -0.0056(3) -0.0105(5) 0.000071(3) 0.000077(6) 0.03(1) 
4 4F2 1 3F1 23 -0.0062(4) -0.0138(3) 0.000062(4) 0.00004(3) 0.04(1) 
4 3A2 1 4A1 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(1) 
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 7A2 1 7A1 15 -0.0071(3) -0.0112(3) 0.000059(3) 0.000082(4) 0.08(1) 
7 7A2 1 6A1 15 -0.0072(2) -0.0129(1) 0.00006(2) 0.000072(1) 0.064(4) 
8 8F1 2 7F2 45 -0.0086(4) -0.0136(1) 0.000070(4) 0.000079(1) 0.03(1) 
8 7F1 2 8F2 43  -0.0039(5) -0.0094(3)           0.000034(6) 0.000050(3) 0.04(1) 
9 9F1 1 8F2 54 -0.0078(4) -0.0137(1) 0.000063(5) 0.000077(1) 0.04(1) 
9 9F1 1 8F2 54 -0.0055(2) -0.0087(4) 0.000035(2) 0.000050(4) 0.01(1) 
10 10A21 9A1 19 -0.0095(7) 0.0133(5)             0.000024(9) 0.000047(5) 0.11(1) 
10 9F2 1 10F1 48 -0.0078(9) -0.0133(3) 0.00007(10) 0.000067(3) 0.04(1) 

 

TDa is used as temperature-dependence and Sb stands for speed dependence parameters. 
 

From Fig. 4.7a, it can be seen that the measured CH4-air shift coefficients lie between -

0.0171(10) and -0.0026(3) cm-1atm-1. When compared in Fig. 4.7b, the measured CH4-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 CH4-air pressure-shift coefficients corresponding to A, E and F 
transitions, (b) comparison of CH4-air pressure-shift coefficients with HITRAN2012 

database entries as a function of |m| in the ߥଵ +  ସ band of methane. The error bars whichߥ
cannot be seen, are smaller than the size of the symbols used. The CH4-air shift 

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 |݉|, which change 

from -0.0243(6) to -0.0033(15) cm-1atm-1. 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 4ߥ band 

study [31, 32, 64] displaying a somewhat wider range of deviation for each |݉|. The air- 

and self-pressure shift coefficients are compared (Fig. 4.9) for the same transitions as a 

function of |݉|, and display more negative values of self-shift compared to CH4-air shift 

coefficients, which is similar to references [21, 23, 24, 35, 36]. 

 

Fig 4.8: Variation of CH4-air pressure-shift coefficients corresponding to A, E and F 
transitions as a function of |m| in the ߥଵ +  ସ band of methane. The error bars whichߥ

cannot be seen, are smaller than the size of the symbols used.  
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Fig 4.9: Comparison of CH4-air and CH4-CH4 shift coefficients corresponding to A, E 
and F transitions in the ߥଵ +  .ସ band of methaneߥ

The temperature-dependence of pressure-shift coefficients of methane transitions is 

important and should be included in the latest spectroscopic databases. Temperature-

dependence of CH4-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 CH4-air shift parameters vary 

from 0.000033(2) to 0.00014(4) cm-1atm-1K-1 and the self-shift parameters range from 

0.000028(4) to 0.000141(12) cm-1atm-1K-1. 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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Fig 4.10: Temperature-dependence of (a) CH4-air and (b) CH4-CH4 shift coefficients as a 
function of |m| in the 1ߥ +  band of methane with inter-symmetry comparisons. The 4ߥ

error bars which cannot be seen, are smaller than the size of the symbols used. 

Fig 4.11: Comparison of temperature dependences of CH4-air and CH4-CH4 shift 
coefficients corresponding to A, E and F transitions in the ߥଵ +  .ସ band of methaneߥ



82 
 

4.2.3 Speed-dependence parameters 

Since the SDVP was implemented in the fitting procedure, I was able to measure 

speed-dependence (S) parameters which are important in molecular dynamics. I have 

compared my results among transitions of different degeneracies of rotational symmetry 

species (A, E and F) of the vibrational band 1ߥ +  It is apparent from Fig. 4.12 that, the .4ߥ

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].  

 

Fig 4.12: Variation in speed dependence parameters of methane broadened by air in 
the ߥଵ +  ସ band as a function of |m|. The error bars which cannot be seen, are smallerߥ

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 1ߥ +  .4ߥ

   Off diagonal relaxation matrix elements 
Position  
(cm-1) ImI Line-mixing Pairs 

CH4-Air broadeninga 

(cm-1atm-1) 
CH4-CH4 broadeninga 

(cm-1atm-1) 
4118.91542 6 6F1  1   ⟶  5F2 27  0.0244(17) 
4119.12945 6 6F2  2   ⟶  5F1 28   
4119.419111 12 12F1  3   ⟶  11F2 66  0.0172(21) 
4119.700352 12 12F2  3   ⟶  11F1 69   
4122.444509 12 12F1  2    ⟶  11F2 67 0.0029(5)  
4122.736709 12 12F2  1   ⟶  11F1 71   
4136.167128 11 11F1  3   ⟶  10F2 63 0.0253(6) 0.0237(4) 
4136.817899 11 11F2  3    ⟶  10F1 63   
4153.651517 10 10F1  1   ⟶  9F2 59  0.0058(3) 
4154.102169 10 10F2  2   ⟶  9F1 59   
4159.491305 9 9F2  2    ⟶  8F1 51 0.0147(12) 0.0236(4) 
4160.035843 9 9F1  3   ⟶  8F2 52   
4165.578642 9 9F2  1   ⟶  8F1 52  0.0033(1) 
4165.762113 9 9F1  1    ⟶  8F2 54   

4167.1577 8 8F2  2   ⟶  7F1 47 0.0164(18) 0.0281(7) 
4168.48589 8 8F1  2    ⟶  7F2 45   
4172.8268 9 9A2  1   ⟶  8A1 19 0.0277(25) 0.0145(8) 

4173.95807 9 9A1  1    ⟶  8A2 18   
4173.009946 9 9F2  2   ⟶  8F1 53 0.0079(9) 0.0155(3) 
4173.231512 9 9F1  3   ⟶  8F2 55   
4177.713984 9 9F1  1   ⟶  8F2 58  0.0021(3) 
4177.781651 9 9F2  1   ⟶  8F1 55   
4178.252415 7 7F2  1   ⟶  6F1 40  0.0018(1) 
4178.527636 7 7F1  1   ⟶  6F2 41   
4181.817074 6 6F1  1   ⟶  5F2 34 0.0105(10) 0.0131(4) 
4182.336902 6 6F2  2   ⟶  5F1 34   
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4189.89872 5 5F2  1   ⟶  4F1 27 0.024(32) 0.0274(23) 
4190.45562 5 5F1  1   ⟶  4F2 29   
4201.400581 3 3F2  1   ⟶  2F1 15  0.0069(2) 
4201.848098 3 3F1  1   ⟶   2F2 16   
4203.36652 11 11F1  1   ⟶  11F2 59  0.0039(3) 
4203.37226 11 11F2  1   ⟶   11F1 61   
4206.648252 7 7F1  2   ⟶   6F2 42 0.0528(39) 0.0195(31) 
4207.17361 6 6F2  1   ⟶  6F1 36   
4209.871337 7 7F1  1   ⟶  6F2 43  0.003(5) 
4209.980328 7 7F2  1   ⟶  6F1 43   
4212.67804 7 7F1  1   ⟶  7F2 41  0.0037(6) 
4212.99085 7 7F2  1   ⟶  7F1 43   
4213.072723 10 10F2  2   ⟶  10F1 56  0.0102(17) 
4213.600841 10 10F1  1   ⟶  10F2 57   

4217.5507 3 3F1  1   ⟶  3F2 20  0.0063(9) 
4218.075313 3 3F2  1    ⟶  3F1 22   
4219.653719 8 8F2  2   ⟶  8F1 48  0.003(5) 
4219.785966 8 8F2  2   ⟶  8F1 49   
4222.07045 9 9F2  2   ⟶  9F1 54  0.0219(18) 
4222.57608 9 9F1  3   ⟶  9F2 54   
4223.54765 9 9F2  2   ⟶  8F1 67   
4223.87868 9 9F1  3   ⟶  8F2 69   
4223.61303 6 6F1  1   ⟶  5F2 35 0.0118(5) 0.0114(4) 
4223.81497 6 6F2  2   ⟶  5F1 36   
4228.60199 8 8F1  1   ⟶  7F2 55  0.0278(45) 
4229.99949 8 8F2  1   ⟶  7F1 57   
4233.810945 7 7F2  1   ⟶  6F1 45   
4234.297037 7 7F1  1   ⟶  6F2 46   
4239.428901 4 3F2  1   ⟶  4F1 25 0.0118(5) 0.0114(4) 
4239.577754 4 3F1  1   ⟶  4F2 26   
4238.46631 13 13F1  1   ⟶  13F2 80  0.0278(45) 
4239.55487 12 12F1  3   ⟶  12F2 73   
4242.181681 5 5F2  1   ⟶  4F1 28  0.0006(1) 

4242.2068 5 5F1  1   ⟶  4F2 31   
4245.85675 5 5F1  1   ⟶  4F2 32  0.0076(3) 
4246.15194 5 5F2  1   ⟶  4F1 29   
4249.14676 6 5F1  1   ⟶  6F2 34 0.0059(4) 0.0133(3) 
4249.439323 6 5F2  1   ⟶  6F1 32   

4251.6621 6 6F1  1   ⟶  5F2 40  0.0419(24) 
4251.66864 6 6F2  2   ⟶  5F1 42   
4253.645665 7 6F1  1   ⟶  7F2 37 0.0133(3) 0.0127(3) 
4253.768118 7 6F2  2   ⟶  7F1 38   
4253.51925 7 6A1  1   ⟶  7A2 14 0.0182(12) 0.0231(7) 
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4254.48124 7 6A2  2   ⟶  7A1 13   
4257.549435 10 10F1  1    ⟶  10F2 67  0.0207(13) 
4257.58786 10 10F2  2   ⟶  10F1 66   
4258.533596 8 7F1  2   ⟶  8F2 43 0.0096(11) 0.003(5) 
4258.831764 8 7F2  2   ⟶  8F1 42   
4259.691916 8 7F1  1   ⟶  8F2 44 0.0032(6) 0.003(5) 
4259.976554 8 7F2  1   ⟶  8F1 43   
4263.51064 9 8E  2   ⟶  9E 30   
4264.59887 9 8E 1   ⟶  9E 31   
4261.67571 9 8F2  2   ⟶  9F1 45  0.0138(22) 
4262.94334 9 8F1  2   ⟶  9F2 45   
4266.496434 10 9A2  1   ⟶  10A1 17 0.0364(18) 0.035(7) 
4267.134589 10 9A1  1    ⟶  10A2 16   
4266.606323 10 9F2  2   ⟶  10F1 47 0.0235(7) 0.0238(3) 
4266.75511 10 9F1  3   ⟶  10F2 48   
4268.909019 10 9F1  1   ⟶  10F2 50 0.0025(5) 0.0038(3) 
4268.972843 10 9F2  1    ⟶  10F1 48   
4280.951177 13 12F1  2   ⟶  13F2 61  0.0029(3) 
4281.093062 13 12F2  1   ⟶  13F1 63   
4282.12807 7 7F2  2    ⟶  7F1 52  0.0256(23) 
4282.541148 7 7F1  2   ⟶  7F2 50   
4284.513121 3 3F1  1   ⟶  2F2 18 0.0031(7) 0.0049(4) 
4284.574479 3 3F2  1   ⟶  2F1 18   
4287.785453 6 6F2  2   ⟶  6F1 44 0.0314(27) 0.0139(9) 
4287.953274 6 6F1  1   ⟶  6F2 44   
4288.660556 5 5E   1    ⟶  4E  27 0.0109(16) 0.0063(10) 
4288.801408 5 5F1  1   ⟶  5F2 36   
4288.846124 5 5E   1    ⟶  5E  24 0.0109(18) 0.0063(11) 
4288.898266 5 5F2  1   ⟶  5F1 37   
4294.556414 4 4F1  1   ⟶  4F2 31  0.0424(29) 
4294.592776 4 4F2  1    ⟶  3F1 32   
4298.206083 4 4F1  1    ⟶  4F2 32  0.0025(4) 
4298.499938 4 4F2  1   ⟶   4F1 29   

a 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: 1ܣ ↔ 1ܨ  ,2ܣ ↔ ܧ and 2ܨ ↔  Fig. 4.13a and Fig. 4.14a .ܧ
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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-1atm-1 for maximum value of |m|=11, whereas for self-broadening the coefficients vary 

from 0.0006(10) to 0.0419(24) cm-1atm-1 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 N2, air, He 

and H2 [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 
ଵߥ +  ,ସ band of methane as a function of |m| compared to Refs [25, 31, 33, 35, 36, 66ߥ
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 ߥଵ +  .ସ band as a function of |m| compared to Refs [25, 33, 35, 36, 64]ߥ

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 |݉| and the difference was calculated just by subtracting our retrieved position from 
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those values (e.g. retrieved-HITRAN2012). 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 -1,  respectively and the overall agreement in position is in the 

order of magnitude 10-3 cm-1. 

 

Fig 4.15: Comparison in line positions of methane ߥଵ +  .|ସ band as a function of |mߥ

 

The percentage differences in line intensities compared to calculated, HITRAN2012 and 

GEISA2015 are illustrated in Fig. 4.16 as a funtion of |݉|. 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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Fig 4.16: Comparison in line intensities of methane ߥଵ +  ,ସ band with calculatedߥ
HITRAN2012 and GEISA2015 entries as a function of |m|. 
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Table 4.5: Sample data for comparing observed position with calculated, HITRAN2012 
and GEISA2015 results. 

  Transition   Position (ܿ݉ିଵ)   

ImI J'C'݊ᇱ←J''C''݊ᇱᇱ      Observed Calculated 
     
HITRAN    GEISA 

2 1E 6←2E 1 4207.48727 (1) 4207.485 4207.486 4207.486 
2 2F1 14←2F2 1 4218.33559 (2) 4218.334 4218.335 4218.076 
3 2A1 6←3A2 1 4200.82101 (2) 4200.819 4200.819 4200.819 
4 3F2 21←4F1 1 4195.97055 (1) 4195.968 4195.969 4195.969 
4 3A2 8←4A1 1 4196.39505 (1) 4196.393 4196.393 4196.394 
5 4E 19←5E 1 4188.64944 (1) 4188.647 4188.647 4188.648 
5 4F1 29←5F1 1 4190.45691 (1) 4190.455 4190.456 4190.456 
6 5A2 12←6A1 1 4181.35520 (1) 4181.353 4181.353 4181.354 
6 5F1 34←6F2 2 4182.33700 (1) 4182.335 4182.334 4182.336 
7 6 F1 39←7F2 2 4175.67469 (1) 4175.672 4175.673 4175.672 
7 7F2 41←7F1 1 4212.67806 (1) 4212.674 4212.676 4212.677 
8 7F1 47←8F2 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 8A2 15←8A1 1 4210.63473 (1) 4210.631 4210.632 4210.633 
9 9F1 45←8F2 2 4261.67572 (3) 4261.680 4261.673 4261.674 
9 9A2 17←8A1 1 4264.81856 (1) 4264.816 4264.816 4264.817 
10 10F1 47←9F2 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 11A2 18←10A1 1 4271.57012 (7) 4271.569 4271.569 4271.569 
11 11A1 17←10A2 1 4273.53677 (10) 4273.535 4273.535 4273.518 
12 12E 38←11E 2 4275.13837 (9) 4275.136 4275.136 4275.137 
12 12F2 58←11F1 1 4278.24434(7) 4278.244 4278.242 4278.243 
13 13F1 63←12F2 1 4281.09334(6) 4281.092 4281.092 4272.092 
13 13A2 22←12A1 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(ܿ݉/݈݉݋)   

ImI J'C'݊ᇱ←J''C''݊ᇱᇱ    Observed Calculated  HITRAN    GEISA 
2 1E 6←2E 1 7.924 (1) x10-21 8.270x10-22 8.497x10-22 8.223x10-22 
2 2F1 14←2F2 1 1.907 (5) x10-21 2.050x10-22 1.108x10-21 1.466x10-21 
3 2A1 6←3A2 1 2.706 (5) x10-21 2.930x10-21 2.985x10-21 2.905x10-21 
4 3F2 21←4F1 1 1.908 (3) x10-21 2.040x10-21 2.071x10-21 1.989x10-21 
4 3A2 8←4A1 1 3.200 (2) x10-21 3.410x10-21 3.476x10-21 3.358x10-21 
5 4E 19←5E 1 1.292 (1) x10-21 1.330x10-21 1.342x10-21 1.310x10-21 
5 4F1 29←5F1 1 1.968 (2) x10-21 2.050x10-21 2.078x10-21 2.029x10-21 
6 5A2 12←6A1 1 2.868 (2) x10-21 3.000x10-21 2.999x10-21 2.935x10-21 
6 5F1 34←6F2 2 1.763 (1) x10-21 1.810x10-21 1.814x10-21 1.762x10-21 
7 7F2 41←7F1 1 1.521 (2) x10-21 1.560x10-21 1.540x10-21 1.562x10-21 
7 6 F1 39←7F2 2 1.495 (1) x10-21 1.530x10-21 1.523x10-21 1.516x10-21 
8 7F1 47←8F2 2 1.206 (1) x10-21 1.230x10-21 1.207x10-21 1.192x10-21 
8 8E 30←8E 1 2.541 (2) x10-22 2.530x10-22 2.415x10-22 2.511x10-22 
8 8A2 15←8A1 1 1.872 (2) x10-21 1.910x10-21 1.853x10-21 1.891x10-21 
9 9F1 45←8F2 2 1.146 (3) x10-21 1.190x10-21 1.135x10-21 1.162x10-21 
9 9A2 17←8A1 1 1.953 (3) x10-21 2.050x10-21 2.033x10-21 2.019x10-21 
10 10F1 47←9F2 2 1.004 (1) x10-21 9.79x10-22 9.266x10-22 9.573x10-22 
10 10E 32←9E 1 5.537 (5) x10-22 6.360x10-22 6.130x10-22 5.992x10-22 
11 11A2 18←10A1 1 1.047 (7) x10-21 1.047x10-21 9.972x10-22 1.057x10-21 
11 11A1 17←10A2 1 9.410 (9) x10-22 9.420x10-22 9.561x10-22 8.556x10-22 
12 12E 38←11E 2 2.716 (2) x10-22 2.560x10-22 2.372x10-22 2.461x10-22 
12 12F2 58←11F1 1 3.730 (2) x10-22 3.720x10-22 3.683x10-22 3.556x10-22 
13 13F1 63←12F2 1 2.170 (1) x10-22 2.160x10-22 2.066x10-22 2.065x10-22 
13 13A2 22←12A1 1 3.672 (2) x10-22 3.720x10-22 3.683x10-22 3.556x10-22 
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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 H2-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 H2-

broadening of methane in the spectral range of 4100-4300 cm-1. The multi-spectrum fitting 

program ‘Labfit’ was used to determine the self- and H2-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 H2.  

Table 5.1: Number of retrieved line parameters due to self- and H2 broadening of 
methane. 

Self/Air Position Intensity Lorentz 
width 

Pressure 
shift 

na  ߜ ᇱ,௕  ORMEc     Sd 

Self 

19
8 

19
8 198 181 176 169    80 

11
0 

H2 198 187 129 79    60 

  na stands for temperature-dependence of broadening, ߜ′,ܾ is used for temperature 
dependency in pressure-induced shift coefficient, ORMEc represents for off-diagonal 
relaxation matrix elements and Sd is used for speed-dependence parameters.  
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The residuals of multi-spectrum fits of methane broadened by itself and H2 in the 

spectral range 4180-4190 cm-1 using three fitting models (Voigt, Speed dependent Voigt 

and speed dependent Voigt with line mixing) are shown in Fig. 5.1.  

 

Fig 5.1: Residuals of multi-spectrum fitting of methane broadened by itself and hydrogen 
spectra in the 1ߥ +  .band 4ߥ

 

5.2 Self- and H2-broadened half-width coefficients and temperature dependences 

The self- and H2-broadened half-width coefficients along with their temperature 

dependences of methane in the 1ߥ +  band are determined on a line-by-line basis using 4ߥ

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 |݉|. 
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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. 
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(n
1)

a,
b 

(n
2)

a,
b 

1 1F1 1 1F2 9 4218.416115(1) 1.317(1)x10-21             0.0654(4) 0.0762(6) 0.48(1) 0.95(2) 
2 1F1 1 2F2 15 4229.195067(1) 2.204(2)x10-21             0.0651(2) 0.0790(2) 0.50(1) 0.81(1) 
2 2E 1 1E 6 4207.487244(1) 8.053(1)x10-22             0.0658(4) 0.0818(4) 0.47(1) 0.81(1) 
2 2E 1 2E 11 4218.07734(1) 1.121(4)x10-21             0.0697(4) 0.0887(5) 0.32(1) 0.67(1) 
3 2F2 1 3F1 21 4234.35149(1) 2.728(4)x10-21             0.0711(4) 0.0790(5) 0.45(1) 0.89(1) 
3 3A21 2A1 6 4200.821017(1) 2.828(3)x10-21           0.0651(3) 0.0779(3) 0.53(1) 0.83(1) 
3 3F21 2F1 15 4201.400550(1) 1.708(2)x10-21           0.0668(2) 0.0812(2) 0.48(1) 0.86(1) 
4 3 F21 4 F1 25 4239.428865(1) 3.052(4)x10-21           0.0687(3) 0.0820(3) 0.49(1) 0.84(1) 
4 4E 1 3E 14 4195.649714(1) 1.316(1)x10-21           0.0564(1) 0.0749(2) 0.46(1) 0.79(1) 
4 4A1 1 4A2 9 4216.474061(1) 4.043(5)x10-21           0.0669(2) 0.0812(2) 0.48(1) 0.82(1) 
5 5E 1 4E  19 4188.649414(1) 1.304(1)x10-21           0.0630(1) 0.0749(2) 0.86(1) 0.86(1) 
5 4E 1 5E  20 4244.437574(1) 1.922(2)x10-21           0.0579(2) 0.0730(2) 0.50(1) 0.82(1) 
6 6F2 1 5F1 35 4184.387552(1) 1.838(1)x10-21             0.0618(2) 0.0798(2) 0.56(1) 0.80(1) 
7 6F2 2 7F1 38 4253.768243(1) 2.291(2)x10-21             0.0649(3) 0.0797(4) 0.54(1) 0.79(1) 
7 6E 1 7E 25 4254.638687(1) 1.544(2)x10-21             0.0597(4) 0.0726(6) 0.55(1) 0.73(2) 
7 7F2 1 7F1 43 4212.990834(1) 1.521(3)x10-21             0.0636(5) 0.0799(5) 0.68(2) 0.77(2) 
7 7A2 1 7A1 15 4216.675194(1) 2.603(2)x10-21             0.0632(5) 0.0763(3) 0.54(1) 0.85(1) 
8 7A2 1 8A1 15 4258.695654(1) 2.975(3)x10-21             0.0623(2) 0.0735(2) 0.51(1) 0.84(1) 
8 7E 1 8E 29 4258.941223(1) 7.780(1)x10-22             0.0496(3) 0.0638(3) 0.45(2) 0.76(1) 
8 8A1 1 8A2 15 4210.634690(1) 1.875(1)x10-21           0.0587(2) 0.0718(2) 0.53(1) 0.80(1) 
8 8E 1 8E 31 4211.351872(2) 5.010(1)x10-22           0.0627(7) 0.0762(6) 0.49(3) 0.81(1) 
8 8F2 1 8F1 46 4215.381817(1) 1.009(1)x10-21           0.0613(3) 0.0757(3) 0.55(2) 0.82(1) 
9 9A21 8A1 18 4159.053776(1) 1.619(2)x10-21              0.0598(1) 0.0736(2) 0.44(1) 0.81(1) 
9 9F1 1 8F2 52 4160.036111(1) 9.897(1)x10-22              0.060(1) 0.0762(2) 0.54(1) 0.80(1) 
9 9F11 9F2 50 4208.447501(2) 7.510(1)x10-22              0.0575(4) 0.0699(3) 0.57(2) 0.83(1) 
9 9E 1 9E 35 4214.451581(1) 5.151(1)x10-22              0.0603(7) 0.0722(8) 0.65(4) 0.79(3) 
10 10A11 9A2 21 4252.613689(1) 1.578(3)x10-21         0.0631(2) 0.0754(2) 0.43(1) 0.76(1) 
10 10E 2 10E 38 4217.773981(3) 3.302(1)x10-22          0.0459(6) 0.0602(6) 0.47(4) 0.65(2) 
11 10F1 2 11F2 52 4272.010898(3) 5.473(3)x10-22          0.0670(8) 0.0807(7) 0.65(3) 0.76(1) 
11 11A2 1 11A1 21 4211.256385(2) 4.845(1)x10-22         0.0574(5) 0.0685(4) 0.57(3) 0.71(1) 
12 11E 2 12E 38 4275.138151(4) 1.719(1)x10-22          0.0437(5) 0.0557(4) 0.44(4) 0.67(2) 
13 12F1 3 13F2 60 4279.255197(6) 2.458(1)x10-22          0.0634(9) 0.0772(7) 0.52(5) 0.88(2) 
13 12A1 2 13A2 21 4279.171847(4) 3.830(1)x10-22          0.0574(6) 0.0702(4)  0.80(2) 

aStatistical uncertainties are given in parentheses. 
bn1 and n2 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 H2-broadening and self-broadening Lorentz 

half-width coefficients as a function of |݉| 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-1atm-1, whereas self-broadened half-width 

coefficients range from 0.0548(2) to 0.0887(5) cm-1atm-1 as displayed in Fig. 5.2(b), both 

measured at 296 K for |݉| values up to 14. The range of my measured H2-broadened half-

width coefficients are close to the previously obtained H2-broadened values (0.0479-0.0878 

cm-1atm-1) in the ߥସ 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 H2-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 CH4-H2 ߥସ band studies [37, 38] and (4ߥ ,2ߥ) band studies of methane [30]. 

The comparison between self- and H2-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 H2-broadening widths.  
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Fig 5.2: Variation of (a) CH4-H2 and (b) CH4-CH4 half-width coefficients 

corresponding to A, E and F transitions in the ߥଵ +  ସ band of methane. The errorߥ
bars which cannot be seen, are smaller than the size of the symbols used. 
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Fig 5.3: Comparison of CH4-H2 and CH4-CH4 half-width coefficients corresponding to A, 
E and F transitions in the ߥଵ +  .ସ band of methaneߥ

The temperature-dependence exponents n1 due to H2-broadening and n2 due to self-

broadening of methane are plotted as a function of |݉| in Fig. 5.4(a,b). As mentioned in 

Table 5.1, the number of n1 measurements due to self-broadening (176) were higher than 

n2 measurements due to H2-broadening (129) and both of them show relatively high 

measurement uncertainties at higher |݉| values possibly due to weaker transitions. As 

shown in Fig. 5.4(a,b), the values of n1 vary between 0.32(1) and 0.68(2) and n2 ranges 

from 0.64(3) to 1.06(2). Varshani and Chudamani [37] published their temperature-

dependence of H2-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 n1 

values, which provide lower values due to E-symmetry transitions with some exceptions 

up to |݉|=10, but no clear pattern of variation is observed in the values of n2.   
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Fig 5.4: Variation in temperature-dependence exponents of (a) CH4-H2 and (b) CH4-CH4 
half-width coefficients corresponding to A, E and F transitions in the 1ߥ +  band of 4ߥ

methane. The error bars which cannot be seen, are smaller than the size of the symbols 
used. 
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 Fig. 5.5 compares the temperature-exponent values of n1 and n2 as a function of |݉|, which 

show clearly the larger values due to self-broadening up to |݉| = 10 and after that it gives 

some exceptions. Though the temperature dependences on H2-broadening shows values up 

to  |݉| = 13 , but the in case of self-broadening values up to |݉| = 14 could be obtained.   

 

Fig 5.5: Comparison between temperature exponents of CH4-H2 and CH4-CH4 half-width 
coefficients corresponding to A, E and F transitions in the 1ߥ +  .band of methane 4ߥ

 

5.3 H2- and self-shift coefficients along with temperature dependences  

The pressure-induced self- and H2-shift coefficients and their temperature 

dependences of methane in the 1ߥ +  band were determined using Eqs. (4.2-4.3) as a function 4ߥ

of |݉|. The measured values are tabulated in Table 5.3. 
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Table 5.3: Selection of retrieved self- and H2-induced shift parameters along with their 
temperature-dependence exponents and speed dependence parameters. 
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1 1F1 1 1F2 9 -0.0099(3) -0.0104(5) 0.000045(3) 0.000129(7) 0.05(1) 
2 1F1 1 2F2 15 -0.0099(2) -0.0091(3) 0.000016(2) 0.000088(3) 0.05(1) 
2 2E 1 1E 6 -0.0101(4) -0.0098(4) 0.000034(4) 0.000118(5) 0.06(1) 
2 2E 1 2E 11 -0.0102(3)  0.000045(3) 0.000228(10) 0.08(1) 
3 2F2 1 3F1 21 -0.0059(3)  0.000031(2) 0.000142(7) 0.16(1) 
3 3A2 1 2A1 6 -0.0113(3) -0.0080(4) 0.000038(2) 0.000137(4) 0.07(1) 
3 3F2 1 2F1 15 -0.0083(3) -0.0102(2) 0.000038(3) 0.000065(2) 0.04(1) 
4 4A1 1 4A2 9 -0.0089(2) -0.0096(3) 0.000029(2) -0.000061(4) 0.05(1) 
5 4E 1 5E 20 -0.0089(2) -0.0119(3) 0.000018(2) 0.000068(4) 0.09(1) 
7 6F2 2 7F1 38 -0.0125(2) -0.0118(3) 0.000055(2) 0.000146(4) 0.06(1) 
7 6E 1 7E 25 -0.0096(4) -0.0132(5) 0.000030(4) 0.000078(6) 0.06(1) 
7 7F2 1 7F1 43 -0.0077(4) -0.0151(6)   0.07(1) 
7 7A2 1 7A1 15 -0.0104(2) -0.0103(3) 0.000038(2) 0.000102(3) 0.05(1) 
8 7A2 1 8A1 15 -0.0084(2) -0.0102(3) 0.000024(2) 0.000080(3) 0.05(1) 
8 8E 1 8E 31 -0.0091(6) -0.0117(5)             0.000090(4) 0.07(1) 
8 8F2 1 8F1 46 -0.0074(3) -0.0090(3)                0.000092(3)  0.07(1) 
9 9F11 9F2 50 -0.00930(3) 0.0115(2)              0.000090(3) 0.09(1) 
9 9E 1 9E 35 -0.0093(6) -0.0100(8)  0.000091(11) 0.10(1) 
10 9F1 3 10F2 48 -0.0143(3) -0.0160(3)              0.000044(5) 0.000127(1)  
10 9A11 10A2 16 -0.0112(2) -0.0146(2)              0.000032(4) 0.000084(2)  
11 10F1 2 11F2 51 -0.0124(3) -0.0155(3)  0.000069(3) 0.07(1) 
11 10A1 1 11A2 18 -0.0092(6) -0.0108(7)  0.000083(9) 0.11(1) 
12 11E 1 12E 39 -0.0098(7) -0.0146(6)  0.000095(10) 0.13(2) 
12 11F1 1 12F2 58 -0.0082(5) -0.0136(4)  0.000061(6) 0.15(1) 

aStatistical uncertainty, TDb is used as temperature-dependence and Sc stands for speed 
dependence parameters which has no unit. 

 

All measured self- and H2-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-H2 shift coefficients vary 
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from -0.0164(7) to -0.0035(3) cm-1atm-1, while the self-shift coefficients range from  

-0.0233(10) to -0.0040 (3) cm-1atm-1 as shown in Fig. 5.6b. Chudamani and Varanasi [37] 

found their H2-shift coefficients ranging from -0.0055 to 0.0005 cm-1atm-1 and Margolis 

[38] found his shift coefficient values ranging in between -0.01430 and 0.00009 cm-1atm-1. 

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) CH4-H2 and (b) CH4-CH4 shift coefficients corresponding to A, E 
and F transitions as a function of |m| in the ߥଵ +  ସ band of methane. The error bars whichߥ

cannot be seen, are smaller than the size of the symbols used. 
 

Fig. 5.7 shows the comparison in shift values due to H2- 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 H2-shift 

coefficients with showing a slight higher values in H2-shift. It is also seen that the shift 

coefficients due to both self- and H2-shift show larger variations for |݉| values from 6 to 

13. 
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Fig 5.7: Comparison of CH4-H2 and CH4-CH4 shift coefficients corresponding to A, E 
and F transitions in the ߥଵ +  .ସ band of methaneߥ

 

A linear temperature dependence Eq. (4.3) was used to determine the temperature-

dependence of H2- and self-shift coefficients of methane. The measured temperature 

dependences of CH4-CH4 and CH4-H2 shift coefficients are plotted in Fig. 5.8(a) and 5.8(b), 

respectively as a function of |݉|. 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 H2-shift range 

from 0.000013(1) to 0.000075(5) cm-1atm-1K-1 and those for self-shift parameters vary from 

0.000033(3) to 0.000228(10) cm-1atm-1K-1. No published results are available to compare 

the present study with. 
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Fig 5.8: Variation in temperature-dependence of (a) CH4-H2 and (b) CH4-CH4 shift 
coefficients corresponding to A, E and F transitions as a function of |m| in the ߥଵ +  ସߥ
band of methane. The error bars which cannot be seen, are smaller than the size of the 

symbols used. 
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The temperature dependences due to self- and H2-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 H2-

shift show smaller values than self-shift. On the contrary, for methane-air project, the 

temperature dependences of CH4-air were higher than those of self-shift, which may be due 

to the fact of H2 being lighter than CH4.  

 

Fig 5.9: Comparison of temperature dependences of CH4-H2 and CH4-CH4 shift 
coefficients corresponding to A, E and F transitions in the ߥଵ +  .ସ band of methaneߥ

5.4 Speed-dependence analysis 

The speed-dependence parameters are determined for the first time in the analysis 

of methane broadened by H2. The speed dependence due to self- and H2-broadening are 

presented for three rotational symmetry species (A, E, F) in the vibrational band ߥଵ +  ସ asߥ

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 H2 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 H2 to comments on the 

vibrational dependency of these parameters. 

 

Fig 5.10: Variation in speed dependence parameters of methane broadened by H2 in the 
ଵߥ +  ସ band as a function of |m|. The error bars which cannot be seen, are smaller thanߥ

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 H2-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: 1ܣ ↔ 1ܨ  ,2ܣ ↔ ܧ and 2ܨ ↔  As seen in Fig. 5.11 (a,b), off-diagonal .ܧ

relaxation matrix coefficients for both H2-broadening and self-broadening are found 

positive. The H2-broadened line-mixing coefficients vary from 0.0106(3) to 0.0482(23) cm-

1atm-1, while self-broadening line-mixing coefficients vary from 0.0014(3) to 0.0237(4) 

cm-1atm-1.  
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Fig 5.11: Off-diagonal relaxation matrix element coefficients for (a) CH4-H2 and (b) CH4-
CH4 broadening in the ߥଵ +  ସ band as a function of |m|. The error bars which cannot beߥ

seen, are smaller than the size of the symbols used. 

 

Fig. 5.12 shows the comparison in line-mixing coefficients due to H2- and self-

broadening of methane as a function of |m|. Though the line-mixing coefficients are close 

in both cases, the H2-broadening gives comparatively higher values, which is expected. The 

temperature-dependence of line-mixing coefficients were not possible to be determined 

correctly. No H2-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 H2-broadened line-mixing coefficients.  
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Fig 5.12: Comparison in off-diagonal relaxation matrix element coefficients due to H2- 
and self-broadening of methane in the ߥଵ +  ସ band as a function of |m|. The error barsߥ

which cannot be seen, are smaller than the size of the symbols used. 
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Table 5.4: List of retrieved line-mixing coefficients due to self- and H2-broadening of 
methane in the band 1ߥ +  .4ߥ

   
Off diagonal relaxation matrix elements 

 
Position 

       (cm-1) |m| Line-mixing pairs 
CH4-H2 broadeninga 

(cm-1atm-1) 
CH4-CH4 broadeninga 

(cm-1atm-1) 
4119.419111 12 12F1  3   ⟶  11F2 66 0.0158(9) 0.0165(4) 
4119.700352  12F2  3   ⟶  11F1 69   
4136.167128 11 11F1  3   ⟶  10F2 63 0.0253(6) 0.0237(4) 
4136.817899  11F2  3    ⟶  10F1 63   
4142.626092 11 11F1  1   ⟶  10F2 66 0.0085(9) 0.006(2) 
4142.646404  11F2  1    ⟶  10F1    
4153.651517 10 10F1  1   ⟶  9F2 59 0.0042(4) 0.0036(3) 
4154.102169  10F2  2   ⟶  9F1 59   
4159.491305 9 9F2  2    ⟶  8F1 51 0.018(6) 0.0197(4) 
4160.035843  9F1  3   ⟶  8F2 52   
4165.578642 9 9F2  1   ⟶  8F1 52 0.0032(2) 0.003(1) 
4165.762113  9F1  1    ⟶  8F2 54   
4173.009946 9 9F2  2   ⟶  8F1 53 0.0125(5) 0.0151(5) 
4173.231512  9F1  3   ⟶  8F2 55   
4177.713984 9 9F1  1   ⟶  8F2 58 0.0032(6) 0.003(6) 
4177.781651  9F2  1   ⟶  8F1 55   
4178.252415 7 7F2  1   ⟶  6F1 40 0.0032(2) 0.003(2) 
4178.527636  7F1  1   ⟶  6F2 41   
4181.817074 6 6F1  1   ⟶  5F2 34 0.0078(7) 0.0075(4) 
4182.336902  6F2  2   ⟶  5F1 34   
4189.774267 8 8F2  2   ⟶  7F1 49 0.0016(1) 0.0019(1) 

4189.8976  8E   2   ⟶  7E  32   
4190.486393 8 8F1  2   ⟶  7F2 47  0.0032(5) 0.0034(4) 
4190.809754  8F2  1   ⟶  7F1 50   
4194.757044 4 4F2  1   ⟶  3F1 23 0.0014(3)  
4195.970544  4F1  1   ⟶  3F2 21   
4198.506629 8 8F2  1   ⟶  7F1 52 0.0145(13) 0.0064(14) 
4198.985272  8F1  1   ⟶  7F2 50   
4201.400581 3 3F2  1   ⟶  2F1 15 0.0079(5) 0.0079(3) 
4201.848098  3F1  1   ⟶   2F2 16   
4206.648252 7 7F1  2   ⟶   6F2 42  0.0053(11) 
4207.196401  7F2  2   ⟶  6F1 41   
4207.161599 9 9F2  1   ⟶  8F1 58 0.0213(19) 0.0215(10) 
4207.395957  9F1  1   ⟶  8F2 61   
4209.871337 7 7F1  1   ⟶  6F2 43 0.0048(6) 0.003(4) 
4209.980328  7F2  1   ⟶  6F1 43   
4212.67804 7 7F1  1   ⟶  7F2 41 0.0079(8) 0.004(5) 



112 
 

4212.99085  7F2  1   ⟶  7F1 43   
4213.072723 10 10F2  2   ⟶  10F1 56  0.0069(13) 
4213.600841  10F1  1   ⟶  10F2 57   
4215.628587 5 5F1  1   ⟶  5F2 32  0.003(6) 
4216.24412  5F2  1   ⟶  5F1 33   
4217.5507 3 3F1  1   ⟶  3F2 20 0.0032(10) 0.003(5) 

4218.075313  3F2  1    ⟶  3F1 22   
4219.653719 8 8F2  2   ⟶  8F1 48 0.0048(8) 0.0048(6) 
4219.785966  8F2  2   ⟶  8F1 49    
4223.612969 6 6F1  1   ⟶  5F2 35 0.0077(4) 0.0073(3) 
4223.814946  6F2  2   ⟶  5F1 36   
4233.810945 7 7F2  1   ⟶  6F1 45  0.003(6) 
4234.297037  7F1  1   ⟶  6F2 46   
4239.428901 4 3F2  1   ⟶  4F1 25 0.007(2) 0.0051(2) 
4239.577754  3F1  1   ⟶  4F2 26   
4240.381603 7 7F1  1   ⟶  6F2 49  0.0078(16) 
4240.736259  7F2  1   ⟶  6F1 48   
4242.181681 5 5F2  1   ⟶  4F1 28 0.01(12) 0.0081(5) 

4242.2068  5F1  1   ⟶  4F2 31   
4249.14676 6 5F1  1   ⟶  6F2 34 0.0124(5) 0.0106(3) 
4249.439323  5F2  1   ⟶  6F1 32   
4253.645665 7 6F1  1   ⟶  7F2 37  0.0096(3) 
4253.768118  6F2  2   ⟶  7F1 38   
4258.533596 8 7F1  2   ⟶  8F2 43 0.0096(11) 0.003(7) 
4258.831764  7F2  2   ⟶  8F1 42   
4259.263863 5 5F2  1   ⟶  4F1 30  0.0036(6) 
4259.797756  5F1  1   ⟶  4F2 33   
4259.691916 8 7F1  1   ⟶  8F2 44  0.003(5) 
4259.976554  7F2  1   ⟶  8F1 43   
4266.496434 10 9A2  1   ⟶  10A1 17 0.0063(7) 0.0059(4) 
4266.606323   9F2  2   ⟶  10F1 47   
4266.75511 10  9F1  3   ⟶  10F2 48 0.0063(14) 0.0059(6) 
4267.134589   9A1  1    ⟶  10A2 16   
4268.909019 10  9F1  1   ⟶  10F2 50 0.0063(7) 0.0059(4) 
4268.972843  9F2  1    ⟶  10F1 48   
4282.12807 7  7F2  2    ⟶  7F1 52 0.0482(23) 0.0218(15) 
4282.541148   7F1  2   ⟶  7F2 50   
4284.513121 3  3F1  1   ⟶  2F2 18 0.0063(4) 0.0027(3) 
4284.574479   3F2  1   ⟶  2F1 18   
4287.785453 6  6F2  2   ⟶  6F1 44 0.0221(7) 0.0126(6) 
4287.953274   6F1  1   ⟶  6F2 44   
4294.556414 4  4F1  1   ⟶  4F2 31 0.0129(28) 0.0217(18) 
4294.592776   4F2  1    ⟶  4F1 32   
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4298.206083 4 4F1  1    ⟶  4F2 32  0.0116(10) 0.003(4) 
4298.499938  4F2  1   ⟶   4F1 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 CH4-CH4 and 

CH4-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 ߥଵ +  ସ band. Both self-broadening andߥ

temperature-dependence exponents of self-broadening coefficients were found to be 

slightly higher than CH4-air broadening analogues. In contrast, the CH4-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 CH4-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 

ଵߥ +  ସ band) whose values vary from 0.038 to 0.198 and the values appeared to increaseߥ

with |݉| 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-1 and the maximum variation of line intensity of 15.4%. 

6.2 Summary of methane broadened by itself and H2 

 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 H2-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 H2 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 H2-broadening of methane, their temperature dependences need to be 

determined. For the H2-broadening analysis, I have determined line-shape parameters in 

the ߥଵ +  ସ band of methane. The same type of analysis is essential in the two interactingߥ

bands, ߥଶ + ଷߥ  and ߥଷ +  ସ, of methane in its octad region to confirm their vibrationalߥ

dependencies. The present line-shape study for methane broadened by H2 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 

ImI Lower state Upper state 
Positiona 

 (cm-1) 
Intensitya 

(cm/mol) 
Air-widtha 

(cm-1atm-1) 
Self-widtha 

(cm-1atm-1) n1
a,b n2

a,b 

1 1F1 1 0F2 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) 0.76(1) 0.71(1) 

1 1F1 1 1F2 9 4218.41614(1) 1.299E-21(2) 0.0596(4) 0.0774(8) 0.84(1) 0.94(3) 

2 2F2 1 1F1 10 4207.20565(5) 1.031E-21(12) 0.0648(13) 0.0709(24) 0.94(2)  
2 2E 1 1E 6 4207.48727(1) 7.92E-22(1) 0.062(5) 0.0811(5) 0.93(1) 0.84(1) 

2 2F2 1 2F1 14 4218.33559(2) 1.907E-21(5) 0.0597(10) 0.075(16) 0.84(2) 0.88(4) 

2 1F1 1 2F2 15 4229.19507(1) 2.095E-21(2) 0.0574(2) 0.0784(3) 0.9(1) 0.86(1) 

3 3A2 1 2A1 6 4200.82101(2) 2.706E-21(5) 0.062(7) 0.0741(19) 0.76(1) 0.93(3) 

3 3F2 1 2F1 15 4201.40058(1) 1.681E-21(2) 0.0636(3) 0.0838(3) 0.91(1) 0.83(1) 

3 3F1 1 2F2 16 4201.84819(1) 1.685E-21(2) 0.064(3) 0.0833(3) 0.92(1) 0.84(1) 

3 2E 1 3E 13 4234.41871(1) 1.817E-21(2) 0.0533(2) 0.0751(4) 0.87(1) 0.73(1) 

3 3F2 1 3F1 22 4218.07962(3) 8.31E-22(3) 0.0577(5) 0.0846(19) 0.89(3)  
3 2F2 1 3F1 21 4234.35157(1) 2.604E-21(4) 0.064(6) 0.0805(7) 0.81(1) 0.92(2) 

3 3A2 1 3A1 7 4218.78453(1) 3.807E-21(4) 0.0592(3) 0.0825(5) 0.83(1) 0.8(1) 

3 3F1 1 3F2 20 4217.55071(1) 2.295E-21(2) 0.0639(3) 0.0836(4) 0.91(1) 0.88(1) 

4 4A1 1 3A2 8 4196.39505(1) 3.2E-21(3) 0.0602(2) 0.0821(2) 0.88(1) 0.81(1) 

4 4F1 1 3F2 21 4195.97055(1) 1.908E-21(2) 0.0629(3) 0.0847(3) 0.91(1) 0.82(1) 

4 4F2 1 3F1 23 4194.75695(1) 1.848E-21(2) 0.0575(3) 0.0792(4) 0.85(1) 0.9(1) 

4 3F1 1 4F2 26 4239.57744(2) 2.68E-21(12) 0.0835(6) 0.0905(7) 0.72(1) 0.7(1) 

4 4F1 1 4F2 27 4216.99381(1) 2.384E-21(2) 0.0636(2) 0.084(3) 0.91(1) 0.87(1) 

4 4E 1 4E 18 4217.36149(1) 1.595E-21(2) 0.0549(3) 0.073(5) 0.91(1) 0.92(1) 

4 3A2 1 4A1 10 4239.25185(1) 4.851E-21(4) 0.0581(3) 0.0748(5) 0.74(1) 0.83(1) 

4 3F2 1 4F1 25 4239.4289(1) 2.992E-21(3) 0.0637(2) 0.0866(4) 0.87(1) 0.77(1) 

4 4A1 1 4A2 9 4216.47409(1) 3.959E-21(3) 0.0621(2) 0.0832(2) 0.88(1) 0.83(1) 

5 5F1 2 4F2 28 4188.34878(1) 1.912E-21(1) 0.0595(2) 0.0796(2) 0.86(1) 0.818(4) 

5 5E 1 4E 19 4188.64944(1) 1.292E-21(1) 0.0547(2) 0.0736(2) 0.85(1) 0.824(5) 

5 5F1 1 4F2 29 4190.45691(1) 1.968E-21(2) 0.0609(2) 0.0818(3) 0.88(1) 0.83(1) 

5 5F1 1 4F2 29 4190.45684(1) 1.95E-21(2) 0.0602(4) 0.082(4) 0.87(1) 0.86(1) 

5 4A1 1 5A2 11 4244.81993(1) 4.849E-21(3) 0.0575(2) 0.0786(2) 0.831(5) 0.75(5) 

5 4F2 1 5F1 30 4244.11276(1) 2.881E-21(2) 0.0598(2) 0.0808(2) 0.85(1) 0.80(4) 

5 5F2 1 4F1 27 4189.8981(1) 1.888E-21(4) 0.0617(3) 0.0721(4) 0.89(1)  
5 4E 1 5E 20 4244.43763(1) 1.922E-21(2) 0.0539(3) 0.0665(4) 0.83(1)  
5 5F2 1 5F1 33 4216.24415(1) 2.235E-21(2) 0.0638(3) 0.0832(3) 0.89(1) 0.85(1) 

5 5E 1 5E 22 4218.35005(2) 1.581E-21(6) 0.0586(10) 0.079(16) 0.8(3)  
5 4F1 1 5F2 28 4244.56818(1) 2.846E-21(2) 0.0641(2) 0.0846(3) 0.88(1) 0.82(1) 

5 5F1 1 5F2 32 4215.62878(1) 2.374E-21(2) 0.0581(2) 0.0873(3) 0.93(1) 0.72(1) 

5 5F1 2 5F2 33 4218.68791(2) 2.036E-21(4) 0.0543(4) 0.09(10) 0.88(1) 0.99(3) 

6 6F2 2 5F1 34 4182.337(1) 1.763E-21(1) 0.0641(2) 0.0813(3) 0.88(1) 0.86(1) 
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6 5F1 1 6F2 34 4249.14677(1) 1.526E-21(2) 0.0696(7) 0.0853(5) 0.87(2) 0.98(2) 

6 6F1 1 5F2 34 4181.81703(1) 1.757E-21(1) 0.0614(2) 0.0791(2) 0.87(1) 0.86(4) 

6 6F2 2 6F1 38 4217.89755(1) 1.995E-21(2) 0.0649(3) 0.079(4) 0.85(1) 0.97(1) 

6 6A2 1 6A1 14 4215.04378(1) 3.172E-21(3) 0.0603(2) 0.0821(2) 0.87(1) 0.82(0) 

6 6E 1 6E 26 4214.30919(1) 1.29E-21(1) 0.0586(4) 0.0772(3) 0.86(1) 0.82(1) 

6 5F2 1 6F1 32 4249.43948(1) 2.637E-21(2) 0.0619(2) 0.0837(2) 0.88(1) 0.822(4) 

6 6F2 1 6F1 37 4214.5053(1) 1.913E-21(2) 0.0599(4) 0.079(5) 0.89(1) 0.89(1) 

6 6A1 1 6A2 13 4219.1589(1) 3.283E-21(3) 0.0574(2) 0.0834(4) 0.89(1) 0.75(1) 

6 6F1 1 6F2 39 4218.54437(1) 1.992E-21(3) 0.0615(5) 0.0766(9) 0.88(1) 0.92(3) 

6 5F1 1 6F2 35 4250.93073(1) 8.85E-22(2) 0.0633(5) 0.0807(4) 0.91(1) 0.86(1) 

6 5F1 2 6F2 33 4248.78721(2) 2.753E-21(9) 0.059(6) 0.0811(6) 0.7(2) 0.69(1) 

6 5F1 2 6F2 34 4249.13218(3) 6.66E-22(2) 0.0578(11) 0.0751(10) 0.97(4) 0.83(4) 

6 5F1 1 6F2 33 4248.7991(17) 2.65E-22(8)     

6 6E 1 5E 23 4184.54674(1) 1.229E-21(1) 0.0574(3) 0.0749(2) 0.86(1) 0.86(1) 

6 6A1 1 5A2 12 4181.3552(1) 2.868E-21(2) 0.0564(2) 0.0774(2) 0.85(1) 0.82(4) 

6 6F2 1 5F1 35 4184.38755(1) 1.803E-21(2) 0.064(3) 0.0755(6) 0.79(1) 0.9(1) 

6 6A2 1 5A1 10 4183.82934(1) 2.983E-21(2) 0.0578(2) 0.0793(1) 0.87(1) 0.812(3) 

7 7E 1 6E 27 4175.18305(1) 9.89E-22(1) 0.0463(2) 0.0636(1) 0.77(1) 0.782(4) 

7 7F2 1 6F1 40 4178.2524(1) 1.585E-21(1) 0.0604(2) 0.0785(1) 0.85(1) 0.83(4) 

7 7F1 2 6F2 40 4174.49344(1) 1.488E-21(1) 0.0594(2) 0.0776(2) 0.85(1) 0.821(4) 

7 7F1 1 6F2 41 4178.52765(1) 1.593E-21(1) 0.0575(2) 0.0767(2) 0.83(1) 0.819(4) 

7 7A2 1 6A1 15 4176.64743(1) 2.517E-21(2) 0.0566(2) 0.0775(1) 0.82(1) 0.826(3) 

7 7F2 2 6F1 39 4175.67469(1) 1.495E-21(1) 0.0618(2) 0.0789(2) 0.89(1) 0.823(4) 

7 6A2 1 7A1 13 4254.48128(1) 3.756E-21(4) 0.0571(2) 0.0763(3) 0.82(1) 0.98(1) 

7 6F1 1 7F2 37 4253.64557(1) 2.313E-21(3) 0.062(3) 0.0788(5) 0.83(1) 0.89(2) 

7 7E 1 7E 29 4218.14263(2) 1.059E-21(2) 0.0489(5) 0.0663(9) 0.8(2) 0.87(4) 

7 7A2 1 7A1 15 4216.67523(1) 2.588E-21(3) 0.0568(3) 0.0775(3) 0.81(1) 0.83(1) 

7 7F1 2 6F2 35 4114.87652(15) 1.16E-22(1)  0.0754(26)   
7 7F2 2 7F1 45 4217.59306(2) 1.571E-21(4) 0.0603(6) 0.0778(9) 0.96(2) 0.98(3) 

7 6F2 2 7F1 38 4253.76818(2) 2.217E-21(8) 0.0666(4) 0.086(5) 0.88(1) 0.71(1) 

7 7F1 1 7F2 41 4212.67806(1) 1.521E-21(2) 0.0571(3) 0.0763(3) 0.83(1) 0.79(1) 

7 6F2 1 7F1 39 4254.59508(1) 2.252E-21(3) 0.0596(3) 0.0841(7) 0.86(1) 0.7(2) 

7 7F2 1 7F1 43 4212.99072(2) 1.525E-21(4) 0.0615(9) 0.0792(7) 0.78(3) 0.79(2) 

7 6E 1 7E 25 4254.63877(1) 1.523E-21(2) 0.0531(3) 0.0756(6) 0.84(1) 0.69(2) 

7 7F1 2 7F2 44 4219.20277(1) 1.574E-21(3) 0.059(4) 0.0778(8) 0.91(1) 0.72(3) 

7 6A1 1 7A2 14 4253.51921(1) 3.647E-21(3) 0.055(2) 0.0771(2) 0.86(1) 0.73(1) 

8 8E 2 7E 30 4167.52654(1) 8.07E-22(0) 0.0482(3) 0.0656(1) 0.77(2) 0.77(4) 

8 8F1 1 7F2 46 4172.24391(1) 1.311E-21(1) 0.0566(3) 0.074(2) 0.78(1) 0.83(5) 

8 8F2 2 7F1 47 4167.15765(1) 1.206E-21(1) 0.0586(3) 0.0763(2) 0.84(1) 0.81(4) 

8 8F2 1 7F1 48 4169.91906(1) 1.24E-21(2) 0.0562(3) 0.0754(2) 0.82(1) 0.84(4) 

8 7F1 1 8F2 44 4259.69199(1) 1.758E-21(2) 0.0554(4) 0.0759(3) 0.82(1) 0.82(1) 

8 7E 1 8E 29 4258.94129(1) 7.76E-22(1) 0.0461(5) 0.0638(3) 0.79(2) 0.77(1) 

8 8F2 1 8F1 46 4215.38185(1) 1.013E-21(1) 0.0585(6) 0.0762(3) 0.77(2) 0.81(1) 
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8 7A2 1 8A1 15 4258.69571(1) 2.942E-21(3) 0.0531(2) 0.0744(2) 0.8(1) 0.86(1) 

8 8A1 1 8A2 15 4210.63473(1) 1.872E-21(2) 0.0527(3) 0.072(2) 0.77(1) 0.81(1) 

8 8E 1 7E 31 4172.11767(1) 8.73E-22(1) 0.0536(4) 0.0718(2) 0.81(2) 0.82(1) 

8 7F2 2 8F1 41 4256.98437(2) 5.61E-22(1) 0.0622(10) 0.0794(4) 0.87(3) 0.83(1) 

8 8F1 1 8F2 47 4210.94457(2) 1.055E-21(1) 0.0538(6) 0.0738(4) 0.87(2) 0.82(1) 

8 7F2 1 8F1 43 4259.97661(1) 1.238E-21(2) 0.0608(5) 0.0777(4) 0.85(2) 0.83(1) 

8 7F2 2 8F1 42 4258.83183(1) 1.136E-21(1) 0.0623(5) 0.0794(5) 0.86(2) 0.81(1) 

8 8F2 2 8F1 48 4219.65375(2) 7.69E-22(1) 0.0617(7) 0.0779(3) 0.83(3) 0.8(1) 

8 8E 2 8E 33 4219.34894(2) 7.04E-22(1) 0.049(6) 0.0655(3) 0.82(3) 0.78(1) 

8 8E 1 8E 31 4211.35189(3) 5.04E-22(1) 0.0557(12) 0.0759(7)  0.82(1) 

8 7F1 2 8F2 43 4258.53364(1) 1.316E-21(2) 0.0584(4) 0.0751(4) 0.87(1) 0.84(1) 

8 7F2 1 8F1 42 4258.8699(3) 3.83E-22(1) 0.0619(15) 0.0801(9)  0.84(2) 

8 8E 1 8E 30 4210.05412(7) 2.54E-22(2)  0.0708(12)  0.91(2) 

8 7F2 1 8F1 41 4257.02245(5) 2.22E-22(1) 0.0614(24) 0.0793(8)  0.87(2) 

8 8A1 1 7A2 16 4172.44434(1) 2.176E-21(2) 0.0513(2) 0.0711(2) 0.72(1) 0.82(1) 

8 8F1 2 7F2 45 4168.48594(1) 1.219E-21(1) 0.0589(3) 0.0769(2) 0.85(1) 0.81(4) 

9 9F1 3 8F2 52 4160.0362(1) 1.015E-21(1) 0.0639(4) 0.0823(2) 0.8(2) 0.78(5) 

9 9F2 2 8F1 51 4159.49119(1) 1.005E-21(1) 0.061(4) 0.0783(2) 0.79(2) 0.79(4) 

9 9E 1 8E 36 4163.00358(1) 7.03E-22(1) 0.0527(5) 0.0722(2) 0.72(2) 0.78(5) 

9 9F2 1 8F1 52 4165.57858(1) 1.124E-21(1) 0.0542(3) 0.0721(2) 0.76(2) 0.80(4) 

9 9F1 1 9F2 50 4208.44754(2) 7.56E-22(1) 0.0507(8) 0.0706(4)  0.83(1) 

9 9A1 1 8A2 17 4161.05395(1) 1.706E-21(1) 0.056(2) 0.0741(2) 0.83(1) 0.83(5) 

9 9A1 1 9A2 19 4216.07149(2) 1.198E-21(2) 0.0591(7) 0.0775(5) 0.81(3) 0.8(1) 

9 9F2 1 9F1 51 4208.56282(2) 7.79E-22(2) 0.0544(9) 0.0736(4)  0.76(1) 

9 8F2 1 9F1 46 4263.75117(2) 8.17E-22(1) 0.0576(7) 0.0751(4) 0.78(3) 0.81(1) 

9 9E 1 9E 35 4214.4516(3) 5.14E-22(2) 0.0509(16) 0.0725(12)  0.77(4) 

9 9F1 2 9F2 51 4214.74553(2) 7.66E-22(1) 0.0584(10) 0.0761(5)  0.79(1) 

9 8A1 1 9A2 17 4264.81856(1) 1.953E-21(3) 0.0472(4) 0.0719(3) 0.74(1) 0.78(1) 

9 8F1 1 9F2 46 4264.56617(2) 1.118E-21(2) 0.0521(6) 0.0736(4) 0.79(2) 0.76(1) 

9 8F1 2 9F2 45 4262.94329(2) 9.49E-22(2) 0.0553(11) 0.0736(6) 0.85(3) 0.81(1) 

9 8F2 2 9F1 45 4261.67572(3) 1.146E-21(3) 0.0576(10) 0.0772(6) 0.79(4) 0.76(2) 

9 9F1 3 9F2 53 4217.16519(4) 6.23E-22(2) 0.0544(19) 0.0702(10)  0.67(3) 

9 9A2 1 9A1 16 4216.90237(5) 6.04E-22(5) 0.0565(21) 0.0693(11)  0.94(3) 

9 9F2 2 9F1 52 4217.18084(5) 4.78E-22(3)  0.0622(18)   
9 9A2 1 8A1 18 4159.05384(1) 1.613E-21(4) 0.056(3) 0.0739(2) 0.78(1) 0.819(3) 

9 9F1 1 8F2 54 4165.7622(1) 1.094E-21(1) 0.0504(3) 0.0686(1) 0.72(2) 0.792(4) 

9 9F1 2 8F2 53 4162.68965(2) 1.028E-21(3) 0.0564(4) 0.0743(2) 0.77(2) 0.821(5) 

9 8E 1 9E 31 4264.59898(3) 4.83E-22(1) 0.0516(13) 0.0687(6)  0.84(2) 

9 8E 1 9E 30 4263.59643(3) 3.98E-22(1) 0.0597(16) 0.0766(8)  0.82(2) 

9 8E 2 9E 29 4261.69096(4) 7.17E-22(3) 0.0458(17) 0.0754(10)  0.65(3) 

9 8F1 1 9F2 45 4263.0144(8) 1.25E-22(1)  0.0666(13)  0.83(3) 

9 8E 2 9E 30 4263.51062(8) 1.57E-22(1)  0.0702(21)   
9 9F1 3 8F2 52 4160.03676(26)   0.087(43)  0.72(2) 
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10 10E 2 9E 38 4150.54943(1) 6.4E-22(1) 0.0381(5) 0.0558(2)  0.66(1) 

10 10F2 3 9F1 58 4150.05814(2) 9.24E-22(3) 0.0565(6) 0.0754(3) 0.78(3) 0.74(1) 

10 10A1 1 9A2 21 4152.61348(1) 1.652E-21(1) 0.0554(3) 0.0745(2) 0.76(1) 0.784(4) 

10 10A2 1 9A1 19 4156.88723(2) 1.502E-21(3) 0.0524(7) 0.071(5) 0.7(3) 0.82(1) 

10 10F2 2 9F1 59 4154.10224(1) 9.5E-22(1) 0.0553(5) 0.0731(2) 0.69(2) 0.76(1) 

10 10F1 1 9F2 59 4153.6515(1) 9.42E-22(1) 0.0576(5) 0.0746(2) 0.75(2) 0.77(1) 

10 10F1 2 9F2 58 4151.01679(1) 9.48E-22(1) 0.0597(5) 0.0761(2) 0.75(2) 0.8(1) 

10 10E 1 9E 39 4156.92255(2) 5.05E-22(1) 0.0551(10) 0.0728(5)  0.8(1) 

10 10F2 1 9F1 60 4156.8746(5) 6.54E-22(4) 0.0595(15) 0.0718(9)  0.62(3) 

10 10F2 2 10F1 56 4213.07282(12) 5.14E-22(13) 0.0519(17) 0.0715(15)  0.76(2) 

10 9E 1 10E 32 4267.55016(5) 5.54E-22(5) 0.0477(22) 0.0703(9)  0.77(3) 

10 10F2 3 9F1 58 4150.05767(4) 1.037E-21(6) 0.0586(9) 0.077(2)  0.8(1) 

10 9F2 2 10F1 47 4266.60628(2) 1.004E-21(1) 0.0613(8) 0.0824(4) 0.74(3) 0.73(1) 

10 9F1 3 10F2 48 4266.75528(2) 9.93E-22(1) 0.0618(8) 0.0802(3) 0.77(3) 0.8(1) 

10 10E 2 10E 38 4217.77403(4) 3.33E-22(1) 0.0444(16) 0.0608(7)  0.65(3) 

10 10F1 1 10F2 57 4213.60096(3) 5.04E-22(1) 0.0599(15) 0.0765(4)  0.77(1) 

10 9A1 1 10A2 16 4267.13466(1) 1.584E-21(2) 0.0532(5) 0.0728(3) 0.81(2) 0.79(1) 

10 10A2 1 10A1 20 4206.07311(2) 8.25E-22(1) 0.0503(9) 0.0682(4)  0.77(1) 

10 9A2 1 10A1 17 4266.49645(1) 1.555E-21(2) 0.0526(5) 0.0723(3) 0.81(2) 0.75(1) 

10 9F2 1 10F1 48 4268.97289(2) 9.39E-22(1) 0.05(7) 0.0702(3) 0.76(3) 0.73(1) 

10 9F1 1 10F2 50 4268.90908(2) 8.91E-22(1) 0.0475(6) 0.0682(3) 0.72(3) 0.74(1) 

10 9F1 2 10F2 49 4267.48632(2) 9.33E-22(1) 0.0533(7) 0.0743(4) 0.77(3) 0.71(1) 

10 10F2 1 10F1 54 4206.0107(5) 5.08E-22(5) 0.0456(18) 0.0654(10)  0.93(4) 

10 10F1 2 10F2 58 4217.26503(3) 4.91E-22(2) 0.0627(17) 0.0753(8)  0.82(3) 

10 10A1 1 10A2 19 4215.96665(3) 8.58E-22(2) 0.0548(9) 0.073(5)  0.77(1) 

10 10E 1 10E 37 4205.98668(7) 3.14E-22(3)  0.0647(10)  0.76(3) 

11 11F2 1 10F1 72 4155.79352(7) 1.22E-22(0)  0.0659(6)  0.72(2) 

11 11F1 1 10F2 73 4155.94847(7) 1.19E-22(1)  0.0639(6)  0.75(2) 

11 11A2 1 11A1 21 4211.25643(3) 4.88E-22(1) 0.0479(14) 0.0688(5)  0.72(2) 

11 11F1 2 11F2 61 4215.4239(6) 3.14E-22(2)  0.0794(14)   
11 10F1 1 11F2 52 4272.01066(7) 5.78E-22(5) 0.0585(21) 0.0761(9)  0.74(2) 

11 11E 1 11E 41 4211.82193(7) 2.04E-22(1)  0.0719(8)  0.73(2) 

11 10A1 1 11A2 18 4271.57012(7) 1.047E-21(7)  0.0789(23)   

11 11F2 1 11F1 61 4203.37035(14) 4.17E-22(10)  0.0665(13)  0.95(5) 

11 10F1 2 11F2 51 4271.12833(5) 6.13E-22(2) 0.0555(20) 0.0721(8)  0.81(2) 

11 10F2 3 11F1 52 4270.85482(5) 6.21E-22(3) 0.056(20) 0.0717(9)  0.78(3) 

11 10E 2 11E 34 4270.99282(19) 3.78E-22(10)     

11 10F2 2 11F1 53 4272.1593(5) 6.01E-22(3) 0.0511(18) 0.0689(8)  0.77(2) 

11 10A2 1 11A1 17 4273.53677(10) 9.41E-22(9)  0.0596(26)   

11 11F2 2 11F1 63 4211.6042(6) 2.98E-22(2) 0.0518(25) 0.0691(7)  0.67(3) 

11 11F2 3 11F1 64 4217.2007(7) 3.13E-22(2)  0.0717(17)   

11 11E 2 11E 42 4218.24804(8) 3E-22(2)  0.0743(22)   
11 11F1 3 11F2 62 4218.57467(9) 3.13E-22(3)  0.0745(32)   
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11 11F1 1 11F2 59 4203.36517(42)      

12 12F1 1 12F2 66 4200.85115(21) 1.91E-22(4)     
12 12F1 1 11F2 79 4148.90173(5) 1.34E-22(1)  0.0634(6)  0.66(2) 

12 12A1 1 11A2 27 4149.00754(3) 2.26E-22(0) 0.0413(13) 0.0637(3)  0.68(1) 

12 12F2 1 12F1 65 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 12A1 2 12A2 22 4218.94838(8) 2.99E-22(2)  0.077(20)   

12 12F2 2 12F1 67 4214.87965(11) 1.78E-22(2)  0.0751(18)   
12 11A2 1 12A1 20 4276.71785(8) 6.31E-22(4)  0.0683(20)   

12 11F1 1 12F2 58 4278.24434(7) 3.73E-22(2)  0.0638(11)   
12 12F2 3 12F1 68 4217.95006(12) 1.93E-22(2)  0.0794(31)   

12 12A2 1 12A1 23 4216.59435(8) 3.12E-22(2)  0.0736(15)   
12 12F1 3 12F2 69 4218.52577(21) 2.04E-22(4)     

12 11F2 1 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 11F1 3 12F2 56 4275.05715(8) 3.72E-22(2)  0.067(9)  0.74(3) 

12 12A1 1 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 12F1 2 12F2 68 4209.85379(17) 1.66E-22(2)  0.072(28)   
12 11E 1 12E 39 4276.5072(11) 2.55E-22(2)  0.0663(17)   

12 12E 2 12E 46 4214.48913(42)      
13 12A1 1 13A2 22 4282.7764(6) 3.67E-22(2)  0.0618(11)   

13 12F1 1 13F2 62 4282.75272(16) 2.17E-22(4)  0.0686(34)   
13 12F2 1 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 12A2 1 13A1 20 4279.41413(9) 3.76E-22(2)  0.0726(9)  0.73(4) 

13 12F1 3 13F2 60 4279.25543(15) 2.44E-22(2)  0.0769(16)   
13 12F1 2 13F2 61 4280.95108(9) 2.62E-22(1)  0.0816(10)   

13 12A1 2 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 12F2 3 13F1 60 4279.10614(20) 1.42E-22(2)  0.0626(20)   
13 12E 1 13E 41 4282.74049(23) 1.45E-22(4)     

13 13A1 1 13A2 26 4207.81607(16) 1.47E-22(1)  0.0688(11)   
14 13A1 1 14A2 21 4285.28036(10) 2E-22(1)  0.0706(9)   

14 13F2 3 14F1 63 4283.31849(18) 1.24E-22(1)  0.0752(15)   
14 13F2 1 14F1 65 4287.15352(16) 1.23E-22(1)  0.061(16)   

14 13A2 1 14A1 22 4283.91571(11) 1.93E-22(1)  0.0687(10)   
14 13F1 2 14F2 66 4285.44726(16) 1.16E-22(1)  0.0647(13)   

14 13F1 1 14F2 67 4287.17862(17) 1.15E-22(2)  0.0534(16)   
14 13F2 2 14F1 64 4284.18755(19) 1.19E-22(2)  0.068(18)   

aStatistical uncertainties are given in parentheses. bn1 and n2 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 

ImI 
Lower 
 state 

Upper  
state 

Positiona  
(cm-1) 

Air-shifta  
(cm-1atm-1) 

Self-shifta 

(cm-1atm-1) 

TDb  
air-shifta 

(cm-1atm-1K-1) 

TDb  
self-shifta 

(cm-1atm-1 K-1) Sa,c 

1 1F1 1 0F2 4 4212.98051(2)     0.15(2) 

1 0A1 1 1A2 4 4223.90646(1) -0.0052(3) -0.0123(5) 0.000107(2) 0.000079(6)  
1 1F1 1 1F2 9 4218.41614(1) -0.007(4) -0.0107(7) 0.000094(4) 0.000102(9)  
2 2E 1 1E 6 4207.48727(1) -0.007(8) -0.0104(5) 0.000063(7) 0.000093(6) 0.06(1) 

2 2F2 1 1F1 10 4207.20565(5)   0.00008(10) 0.000121(11)  
2 1F1 1 2F2 15 4229.19507(1) -0.0064(3) -0.0106(3) 0.000043(3) 0.000032(3)  
2 2F2 1 2F1 14 4218.33559(2)      
3 3A2 1 2A1 6 4200.82101(2) -0.0078(5) -0.0081(5) 0.000056(4) 0.000119(5)  
3 3F2 1 2F1 15 4201.40058(1) -0.0064(4) -0.0109(3) 0.000047(4) 0.000046(3)  
3 3F1 1 2F2 16 4201.84819(1) -0.0071(4) -0.0138(3) 0.000057(4) 0.000074(3)  
3 2E 1 3E 13 4234.41871(1) -0.0056(3) -0.0105(5) 0.000071(3) 0.000077(6)  
3 3F2 1 3F1 22 4218.07962(3) -0.0078(6)  0.000108(7)   
3 2F2 1 3F1 21 4234.35157(1) -0.0064(6)  0.000056(5) 0.000116(11)  
3 3A2 1 3A1 7 4218.78453(1) -0.0074(3) -0.0066(7) 0.000046(2) 0.000135(9)  
3 3F1 1 3F2 20 4217.55071(1) -0.0054(3) -0.0102(5) 0.000044(3)   
4 4A1 1 3A2 8 4196.39505(1) -0.0067(2) -0.0116(3) 0.000051(2) 0.000042(4) 0.04(1) 

4 4F1 1 3F2 21 4195.97055(1) -0.007(3) -0.0113(3) 0.000057(3) 0.000061(4)  
4 4F2 1 3F1 23 4194.75695(1) -0.0062(4) -0.0138(3) 0.000062(4) 0.00004(3)  
4 5F1 1 4F2 29 4190.45691(1) -0.0075(3) -0.0126(3) 0.000049(3) 0.000067(3)  

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

4 3F1 1 4F2 26 4239.57744(2) -0.0122(4) -0.0189(5) 0.000075(2) 0.000065(7) 0.19(1) 

4 4F1 1 4F2 27 4216.99381(1) -0.006(3) -0.0092(4) 0.000042(3) 0.000062(4)  

4 3A2 1 4A1 10 4239.25185(1) -0.0066(2) -0.0115(4) 0.000051(2)  0.06(1) 

4 3F2 1 4F1 25 4239.4289(1) -0.0048(2) -0.0073(5)   0.05(1) 

4 4A1 1 4A2 9 4216.47409(1) -0.0058(2) -0.0111(4) 0.000039(2) 0.000034(4) 0.05(1) 

5 5F1 2 4F2 28 4188.34878(1) -0.0062(2) -0.0113(2) 0.000055(2) 0.000065(2)  
5 5E 1 4E 19 4188.64944(1) -0.0071(3) -0.0136(2) 0.000074(3) 0.000086(2) 0.08(0) 

5 4E 1 5E 20 4244.43763(1) -0.0066(3) -0.0126(4) 0.00006(2) 0.00005(5) 0.11(1) 

5 5F1 2 5F2 33 4218.68791(2) -0.0087(5)  0.000091(5)   
5 4A1 1 5A2 11 4244.81993(1) -0.0062(2) -0.0101(3) 0.000055(1) 0.000077(4) 0.059(5) 

5 4F2 1 5F1 30 4244.11276(1) -0.0051(2) -0.0102(2) 0.000033(2)  0.06(1) 

5 5F1 1 4F2 29 4190.45684(1) -0.0076(4) -0.0126(5) 0.000052(4) 0.000049(6)  
5 5F2 1 5F1 33 4216.24415(1) -0.0058(3) -0.0092(3) 0.000041(3) 0.000062(4)  
5 5E 1 5E 22 4218.35005(2)      
5 4F1 1 5F2 28 4244.56818(1) -0.0064(2) -0.0105(4) 0.000056(2) 0.000086(5)  
5 5F1 1 5F2 32 4215.62878(1) -0.0064(3) -0.011(3) 0.000046(3) 0.000063(3)  
5 5F2 1 4F1 27 4189.8981(1) 0.0048(4) -0.0051(6) 0.00014(4) 0.000139(6)  
6 6F2 2 5F1 34 4182.337(1) -0.0081(4) -0.0134(2) 0.00007(4) 0.000095(2) 0.088(5) 

6 6F1 1 5F2 34 4181.81703(1) -0.0058(3) -0.0102(2) 0.000048(3) 0.00005(2) 0.066(5) 
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6 5F1 1 6F2 34 4249.14677(1)  -0.0056(6) 0.000085(8) 0.000116(8) 0.15(1) 

6 6F2 2 6F1 38 4217.89755(1) -0.005(4) -0.0107(4) 0.00005(4) 0.000044(5) 0.08(1) 

6 6A2 1 6A1 14 4215.04378(1) -0.0059(2) -0.0094(3) 0.000039(3) 0.00005(3) 0.06(1) 

6 6E 1 6E 26 4214.30919(1) -0.0062(5) -0.0105(3) 0.000056(5) 0.000066(3) 0.05(1) 

6 5F2 1 6F1 32 4249.43948(1) -0.0073(2) -0.0136(2) 0.000069(2) 0.000112(2) 0.04(1) 

6 6F2 1 6F1 37 4214.5053(1) -0.0075(5) -0.0098(5) 0.000045(4) 0.000068(5)  
6 6A1 1 6A2 13 4219.1589(1) -0.0074(3) -0.0094(5) 0.000052(3) 0.000118(6)  

6 6F1 1 6F2 39 4218.54437(1) -0.006(6) -0.0114(8) 0.000059(6) 0.000066(10)  

6 5F1 1 6F2 35 4250.93073(1) -0.0073(9) -0.0113(3) 0.000085(8) 0.000084(3) 0.06(1) 

6 5F1 2 6F2 33 4248.78721(2)    0.000109(7)  
6 5F1 2 6F2 34 4249.13218(3)  -0.0127(12)    

6 5F1 1 6F2 33 4248.7991(17)      

6 6F2 1 5F1 35 4184.38755(1) -0.0069(3) -0.0119(2) 0.000057(3) 0.000065(2)  

6 6A2 1 5A1 10 4183.82934(1) -0.0067(2) -0.0125(2) 0.00006(2) 0.000086(2)  
7 7E 1 6E 27 4175.18305(1) -0.0076(3) -0.0138(1) 0.000089(3) 0.0001(1) 0.098(4) 

7 7F2 1 6F1 40 4178.2524(1) -0.0069(3) -0.0122(1) 0.000052(3) 0.00005(1) 0.079(4) 

7 7F1 2 6F2 40 4174.49344(1) -0.0069(3) -0.0107(1) 0.000055(3) 0.000073(1) 0.081(4) 

7 7F1 1 6F2 41 4178.52765(1) -0.0081(3) -0.0126(1) 0.000058(3) 0.000068(1) 0.075(4) 

7 7A2 1 6A1 15 4176.64743(1) -0.0072(2) -0.0129(1) 0.00006(2) 0.000072(1) 0.064(4) 

7 6F1 1 7F2 37 4253.64557(1) -0.0026(3) -0.0046(4)   0.08(1) 

7 7E 1 7E 29 4218.14263(2) -0.0108(6) -0.0144(8)  0.000076(10) 0.12(1) 

7 7A2 1 7A1 15 4216.67523(1) -0.0071(3) -0.0112(3) 0.000059(3) 0.000082(4) 0.08(1) 

7 7F2 1 7F1 43 4212.99072(2) -0.0072(10) -0.015(7)    

7 6E 1 7E 25 4254.63877(1) -0.0063(4) -0.0118(6) 0.000072(5) 0.000073(7)  
7 7F1 2 7F2 44 4219.20277(1) -0.008(6) -0.0157(7) 0.000065(6)   

7 6A1 1 7A2 14 4253.51921(1) -0.0055(2) -0.0087(4) 0.000035(2) 0.00005(4)  
7 7F2 2 6F1 39 4175.67469(1) -0.0088(4) -0.0121(1) 0.000053(4) 0.000077(1)  

7 7F1 1 7F2 41 4212.67806(1) -0.0063(5) -0.0104(2) 0.000056(5) 0.000076(2) 0.05(1) 

7 6F2 1 7F1 39 4254.59508(1) -0.0072(4) -0.0108(7) 0.000056(4) 0.000063(9)  

7 7F1 2 6F2 35 4114.87652(15)      
7 7F2 2 7F1 45 4217.59306(2) -0.0051(7) -0.0091(8)   0.1(1) 

7 6F2 2 7F1 38 4253.76818(2) -0.01(3) -0.0149(4) 0.000108(3) 0.000124(4) 0.16(1) 

7 6A2 1 7A1 13 4254.48128(1) -0.0067(2) -0.0162(5) 0.000075(2)  0.11(1) 

8 8E 2 7E 30 4167.52654(1) -0.0078(4) -0.0144(1) 0.00007(5) 0.000085(1) 0.096(4) 

8 7F1 1 8F2 44 4259.69199(1) -0.0053(4) -0.0122(3) 0.00007(4) 0.000069(3) 0.11(1) 

8 8F1 1 7F2 46 4172.24391(1) -0.0074(4) -0.0118(2) 0.000057(4) 0.000073(2) 0.079(4) 

8 8F2 2 7F1 47 4167.15765(1) -0.008(4) -0.0112(1) 0.00004(4) 0.000071(1) 0.059(4) 

8 8F2 1 7F1 48 4169.91906(1) -0.0075(4) -0.0123(1) 0.000066(4) 0.00007(1) 0.07(1) 

8 8E 1 7E 31 4172.11767(1) -0.0087(5) -0.0119(2) 0.000053(6) 0.000075(2) 0.06(1) 

8 8A1 1 7A2 16 4172.44434(1) -0.0079(2) -0.0122(2) 0.000044(2) 0.00008(2) 0.046(5) 

8 8F1 2 7F2 45 4168.48594(1) -0.0086(4) -0.0136(1) 0.00007(4) 0.000079(1)  

8 7E 1 8E 29 4258.94129(1) -0.0065(6) -0.0114(3) 0.000066(7) 0.000086(3) 0.11(1) 

8 8F2 1 8F1 46 4215.38185(1) -0.0058(8) -0.0098(3) 0.000066(9) 0.000075(3) 0.09(1) 
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8 7A2 1 8A1 15 4258.69571(1) -0.0066(3) -0.0106(3) 0.000065(3) 0.000074(3) 0.07(1) 

8 8A1 1 8A2 15 4210.63473(1) -0.0074(4) -0.013(2) 0.00006(4) 0.000065(2) 0.06(1) 

8 7F2 2 8F1 41 4256.98437(2)  -0.0115(4)  0.000052(4) 0.08(1) 

8 8F1 1 8F2 47 4210.94457(2) -0.0096(7) -0.0121(3)  0.000069(2) 0.06(1) 

8 7F2 1 8F1 43 4259.97661(1) -0.0083(7) -0.0136(3) 0.000068(7) 0.000077(4) 0.05(1) 

8 7F2 2 8F1 42 4258.83183(1) -0.0058(8) -0.0093(5)  0.000051(5) 0.05(1) 

8 8F2 2 8F1 48 4219.65375(2)  -0.011(3)  0.000055(3) 0.05(1) 

8 8E 2 8E 33 4219.34894(2) -0.0073(9) -0.0123(3)  0.000096(3)  
8 8E 1 8E 31 4211.35189(3)  -0.0128(5)  0.00007(4)  

8 7F1 2 8F2 43 4258.53364(1) -0.0039(5) -0.0094(3)  0.00005(3)  
8 7F2 1 8F1 42 4258.8699(3)  -0.0149(9)  0.000105(11)  

8 8E 1 8E 30 4210.05412(7)  -0.0175(8)  0.000084(6)  
8 7F2 1 8F1 41 4257.02245(5)  -0.018(8)  0.000102(9)  

9 9F1 3 8F2 52 4160.0362(1) -0.0089(6) -0.0156(2) 0.00007(7) 0.000069(2) 0.174(4) 

9 9F2 2 8F1 51 4159.49119(1) -0.0059(5) -0.0093(1)  0.000064(1) 0.126(4) 

9 9E 1 8E 36 4163.00358(1) -0.0074(6) -0.0133(1) 0.000063(8) 0.00007(2) 0.103(5) 

9 9F2 1 8F1 52 4165.57858(1) -0.0072(4) -0.0124(1) 0.000053(5) 0.000068(1) 0.08(4) 

9 9A1 1 8A2 17 4161.05395(1) -0.0093(3) -0.0138(1) 0.000059(4) 0.000079(1) 0.058(4) 

9 9A2 1 8A1 18 4159.05384(1) -0.0079(3) -0.0121(1) 0.000041(4) 0.000064(1) 0.046(5) 

9 9F1 1 8F2 54 4165.7622(1) -0.0078(4) -0.0137(1) 0.000063(5) 0.000077(1) 0.04(1) 

9 9F1 2 8F2 53 4162.68965(2) -0.0071(5) -0.0126(1) 0.000051(6) 0.000069(2) 0.06(1) 

9 9A1 1 9A2 19 4216.07149(2)  -0.012(4)  0.00007(4) 0.08(1) 

9 9F2 1 9F1 51 4208.56282(2) -0.0078(11) -0.0131(3)  0.000049(4) 0.1(1) 

9 8F2 1 9F1 46 4263.75117(2) -0.007(10) -0.0111(3)  0.000066(3) 0.08(1) 

9 9E 1 9E 35 4214.4516(3)  -0.0117(10)    

9 9F1 2 9F2 51 4214.74553(2)  -0.0132(5)  0.000064(6)  
9 8A1 1 9A2 17 4264.81856(1) -0.0061(4) -0.0113(3) 0.000079(5) 0.000082(2)  

9 8F1 1 9F2 46 4264.56617(2) -0.0081(7) -0.0129(4) 0.000077(8) 0.000086(4)  
9 8F1 2 9F2 45 4262.94329(2)  -0.0108(3)  0.000051(3)  

9 8F2 2 9F1 45 4261.67572(3)    0.000056(8)  
 9 9F1 1 9F2 50 4208.44754(2) -0.0071(11) -0.0129(3)  0.000067(3) 0.11(1) 

9 9F1 3 8F2 52 4160.03676(26)      
9 8E 1 9E 31 4264.59898(3)  -0.0144(7)  0.000097(7)  

9 8E 1 9E 30 4263.59643(3)  -0.0136(7)  0.000079(7)  
9 8E 2 9E 29 4261.69096(4)  -0.0228(11)    

9 8F1 1 9F2 45 4263.0144(8)  -0.0179(11)  0.000141(12)  
9 8E 2 9E 30 4263.51062(8)      

9 9F1 3 9F2 53 4217.16519(4)      

9 9A2 1 9A1 16 4216.90237(5)  -0.0153(11)    

9 9F2 2 9F1 52 4217.18084(5)  -0.0219(16)    

10 10E 2 9E 38 4150.54943(1) -0.0085(5) -0.0154(1) 0.000075(6) 0.000101(1) 0.19(1) 

10 10F2 3 9F1 58 4150.05814(2)  -0.0115(3) 0.000063(9) 0.000058(2) 0.2(1) 

10 10A1 1 9A2 21 4152.61348(1) -0.0083(4) -0.0123(1) 0.000038(5) 0.000065(1) 0.087(4) 
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10 10A2 1 9A1 19 4156.88723(2) -0.0095(7) -0.0133(5)  0.000047(5) 0.11(1) 

10 10F2 2 9F1 59 4154.10224(1) -0.0079(6) -0.0137(1) 0.000056(8) 0.00006(2) 0.07(1) 

10 10F1 1 9F2 59 4153.6515(1) -0.0071(6) -0.012(1)  0.000043(2) 0.06(5) 

10 10F1 2 9F2 58 4151.01679(1) -0.0097(7) -0.0147(2) 0.000063(9) 0.000067(2) 0.07(1) 

10 10E 1 9E 39 4156.92255(2)  -0.0145(5)  0.000071(6) 0.12(1) 

10 10F2 1 9F1 60 4156.8746(5)  -0.0112(12)  0.000112(12)  
10 10F2 3 9F1 58 4150.05767(4) -0.0171(10) -0.02(5)  0.000077(3)  

10 9F2 2 10F1 47 4266.60628(2)  -0.0046(3)  0.000028(4) 0.12(1) 

10 9F1 3 10F2 48 4266.75528(2) -0.0117(10) -0.0199(3) 0.000112(12) 0.000108(3) 0.09(1) 

10 10E 2 10E 38 4217.77403(4)  -0.0137(6)  0.000101(8) 0.14(2) 

10 10F1 1 10F2 57 4213.60096(3)  -0.0129(3)  0.000056(4) 0.1(1) 

10 9A1 1 10A2 16 4267.13466(1) -0.0079(6) -0.0156(2) 0.000073(7) 0.000068(2)  
10 10A2 1 10A1 20 4206.07311(2) -0.0081(12) -0.0134(3)  0.000059(4)  

10 9A2 1 10A1 17 4266.49645(1) -0.0048(6) -0.0081(3)  0.000061(3)  
10 9F2 1 10F1 48 4268.97289(2) -0.0078(9) -0.0133(3) 0.00007(10) 0.000067(3)  

10 9F1 1 10F2 50 4268.90908(2) -0.0078(8) -0.0131(3) 0.000067(10) 0.000066(3)  
10 9F1 2 10F2 49 4267.48632(2) -0.0069(10) -0.0113(3)  0.000078(3)  

10 10F2 1 10F1 54 4206.0107(5)  -0.014(7)    
10 10F1 2 10F2 58 4217.26503(3)  -0.0116(8)    

10 10A1 1 10A2 19 4215.96665(3)  -0.0087(8)  0.000065(8)  
10 10E 1 10E 37 4205.98668(7)  -0.0138(10)    

10 10F2 2 10F1 56 4213.07282(12)  -0.012(6)  0.000054(8)  
10 9E 1 10E 32 4267.55016(5)  -0.01(9)    

11 11F1 1 10F2 73 4155.94847(7)  -0.0157(5)  0.000058(8)  
11 11F2 1 10F1 72 4155.79352(7)  -0.015(4)  0.000065(7)  

11 11A2 1 11A1 21 4211.25643(3)  -0.0138(3)  0.000067(5) 0.09(1) 

11 11F1 2 11F2 61 4215.4239(6)  -0.0126(10)   0.16(2) 

11 10F1 1 11F2 52 4272.01066(7)  -0.0118(5)  0.000061(7)  
11 11E 1 11E 41 4211.82193(7)  -0.0145(5)    

11 10A1 1 11A2 18 4271.57012(7)  -0.0115(16)    
11 11F2 1 11F1 61 4203.37035(14)  -0.0216(14)    

11 10F1 2 11F2 51 4271.12833(5)  -0.0169(6)  0.000053(7)  
11 10F2 3 11F1 52 4270.85482(5)  -0.0084(8)    

11 10E 2 11E 34 4270.99282(19)      
11 10F2 2 11F1 53 4272.1593(5)  -0.0147(5)  0.000066(7)  

11 10A2 1 11A1 17 4273.53677(10)      
11 11F2 2 11F1 63 4211.6042(6)  -0.0118(4)  0.000056(8)  

11 11F2 3 11F1 64 4217.2007(7)      
11 11E 2 11E 42 4218.24804(8)  -0.0192(23)    

11 11F1 3 11F2 62 4218.57467(9)      
11 11F1 1 11F2 59 4203.36517(42)      

12 12F1 1 12F2 66 4200.85115(21)      
12 12F1 1 11F2 79 4148.90173(5)  -0.0136(3)  0.000063(6)  
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12 12A1 1 11A2 27 4149.00754(3)  -0.0137(2)  0.000072(3) 0.13(1) 

12 12F2 1 12F1 65 4209.46141(12)  -0.0138(8)    
12 11E 2 12E 38 4275.13837(9)  -0.0128(6)  0.000096(10)  

12 12A1 2 12A2 22 4218.94838(8)      
12 12F2 2 12F1 67 4214.87965(11)  -0.0102(12)    

12 11A2 1 12A1 20 4276.71785(8)      
12 11F1 1 12F2 58 4278.24434(7)  -0.0156(9)    

12 12F2 3 12F1 68 4217.95006(12)      
12 12A2 1 12A1 23 4216.59435(8)  -0.0148(17)    

12 12F1 3 12F2 69 4218.52577(21)      
12 11F2 1 12F1 57 4278.22145(7)  -0.0144(9)    

12 11F2 3 12F1 55 4275.29453(8)  -0.0227(6)    
12 11F1 2 12F2 57 4275.87984(7)  -0.0124(6)    

12 11F1 3 12F2 56 4275.05715(8)  -0.006(7)  0.000069(10)  
12 12A1 1 12A2 21 4200.95235(8)  -0.0169(7)    

12 11F2 2 12F1 56 4276.58958(8)  -0.0161(15)    
12 12F1 2 12F2 68 4209.85379(17)  -0.021(22)    

12 11E 1 12E 39 4276.5072(11)  -0.0174(14)    
12 12E 2 12E 46 4214.48913(42)      

13 12A1 1 13A2 22 4282.7764(6)  -0.0148(11)    
13 12F1 1 13F2 62 4282.75272(16)  -0.0187(20)    

13 12F2 1 13F1 63 4281.09334(8)  -0.0141(5)  0.000079(9)  
13 13F1 4 13F2 74 4218.843(29)      

13 12A2 1 13A1 20 4279.41413(9)  -0.0243(6)    
13 12F1 3 13F2 60 4279.25543(15)  -0.014(10)    

13 12F1 2 13F2 61 4280.95108(9)  -0.0193(7)    
13 12A1 2 13A2 21 4279.17205(9)      

13 12E 2 13E 40 4280.23957(22)  -0.0125(11)    
13 12F2 3 13F1 60 4279.10614(20)      

13 12E 1 13E 41 4282.74049(23)      
13 13A1 1 13A2 26 4207.81607(16)  -0.0123(9)    

14 13A1 1 14A2 21 4285.28036(10)  -0.0151(5)    
14 13F2 3 14F1 63 4283.31849(18)  -0.0133(9)    

14 13F2 1 14F1 65 4287.15352(16)  -0.015(11)    
14 13A2 1 14A1 22 4283.91571(11)  -0.0139(6)    

14 13F1 2 14F2 66 4285.44726(16)  -0.0149(8)    
14 13F1 1 14F2 67 4287.17862(17)  -0.0174(11)    

14 13F2 2 14F1 64 4284.18755(19)  -0.0152(12)    
aStatistical uncertainties are given in parentheses. TDb stands for temperature dependences 
and Sc stands for speed-dependence parameters.  
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Appendix C: Supplementary data of line widths and their temperature dependences 
for CH4 broadened by itself and H2 

ImI Lower state Upper state 
Positiona 

 (cm-1) 
Intensitya 

(cm/mol) 
H2-widtha 

(cm-1atm-1) 
Self-widtha 

(cm-1atm-1) n1
a,b n2

a,b 

1 0A1 1 1A2 4 4223.906441(1) 2.318E-21(3) 0.0677(3) 0.0776(3) 0.46(1) 0.73(1) 

1 1F1 1 1F2 9 4218.416115(1) 1.317E-21(1) 0.0654(4) 0.0762(6) 0.48(1) 0.95(2) 

1 1F1 1 0F2 4 4212.980503(2) 4.42E-22(1) 0.0544(11) 0.0745(11) 0.59(3) 0.9(2) 

2 1F1 1 2F2 15 4229.195067(1) 2.204E-21(2) 0.0651(2) 0.079(2) 0.5(1) 0.81(1) 

2 2E 1 2E 11 4218.077734(1) 2.121E-21(4) 0.0697(4) 0.0887(5) 0.32(1) 0.67(1) 

2 2E 1 1E 6 4207.487244(1) 8.05E-22(1) 0.0658(4) 0.0818(4) 0.47(1) 0.81(1) 

2 2F2 1 1F1 10 4207.205927(3) 1.174E-21(4) 0.0614(14) 0.0719(11) 0.54(2) 1(2) 

2 2F2 1 2F1 14 4218.335579(1) 1.981E-21(4) 0.0695(12) 0.0757(11)  1(3) 

3 3F1 1 2F2 16 4201.848149(1) 1.727E-21(1) 0.065(2) 0.081(2) 0.5(1) 0.829(5) 

3 2E 1 3E 13 4234.418669(1) 1.861E-21(2) 0.0573(2) 0.0732(3) 0.41(1) 0.73(1) 

3 2F2 1 3F1 21 4234.351497(1) 2.728E-21(4) 0.0711(4) 0.079(5) 0.45(1) 0.89(1) 

3 3A2 1 2A1 6 4200.821017(1) 2.828E-21(3) 0.0651(3) 0.0779(3) 0.53(1) 0.83(1) 

3 3F2 1 2F1 15 4201.40055(1) 1.708E-21(2) 0.0668(2) 0.0812(2) 0.48(1) 0.86(1) 

3 3A2 1 3A1 7 4218.784496(1) 3.926E-21(6) 0.0665(3) 0.0792(3) 0.51(1) 0.86(1) 

3 3F1 1 3F2 20 4217.55068(1) 2.353E-21(2) 0.0659(3) 0.0812(3) 0.52(1) 0.89(1) 

4 3F1 1 4F2 26 4239.577837(1) 3.076E-21(3) 0.0621(2) 0.0778(3) 0.56(1) 0.81(1) 

4 3A2 1 4A1 10 4239.251865(1) 4.944E-21(6) 0.0591(3) 0.0726(3) 0.6(1) 0.84(1) 

4 3F2 1 4F1 25 4239.428865(1) 3.052E-21(4) 0.0687(3) 0.082(3) 0.49(1) 0.84(1) 

4 4E 1 3E 14 4195.649714(1) 1.316E-21(1) 0.0564(1) 0.0749(2) 0.46(1) 0.79(1) 

4 4F1 1 3F2 21 4195.970545(5) 1.977E-21(1) 0.0642(1) 0.0826(1) 0.53(5) 0.806(4) 

4 4F2 1 3F1 23 4194.757054(1) 1.935E-21(1) 0.0628(2) 0.0767(3) 0.56(1) 0.86(1) 

4 4A1 1 3A2 8 4196.395062(4) 3.318E-21(2) 0.0634(1) 0.0788(1) 0.52(4) 0.804(3) 

4 4F1 1 4F2 27 4216.993786(1) 2.435E-21(2) 0.0648(2) 0.0818(2) 0.54(1) 0.87(1) 

4 4E 1 4E 18 4217.361452(1) 1.613E-21(2) 0.058(3) 0.0723(3) 0.5(1) 0.91(1) 

4 4A1 1 4A2 9 4216.474061(1) 4.043E-21(5) 0.0669(2) 0.0812(2) 0.48(1) 0.82(1) 

5 4A1 1 5A2 11 4244.819887(1) 4.94E-21(6) 0.063(2) 0.0769(2) 0.51(1) 0.756(5) 

5 5E 1 4E 19 4188.649414(1) 1.304E-21(1) 0.0579(2) 0.073(2) 0.5(1) 0.82(1) 

5 5F1 2 4F2 28 4188.348757(5) 1.942E-21(1) 0.063(1) 0.0782(1) 0.55(1) 0.815(4) 

5 4F1 1 5F2 28 4244.568138(1) 2.93E-21(3) 0.0649(2) 0.0817(3) 0.54(1) 0.83(1) 

5 5F1 1 5F2 32 4215.628731(2) 2.203E-21(6) 0.0665(6) 0.0802(3) 0.48(1) 0.89(1) 

5 5F1 1 4F2 29 4190.456858(1) 2.003E-21(1) 0.0626(2) 0.0792(3) 0.55(1) 0.86(1) 

5 5F2 1 5F1 33 4216.244118(1) 2.269E-21(2) 0.0645(2) 0.0817(2) 0.54(1) 0.86(1) 

5 5F2 1 4F1 27 4189.898113(1) 1.959E-21(4) 0.062(4) 0.0762(5) 0.55(1) 1.01(1) 

5 5F1 2 5F2 33 4218.684057(3) 2.883E-21(42) 0.0678(6) 0.0803(7)  0.85(2) 

5 4E 1 5E 20 4244.437574(1) 1.945E-21(2) 0.056(3) 0.0687(3) 0.44(1) 0.94(1) 

5 4F2 1 5F1 30 4244.112724(1) 2.942E-21(3) 0.0645(2) 0.0791(2) 0.54(1) 0.789(4) 

5 5E 1 5E 22 4218.350008(2) 1.528E-21(5) 0.0616(10) 0.0759(13)   

6 5E 1 6E 22 4248.792264(11) 1.447E-21(21) 0.0648(13) 0.0627(19)   
6 5F1 2 6F2 34 4249.132117(2) 6.78E-22(2) 0.0549(8) 0.0752(10)  0.88(4) 
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6 5F2 1 6F1 32 4249.439413(1) 2.696E-21(2) 0.0649(2) 0.0817(2) 0.53(1) 0.803(5) 

6 5F1 1 6F2 35 4250.930668(1) 8.85E-22(1) 0.0635(3) 0.0807(3) 0.54(1) 0.85(1) 

6 5F1 1 6F2 34 4249.146763(1) 1.539E-21(2) 0.0718(5) 0.0853(5) 0.58(2) 0.94(2) 

6 6F1 1 6F2 39 4218.544326(1) 2.007E-21(2) 0.064(5) 0.0773(6) 0.56(1) 0.94(2) 

6 5F1 2 6F2 33 4248.786427(4) 2.22E-21(26) 0.0566(5) 0.0832(9) 0.55(2) 0.73(3) 

6 6F2 2 5F1 34 4182.336963(1) 1.772E-21(1) 0.0643(2) 0.0794(2) 0.54(1) 0.87(1) 

6 6A2 1 5A1 10 4183.829312(5) 3.037E-21(2) 0.0619(1) 0.078(1) 0.53(1) 0.8(3) 

6 6A1 1 5A2 12 4181.355176(5) 2.909E-21(2) 0.062(2) 0.075(2) 0.53(1) 0.837(4) 

6 6F1 1 5F2 34 4181.81703(1) 1.766E-21(1) 0.0628(2) 0.0786(2) 0.54(1) 0.815(4) 

6 6F2 1 5F1 35 4184.387552(1) 1.838E-21(1) 0.0618(2) 0.0798(2) 0.56(1) 0.8(1) 

6 6E 1 5E 23 4184.546623(1) 1.211E-21(2) 0.0611(2) 0.0749(2) 0.53(1) 0.84(1) 

6 6E 1 6E 26 4214.309149(1) 1.293E-21(1) 0.0604(2) 0.0771(2) 0.56(1) 0.81(1) 

6 6A2 1 6A1 14 4215.043748(1) 3.224E-21(3) 0.0652(2) 0.0804(2) 0.51(1) 0.82(4) 

6 6A1 1 6A2 13 4219.158856(1) 3.355E-21(4) 0.0657(3) 0.0807(3) 0.49(1) 0.77(1) 

6 6F2 1 6F1 37 4214.505278(1) 1.931E-21(2) 0.0628(3) 0.0777(4) 0.57(1) 0.91(1) 

6 6F2 2 6F1 38 4217.897509(1) 1.996E-21(3) 0.0646(3) 0.0787(3) 0.54(1) 0.95(1) 

7 6A1 1 7A2 14 4253.519163(1) 3.706E-21(4) 0.0594(2) 0.0753(2) 0.54(1) 0.75(1) 

7 7A2 1 7A1 15 4216.675194(1) 2.603E-21(2) 0.0632(2) 0.0763(3) 0.54(1) 0.85(1) 

7 7F2 1 6F1 40 4178.252417(1) 1.584E-21(1) 0.0611(2) 0.0773(3) 0.52(1) 0.81(1) 

7 7E 1 7E 29 4218.142548(1) 1.058E-21(1) 0.0519(4) 0.0659(6) 0.43(2) 0.84(3) 

7 6F2 1 7F1 39 4254.59503(1) 2.302E-21(3) 0.0638(4) 0.0822(6) 0.55(1) 0.71(2) 

7 6F2 2 7F1 38 4253.768243(1) 2.291E-21(2) 0.0649(3) 0.0797(3) 0.54(1) 0.79(1) 

7 6E 1 7E 25 4254.638687(1) 1.544E-21(2) 0.0597(4) 0.0726(6) 0.55(1) 0.73(2) 

7 6A2 1 7A1 13 4254.481225(1) 3.803E-21(4) 0.0651(2) 0.0759(2) 0.49(1) 0.94(1) 

7 6F1 1 7F2 37 4253.64555(1) 2.311E-21(2) 0.0651(3) 0.0778(4) 0.51(1) 0.89(1) 

7 7E 1 6E 27 4175.183036(1) 1.004E-21(1) 0.0499(2) 0.0645(2) 0.43(1) 0.78(1) 

7 7F1 1 7F2 41 4212.678024(1) 1.524E-21(1) 0.0604(2) 0.076(2) 0.56(1) 0.78(1) 

7 7F2 2 6F1 39 4175.674689(1) 1.501E-21(1) 0.0627(2) 0.0785(2) 0.51(1) 0.82(1) 

7 7F1 1 6F2 41 4178.527643(1) 1.597E-21(1) 0.0614(2) 0.0757(2) 0.53(1) 0.82(1) 

7 7F1 2 6F2 40 4174.493451(1) 1.489E-21(1) 0.0622(2) 0.076(3) 0.51(1) 0.84(1) 

7 7A2 1 6A1 15 4176.647424(1) 2.537E-21(3) 0.0622(2) 0.0741(2) 0.5(1) 0.85(1) 

7 7F1 2 7F2 44 4219.202731(1) 1.584E-21(2) 0.0606(4) 0.0765(6) 0.53(2) 0.75(2) 

7 7F1 2 6F2 34 4113.092352(5) 5.49E-23(3) 0.0653(14) 0.0799(9)  0.83(2) 

7 7F2 2 7F1 45 4217.592981(1) 1.556E-21(3) 0.063(6) 0.0742(7) 0.64(2) 1.06(2) 

7 7F1 2 6F2 35 4114.87633(3) 1.161E-22(5) 0.0603(8) 0.0758(6)  0.87(1) 

7 7F2 1 7F1 43 4212.990834(1) 1.521E-21(3) 0.0636(5) 0.0799(5) 0.68(2) 0.77(2) 

8 7E 1 8E 29 4258.941223(1) 7.78E-22(1) 0.0496(3) 0.0638(3) 0.45(2) 0.76(1) 

8 7F1 1 8F2 44 4259.691917(1) 1.76E-21(2) 0.061(3) 0.075(3) 0.55(1) 0.81(1) 

8 7A2 1 8A1 15 4258.695654(1) 2.975E-21(3) 0.0623(2) 0.0735(2) 0.51(1) 0.84(1) 

8 7F2 1 8F1 43 4259.976549(1) 1.237E-21(1) 0.0607(3) 0.0775(3) 0.55(1) 0.83(1) 

8 7F1 2 8F2 43 4258.533574(1) 1.313E-21(2) 0.0602(3) 0.075(3) 0.53(1) 0.83(1) 

8 7F2 2 8F1 41 4256.9843(2) 5.6E-22(1) 0.0629(5) 0.0792(3) 0.56(2) 0.82(1) 

8 7F2 1 8F1 41 4257.022338(4) 2.2E-22(1) 0.062(10) 0.0783(6)  0.88(2) 
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8 7F2 2 8F1 42 4258.831772(1) 1.137E-21(1) 0.063(4) 0.0794(4) 0.53(1) 0.81(1) 

8 7F2 1 8F1 42 4258.869833(2) 3.83E-22(1) 0.0637(8) 0.0804(7)  0.82(2) 

8 7F2 1 8F1 43 4259.977137(5) 1.059E-21(11) 0.0643(5) 0.0805(4) 0.48(2) 0.81(1) 

8 8E 2 7E 30 4167.526484(1) 8.078E-22(4) 0.0516(1) 0.0661(1) 0.45(1) 0.75(1) 

8 8F2 2 7F1 47 4167.157619(1) 1.206E-21(1) 0.0613(1) 0.0766(1) 0.51(1) 0.802(5) 

8 8F1 2 7F2 45 4168.485903(1) 1.218E-21(1) 0.0614(2) 0.0773(2) 0.51(1) 0.782(5) 

8 8F2 1 7F1 48 4169.919017(1) 1.239E-21(1) 0.0616(2) 0.075(2) 0.54(1) 0.81(1) 

8 8A1 1 8A2 15 4210.63469(1) 1.875E-21(1) 0.0587(2) 0.0718(2) 0.53(1) 0.8(1) 

8 8F1 1 8F2 47 4210.944546(1) 1.052E-21(1) 0.0613(4) 0.0746(3) 0.5(2) 0.8(1) 

8 8E 1 8E 31 4211.351872(2) 5.01E-22(1) 0.0627(7) 0.0762(6)  0.81(1) 

8 8E 1 8E 30 4210.053981(9) 2.49E-22(3) 0.0578(18) 0.0729(18)  0.88(2) 

8 8E 2 8E 33 4219.348893(1) 7.04E-22(1) 0.0498(3) 0.0656(3) 0.51(2) 0.77(1) 

8 8E 1 7E 31 4172.117678(1) 8.68E-22(1) 0.0589(2) 0.0719(3) 0.5(1) 0.82(1) 

8 8F2 1 8F1 46 4215.381817(1) 1.009E-21(1) 0.0613(3) 0.0757(3) 0.55(2) 0.82(1) 

8 8A1 1 7A2 16 4172.444341(1) 2.196E-21(4) 0.0599(2) 0.0697(3) 0.43(1) 0.85(1) 

8 8F1 1 7F2 46 4172.243915(1) 1.313E-21(1) 0.0595(2) 0.0736(3) 0.47(1) 0.83(1) 

8 8F2 2 8F1 48 4219.653706(1) 7.66E-22(1) 0.0607(3) 0.0776(3) 0.59(2) 0.8(1) 

9 8F2 1 9F1 46 4263.751122(2) 8.17E-22(1) 0.0611(4) 0.0755(4) 0.51(2) 0.81(1) 

9 8F1 1 9F2 46 4264.566102(1) 1.118E-21(2) 0.0571(4) 0.0734(4) 0.52(2) 0.76(1) 

9 8F1 2 9F2 45 4262.943221(2) 9.43E-22(2) 0.0576(6) 0.074(5) 0.53(2) 0.8(1) 

9 8A1 1 9A2 17 4264.818493(1) 1.956E-21(2) 0.0586(3) 0.0713(3) 0.48(1) 0.79(1) 

9 9F1 1 9F2 50 4208.447501(2) 7.51E-22(1) 0.0575(4) 0.0699(3) 0.57(2) 0.83(1) 

9 8E 1 9E 31 4264.598911(2) 4.87E-22(1) 0.0565(7) 0.0704(6)  0.82(2) 

9 9A1 1 9A2 19 4216.071417(1) 1.189E-21(1) 0.0604(6) 0.0778(4) 0.48(2) 0.78(1) 

9 9F2 1 9F1 51 4208.562798(2) 7.76E-22(1) 0.0589(4) 0.0732(3) 0.54(2) 0.77(1) 

9 9F1 2 9F2 51 4214.745506(2) 7.63E-22(1) 0.0608(4) 0.0757(4) 0.56(3) 0.79(1) 

9 9E 1 9E 35 4214.451581(2) 5.15E-22(1) 0.0603(7) 0.0722(8)  0.79(3) 

9 9A2 1 9A1 16 4216.902358(3) 6.02E-22(3) 0.0576(10) 0.0691(8)  0.93(3) 

9 9E 1 8E 30 4115.990616(7) 5E-23(0) 0.0608(16) 0.0752(11)  0.79(3) 

9 9F1 3 9F2 53 4217.165159(3) 6.22E-22(2) 0.0519(7) 0.0687(8)  0.7(3) 

9 8E 1 9E 30 4263.596388(3) 3.97E-22(1) 0.0617(8) 0.0766(7)  0.83(2) 

9 8E 2 9E 30 4263.51055(7) 1.57E-22(1) 0.0591(26) 0.073(21)   
9 8F1 1 9F2 45 4263.014328(7) 1.25E-22(1) 0.052(17) 0.066(11)  0.83(3) 

9 8F2 2 9F1 45 4261.675688(2) 1.148E-21(3) 0.0601(7) 0.0783(6)  0.76(2) 

9 8E 2 9E 29 4261.690861(3) 7.07E-22(3) 0.0518(11) 0.0704(10)  0.69(3) 

9 9A1 1 8A2 17 4161.053923(1) 1.692E-21(1) 0.0605(3) 0.0731(2) 0.47(1) 0.85(1) 

9 9F1 1 8F2 54 4165.762154(1) 1.095E-21(5) 0.0569(1) 0.0687(1) 0.5(1) 0.79(1) 

9 9F2 1 8F1 52 4165.578602(1) 1.104E-21(5) 0.0584(1) 0.0723(1) 0.49(1) 0.78(1) 

9 9E 1 8E 36 4163.003536(1) 7.029E-22(5) 0.0593(2) 0.0727(1) 0.56(1) 0.75(1) 

9 9F1 2 8F2 53 4162.689677(2) 1.035E-21(3) 0.0596(2) 0.0744(2) 0.51(1) 0.8(1) 

9 9A2 1 8A1 18 4159.053776(1) 1.619E-21(2) 0.0598(1) 0.0736(2) 0.44(1) 0.81(1) 

9 9F2 2 8F1 51 4159.491209(1) 1.004E-21(1) 0.0622(1) 0.0787(2) 0.56(1) 0.78(1) 

9 9F1 3 8F2 52 4160.036111(1) 9.9E-22(1) 0.06(1) 0.0762(2) 0.54(1) 0.8(1) 
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10 9F1 3 10F2 48 4266.755118(2) 9.7E-22(1) 0.0609(4) 0.0764(3) 0.49(2) 0.81(1) 

10 9A1 1 10A2 16 4267.134602(1) 1.583E-21(1) 0.0587(3) 0.0729(2) 0.47(2) 0.78(1) 

10 9A2 1 10A1 17 4266.496427(1) 1.553E-21(2) 0.0558(3) 0.0726(3) 0.43(2) 0.74(1) 

10 9F1 2 10F2 49 4267.486265(2) 9.3E-22(1) 0.0582(4) 0.0743(3) 0.52(2) 0.71(1) 

10 9F2 1 10F1 48 4268.972845(2) 9.37E-22(1) 0.0558(4) 0.07(3) 0.52(2) 0.75(1) 

10 9F1 1 10F2 50 4268.909037(2) 8.94E-22(1) 0.0563(4) 0.0696(3) 0.51(2) 0.75(1) 

10 9F2 2 10F1 47 4266.606303(2) 9.75E-22(1) 0.0622(4) 0.0773(4) 0.5(2) 0.76(1) 

10 10E 2 10E 38 4217.773981(3) 3.3E-22(1) 0.0459(6) 0.0602(6)  0.65(2) 

10 10A2 1 9A1 19 4156.887224(1) 1.493E-21(3) 0.0586(3) 0.0719(5) 0.53(2) 0.75(2) 

10 10E 1 9E 39 4156.92253(2) 5.04E-22(1) 0.0578(3) 0.0742(5) 0.59(2) 0.7(2) 

10 10A1 1 10A2 19 4215.966631(2) 8.52E-22(2) 0.0574(4) 0.0729(4) 0.56(2) 0.77(1) 

10 10F2 2 10F1 56 4213.07271(8) 5.1E-22(8) 0.0568(8) 0.0711(9)  0.75(2) 

10 10E 1 10E 37 4205.986643(4) 3.14E-22(1) 0.0536(9) 0.0637(7)  0.76(3) 

10 10F2 1 10F1 54 4206.010714(5) 4.83E-22(5) 0.0571(14) 0.0635(11)   

10 10F2 1 9F1 60 4156.874962(3) 6.48E-22(3) 0.0524(4) 0.069(7)  0.92(3) 

10 10F1 2 10F2 58 4217.265004(2) 4.89E-22(1) 0.059(6) 0.0749(6)  0.81(2) 

10 9E 1 10E 32 4267.550174(5) 5.57E-22(4) 0.0561(11) 0.0699(8)  0.78(3) 

10 10A2 1 10A1 20 4206.073073(2) 8.22E-22(1) 0.055(4) 0.0685(3) 0.5(2) 0.75(1) 

10 10E 2 9E 38 4150.549498(1) 6.22E-225(4) 0.0422(1) 0.0548(2) 0.4(1) 0.67(1) 

10 10A1 1 9A2 21 4152.613689(1) 1.578E-21(3) 0.0631(2) 0.0754(2) 0.43(1) 0.76(1) 

10 10F1 2 9F2 58 4151.016765(1) 9.38E-22(1) 0.0602(2) 0.0758(2) 0.55(1) 0.79(1) 

10 10F2 3 9F1 58 4150.058291(1) 9.3E-22(1) 0.0611(1) 0.0768(2) 0.57(1) 0.77(1) 

10 10F1 1 9F2 59 4153.651498(1) 9.351E-22(5) 0.0594(1) 0.0746(2) 0.52(1) 0.73(1) 

10 10F2 2 9F1 59 4154.102201(1) 9.51E-22(1) 0.06(1) 0.0738(2) 0.55(1) 0.75(1) 

10 10F1 1 10F2 57 4213.600913(2) 5E-22(1) 0.0604(4) 0.0759(3) 0.63(3) 0.77(1) 

11 10F1 1 11F2 52 4272.010898(3) 5.47E-22(3) 0.067(8) 0.0807(7) 0.65(3) 0.76(1) 

11 10F2 2 11F1 53 4272.159158(3) 6.11E-22(3) 0.0582(5) 0.0699(5) 0.56(2) 0.74(1) 

11 10F1 2 11F2 51 4271.128214(2) 6.19E-22(1) 0.0585(4) 0.0732(3) 0.58(2) 0.82(1) 

11 10F2 3 11F1 52 4270.854783(2) 6.3E-22(1) 0.0587(4) 0.0724(4) 0.56(2) 0.79(1) 

11 10A1 1 11A2 18 4271.57011(3) 1.05E-21(3) 0.0605(10) 0.076(10)  0.63(3) 

11 10A2 1 11A1 17 4273.53687(3) 9.38E-22(3) 0.0476(7) 0.0595(8)  0.83(3) 

11 11A2 1 11A1 21 4211.256385(2) 4.84E-22(1) 0.0574(5) 0.0685(4) 0.57(3) 0.71(1) 

11 11F2 1 10F1 72 4155.793472(6) 1.196E-22(3) 0.0521(5) 0.0642(4)  0.71(2) 

11 11F2 2 11F1 63 4211.604096(8) 2.96E-22(1) 0.0538(7) 0.0687(6)  0.66(2) 

11 11F1 1 10F2 73 4155.948357(6) 1.181E-22(5) 0.053(6) 0.0628(5)  0.78(2) 

11 11E 1 11E 41 4211.821883(5) 2.03E-22(1) 0.0573(9) 0.0714(6)  0.73(2) 

11 11F1 2 11F2 61 4215.423844(4) 3.14E-22(1) 0.0602(9) 0.0778(10)   

11 11F1 1 11F2 59 4203.365714(18) 2.48E-22(6) 0.0474(16) 0.0629(16)   
11 11F2 3 11F1 64 4217.200666(5) 3.12E-22(2) 0.0555(12) 0.0726(13)   

11 11F2 1 11F1 61 4203.371193(10) 3.27E-22(6) 0.0557(13) 0.0654(10)  1(4) 

12 11E 2 12E 38 4275.138151(4) 2.72E-22(1) 0.0437(5) 0.0557(4)  0.67(2) 

12 11F1 3 12F2 56 4275.057005(3) 3.78E-22(1) 0.0553(5) 0.0689(3)  0.73(1) 

12 11F1 2 12F2 57 4275.879714(3) 3.82E-22(1) 0.0576(5) 0.0706(4)  0.7(1) 
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12 11F2 3 12F1 55 4275.294315(3) 3.83E-22(1) 0.0568(5) 0.0719(3)  0.76(1) 

12 11A2 1 12A1 20 4276.717795(3) 6.35E-22(2) 0.0561(7) 0.0657(7)  0.69(3) 

12 11F2 1 12F1 57 4278.221394(3) 3.7E-22(1) 0.0521(6) 0.0653(5)  0.65(2) 

12 11F1 1 12F2 58 4278.244319(3) 3.74E-22(1) 0.0544(7) 0.0653(5)  0.73(2) 

12 11E 1 12E 39 4276.506827(6) 2.59E-22(3) 0.0583(10) 0.0691(9)  0.74(4) 

12 12A1 1 12A2 21 4200.952244(6) 2.48E-22(1) 0.0494(8) 0.0595(7)   

12 12F2 1 12F1 65 4209.461375(9) 1.67E-22(1) 0.0601(14) 0.0732(12)   

12 12A1 2 12A2 22 4218.94833(5) 2.99E-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 12F2 2 12F1 67 4214.879649(8) 1.76E-22(1) 0.062(14) 0.0744(13)   

12 12A2 1 12A1 23 4216.594242(5) 3.15E-22(2) 0.0574(9) 0.0743(12)   

12 12F1 2 12F2 68 4209.853878(12) 1.66E-22(2) 0.0542(23) 0.0736(21)   
12 12A1 1 11A2 27 4149.007479(2) 2.273E-22(3) 0.0534(2) 0.0643(2) 0.53(1) 0.68(1) 

12 12F1 1 11F2 79 4148.901712(4) 1.336E-22(4) 0.051(4) 0.0627(3) 0.52(2) 0.66(1) 

13 12F2 1 13F1 63 4281.093222(5) 2.2E-22(1) 0.058(8) 0.0697(6)  0.68(2) 

13 12F1 3 13F2 60 4279.255197(6) 2.46E-22(1) 0.0634(9) 0.0772(7)  0.88(2) 

13 12A1 2 13A2 21 4279.171847(4) 3.83E-22(1) 0.0574(6) 0.0702(4)  0.8(2) 

13 12A2 1 13A1 20 4279.413922(4) 3.78E-22(1) 0.0577(6) 0.0722(4)  0.75(2) 

13 12F2 3 13F1 60 4279.10593(9) 1.46E-22(1) 0.0533(11) 0.0646(7)  0.82(4) 

13 12A1 1 13A2 22 4282.776466(4) 3.5E-22(3) 0.0573(11) 0.0632(9)   
13 12E 1 13E 41 4282.740586(14) 1.47E-22(2) 0.0422(18) 0.0588(18)   

13 13A1 1 13A2 26 4207.816028(12) 1.44E-22(1) 0.0515(13) 0.0668(9)   

13 12E 2 13E 40 4280.239739(13) 1.46E-22(1) 0.0572(15) 0.0638(11)   

13 12F1 1 13F2 62 4282.752732(11) 2.13E-22(2) 0.0587(27) 0.0688(26)   
14 13A2 1 14A1 22 4283.915495(7) 1.95E-22(1) 0.0566(9) 0.0709(7)  0.64(3) 

14 13F2 1 14F1 65 4287.153379(10) 1.23E-22(1) 0.0471(15) 0.0611(13)   
14 13A1 1 14A2 21 4285.280242(7) 2.02E-22(1) 0.0571(9) 0.0717(7)  0.67(3) 

14 13F1 2 14F2 66 4285.447189(11) 1.17E-22(1) 0.0547(14) 0.067(10)   
14 13F2 3 14F1 63 4283.318251(10) 1.27E-22(1) 0.0627(16) 0.0787(14)   

14 13F2 2 14F1 64 4284.187454(11) 1.22E-22(1) 0.0558(14) 0.0698(11)   
aStatistical uncertainties are given in parentheses. 
bn1 and n2 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 H2 

ImI 
Lower 
 state 

Upper  
state 

Positiona  
(cm-1) 

H2-shifta  
(cm-1atm-1) 

Self-shifta 

(cm-1atm-1) 

TDb  
H2-shifta 

(cm-1atm-1K-1) 

TDb  
self-shifta 

(cm-1atm-1K-1) Sa,c 

1 0A1 1 1A2 4 4223.906441(1) -0.0114(3) -0.0107(4) 0.000017(2) 0.000106(5) 0.08(1) 

1 1F1 1 1F2 9 4218.416115(1) -0.0099(3) -0.0104(5) 0.000045(3) 0.000129(7) 0.05(1) 

1 1F1 1 0F2 4 4212.980503(2)    0.000166(12)  
2 2E 1 2E 11 4218.077734(1) -0.0102(3)  0.000045(3) 0.000228(10) 0.08(1) 

2 2E 1 1E 6 4207.487244(1) -0.0101(4) -0.0098(4) 0.000034(4) 0.000118(5) 0.06(1) 

2 2F2 1 1F1 10 4207.205927(3) -0.0068(10) -0.0088(11)  0.000122(9)  
2 1F1 1 2F2 15 4229.195067(1) -0.0099(2) -0.0091(3) 0.000016(2) 0.000088(3) 0.05(1) 

2 2F2 1 2F1 14 4218.335579(1) -0.0087(9)     
3 3F1 1 2F2 16 4201.848149(1) -0.011(2) -0.0121(2) 0.000035(2) 0.000097(2) 0.05(1) 

3 3A2 1 2A1 6 4200.821017(1) -0.0113(3) -0.008(4) 0.000038(2) 0.000137(4) 0.07(1) 

3 3F1 1 3F2 20 4217.55068(1) -0.0089(2) -0.0082(4) 0.000026(2) 0.000055(5) 0.05(1) 

3 3F2 1 2F1 15 4201.40055(1) -0.0083(3) -0.0102(2) 0.000038(3) 0.000065(2) 0.04(1) 

3 2E 1 3E 13 4234.418669(1) -0.009(2) -0.01(3) 0.000023(2) 0.000091(5) 0.06(0) 

3 2F2 1 3F1 21 4234.351497(1) -0.0059(3)  0.000031(2) 0.000142(7) 0.16(1) 

3 3A2 1 3A1 7 4218.784496(1) -0.0078(3) -0.0048(6) 0.000043(2) 0.000178(7) 0.07(1) 

4 3A2 1 4A1 10 4239.251865(1) -0.0075(2) -0.0074(3) 0.000013(1) 0.000072(4) 0.07(1) 

4 3F2 1 4F1 25 4239.428865(1) -0.0066(2) -0.0073(4)   0.09(5) 

4 3F1 1 4F2 26 4239.577837(1) -0.012(2) -0.0093(3) 0.000039(2) 0.00015(5) 0.04(1) 

4 4E 1 3E 14 4195.649714(1) -0.0096(1) -0.0123(1) 0.000036(2) 0.000089(2) 0.055(4) 

4 4F1 1 3F2 21 4195.970545(4) -0.0098(1) -0.0105(1) 0.000038(1) 0.000085(2) 0.025(4) 

4 4F2 1 3F1 23 4194.757054(1) -0.0094(2) -0.0117(2) 0.000036(2) 0.000074(2) 0.079(4) 

4 4A1 1 3A2 8 4196.395062(4) -0.0089(1) -0.0109(1) 0.000033(1) 0.00007(2) 0.041(4) 

4 4F1 1 4F2 27 4216.993786(1) -0.0087(2) -0.0082(3) 0.00003(2) 0.000084(4) 0.04(1) 

4 4E 1 4E 18 4217.361452(1) -0.0094(3) -0.0098(3) 0.000025(3) 0.000086(4)  
4 4A1 1 4A2 9 4216.474061(1) -0.0089(2) -0.0096(3) 0.000029(2) 0.000061(4) 0.05(1) 

5 4E 1 5E 20 4244.437574(1) -0.0089(2) -0.0119(3) 0.000018(2) 0.000068(4) 0.09(1) 

5 4F1 1 5F2 28 4244.568138(1) -0.01(2) -0.0091(3) 0.000021(2) 0.00011(5) 0.05(1) 

5 4A1 1 5A2 11 4244.819887(1) -0.0086(2) -0.0091(3) 0.000014(2) 0.000097(4)  
5 5F1 2 5F2 33 4218.684057(3) -0.0133(4) -0.0061(9) 0.000047(3) 0.000216(14)  
5 4F2 1 5F1 30 4244.112724(1) -0.0065(2) -0.0089(2)  0.000033(3) 0.07(1) 

5 5E 1 5E 22 4218.350008(2) -0.009(12)  0.000099(14)   
5 5E 1 4E 19 4188.649414(1) -0.0101(1) -0.0128(1) 0.000036(2) 0.000093(2) 0.075(4) 

5 5F1 2 4F2 28 4188.348757(5) -0.009(1) -0.0104(1) 0.000031(2) 0.000077(2) 0.04(4) 

5 5F1 1 5F2 32 4215.628731(2) -0.0105(2) -0.0103(3) 0.000025(3) 0.000082(3)  
5 5F1 1 4F2 29 4190.456858(1) -0.0106(2) -0.0114(3) 0.000031(2) 0.000081(3) 0.04(4) 

5 5F2 1 5F1 33 4216.244118(1) -0.0087(2) -0.0082(3) 0.000029(2) 0.000083(3) 0.04(1) 

5 5F2 1 4F1 27 4189.898113(1) -0.0035(3)  0.000044(3) 0.000189(8) 0.08(1) 

6 5E 1 6E 22 4248.792264(11)  -0.0201(25)    

6 5F1 2 6F2 34 4249.132117(2)  -0.008(11)    
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6 5F2 1 6F1 32 4249.439413(1) -0.011(2) -0.0125(2) 0.00003(2) 0.000119(2) 0.06(1) 

6 5F1 2 6F2 33 4248.786427(4) -0.013(7)   0.000151(13)  
6 5F1 1 6F2 35 4250.930668(1) -0.0084(3) -0.0102(3)  0.000093(2)  

6 5F1 1 6F2 34 4249.146763(1) -0.0049(4) -0.0062(5)  0.000138(7) 0.15(1) 

6 6F2 2 5F1 34 4182.336963(1) -0.0119(2) -0.0122(2) 0.000039(2) 0.000105(2) 0.064(4) 

6 6A2 1 5A1 10 4183.829312(5) -0.0102(1) -0.0117(1) 0.000041(1) 0.000093(2)  
6 6A1 1 5A2 12 4181.355176(5) -0.0098(1) -0.0111(2) 0.000027(2) 0.000074(2) 0.032(4) 

6 6F1 1 5F2 34 4181.81703(1) -0.008(1) -0.0089(1) 0.000024(2) 0.00007(2) 0.039(4) 

6 6F1 1 6F2 39 4218.544326(1) -0.0109(4) -0.0086(6) 0.00004(4) 0.000104(8) 0.05(1) 

6 6F2 1 5F1 35 4184.387552(1) -0.0098(1) -0.0113(2) 0.000031(2) 0.000072(2) 0.028(4) 

6 6E 1 5E 23 4184.546623(1) -0.0102(2) -0.0116(2) 0.000022(2) 0.000078(2) 0.072(5) 

6 6E 1 6E 26 4214.309149(1) -0.0085(2) -0.0094(2) 0.000029(3) 0.000085(2) 0.03(1) 

6 6A2 1 6A1 14 4215.043748(1) -0.0077(2) -0.0084(2) 0.000027(2) 0.000069(2) 0.068(5) 

6 6A1 1 6A2 13 4219.158856(1) -0.0116(2) -0.0084(4) 0.000045(3) 0.000133(5) 0.05(1) 

6 6F2 1 6F1 37 4214.505278(1) -0.0093(3) -0.0096(4) 0.000045(3) 0.000087(5) 0.05(1) 

6 6F2 2 6F1 38 4217.897509(1) -0.009(2) -0.0094(3) 0.000037(3) 0.00007(4) 0.06(1) 

7 6A1 1 7A2 14 4253.519163(1) -0.0071(2) -0.0084(3) 0.000014(2) 0.000051(4)  

7 7F1 2 7F2 44 4219.202731(1) -0.012(3) -0.0138(6) 0.000058(4) 0.000086(7)  
7 6F2 1 7F1 39 4254.59503(1) -0.009(3) -0.0081(6) 0.000031(3) 0.000095(7) 0.06(1) 

7 6F2 2 7F1 38 4253.768243(1) -0.0125(2) -0.0118(3) 0.000055(2) 0.000146(4) 0.06(1) 

7 6E 1 7E 25 4254.638687(1) -0.0096(4) -0.0132(5) 0.00003(4) 0.000078(6) 0.06(1) 

7 6A2 1 7A1 13 4254.481225(1) -0.0092(2) -0.0143(4) 0.000031(2) 0.000047(5) 0.10(1) 

7 6F1 1 7F2 37 4253.64555(1) -0.0047(2) -0.0053(4)   0.06(1) 

7 7E 1 6E 27 4175.183036(1) -0.0108(1) -0.0136(2) 0.000022(2) 0.00012(2) 0.09(1) 

7 7F1 1 7F2 41 4212.678024(1) -0.0081(2) -0.0094(2) 0.000021(3) 0.000094(2) 0.04(1) 

7 7F2 2 6F1 39 4175.674689(1) -0.0109(1) -0.0119(2) 0.000029(2) 0.000097(2)  
7 7F1 1 6F2 41 4178.527643(1) -0.0101(1) -0.0119(2) 0.000017(2) 0.000089(2) 0.06(1) 

7 7F1 2 6F2 40 4174.493451(1) -0.0096(1) -0.0104(2)  0.000089(3) 0.06(1) 

7 7A2 1 6A1 15 4176.647424(1) -0.0109(1) -0.0126(2) 0.000024(2) 0.000088(3)  

7 7A2 1 7A1 15 4216.675194(1) -0.0104(2) -0.0103(3) 0.000038(2) 0.000102(3) 0.05(1) 

7 7F2 1 6F1 40 4178.252417(1) -0.0106(1) -0.0117(2)  0.000076(3)  

7 7E 1 7E 29 4218.142548(1) -0.0096(3) -0.0109(5) 0.000043(4) 0.000111(8) 0.09(1) 

7 7F1 2 6F2 34 4113.092352(5) -0.0098(14) -0.0069(6)  0.000062(7)  

7 7F2 2 7F1 45 4217.592981(1) -0.0094(4) -0.0089(7)  0.000064(8) 0.09(1) 

7 7F1 2 6F2 35 4114.87633(3) -0.01(9) -0.009(6)    

7 7F2 1 7F1 43 4212.990834(1) -0.0077(4) -0.0151(6)   0.07(1) 

8 7E 1 8E 29 4258.941223(1) -0.0085(3) -0.0107(2)  0.000094(3) 0.10(1) 

8 8E 2 7E 30 4167.526484(1) -0.0102(1) -0.0139(1) 0.000015(2) 0.000089(1) 0.094(3) 

8 8F2 2 7F1 47 4167.157619(1) -0.0092(1) -0.0102(1) 0.000017(2) 0.000087(1) 0.061(4) 

8 8F1 2 7F2 45 4168.485903(1) -0.0109(1) -0.0134(1) 0.000025(2) 0.000081(1) 0.041(5) 

8 8F2 1 7F1 48 4169.919017(1) -0.0099(1) -0.0118(1) 0.000018(2) 0.000082(1) 0.05(1) 

8 8A1 1 8A2 15 4210.63469(1) -0.0092(2) -0.0119(2)  0.000082(2) 0.048(5) 

8 8F1 1 8F2 47 4210.944546(1) -0.0079(3) -0.0107(2) 0.00003(4) 0.000091(2) 0.08(1) 
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8 7F1 1 8F2 44 4259.691917(1) -0.0082(2) -0.0112(2) 0.000019(3) 0.000075(3) 0.09(1) 

8 7A2 1 8A1 15 4258.695654(1) -0.0084(2) -0.0102(3) 0.000024(2) 0.00008(3) 0.05(1) 

8 7F2 1 8F1 43 4259.976549(1) -0.0099(3) -0.0131(3) 0.000026(4) 0.000081(3) 0.05(1) 

8 7F1 2 8F2 43 4258.533574(1) -0.0069(3) -0.0086(3)  0.000057(3)  
8 7F2 2 8F1 41 4256.9843(2) -0.0089(4) -0.0105(3)  0.000061(4) 0.07(1) 

8 7F2 1 8F1 41 4257.022338(4) -0.0126(10) -0.016(7)  0.000112(8)  
8 7F2 2 8F1 42 4258.831772(1) -0.0084(3) -0.0088(4)  0.00006(4) 0.05(1) 

8 7F2 1 8F1 42 4258.869833(2) -0.0109(8) -0.0141(8)  0.000118(10)  
8 7F2 1 8F1 43 4259.977137(5)    0.000048(5)  

8 8E 1 8E 30 4210.053981(9) -0.0115(10) -0.0133(8)  0.000106(7)  

8 8E 1 8E 31 4211.351872(2) -0.0091(6) -0.0117(5)  0.00009(4) 0.07(1) 

8 8E 2 8E 33 4219.348893(1) -0.0104(3) -0.0115(3)  0.000111(3)  
8 8E 1 7E 31 4172.117678(1) -0.0094(2) -0.0109(3) 0.000023(3) 0.000096(3) 0.06(1) 

8 8F2 1 8F1 46 4215.381817(1) -0.0074(3) -0.009(3)  0.000092(3) 0.07(1) 

8 8A1 1 7A2 16 4172.444341(1) -0.0104(1) -0.0123(2) 0.000019(2) 0.000091(3)  

8 8F1 1 7F2 46 4172.243915(1) -0.0105(1) -0.0112(2) 0.000019(2) 0.000093(3) 0.06(1) 

8 8F2 2 8F1 48 4219.653706(1) -0.0096(3) -0.0097(2)  0.000074(3) 0.05(1) 

9 8F2 1 9F1 46 4263.751122(2) -0.0091(4) -0.0101(3)  0.000083(3) 0.08(1) 

9 8E 2 9E 30 4263.51055(7)      

9 8F1 1 9F2 46 4264.566102(1) -0.0098(3) -0.0118(3)  0.0001(4)  
9 8F1 2 9F2 45 4262.943221(2) -0.0083(4) -0.0097(3)  0.000068(3)  

9 9F1 1 9F2 50 4208.447501(2) -0.0093(3) -0.0115(2)  0.00009(3) 0.09(1) 

9 8E 1 9E 31 4264.598911(2) -0.0093(7) -0.0131(6)  0.000111(7)  

9 9A1 1 9A2 19 4216.071417(1) -0.0094(4) -0.0116(3)  0.000084(4) 0.08(1) 

9 9F2 1 9F1 51 4208.562798(2) -0.0098(3) -0.0119(3)  0.000075(4) 0.09(1) 

9 8E 1 9E 30 4263.596388(3) -0.0112(8) -0.0129(6)  0.000094(7)  
9 8A1 1 9A2 17 4264.818493(1) -0.0084(2) -0.0104(2)  0.000097(2)  

9 8F1 1 9F2 45 4263.014328(7) -0.0154(16) -0.0171(10)  0.000153(12)  
9 8F2 2 9F1 45 4261.675688(2) -0.0045(7)   0.000072(7)  

9 8E 2 9E 29 4261.690861(3) -0.014(10) -0.0229(10)  0.00008(11)  
9 9A1 1 8A2 17 4161.053923(1) -0.0103(1) -0.0134(1) 0.000029(2) 0.000084(1) 0.059(4) 

9 9F1 1 8F2 54 4165.762154(1) -0.0106(1) -0.0132(1) 0.000018(2) 0.000083(1) 0.032(4) 

9 9F2 1 8F1 52 4165.578602(1) -0.0099(1) -0.0114(1) 0.000016(2) 0.000083(1) 0.074(4) 

9 9E 1 8E 36 4163.003536(1) -0.0099(1) -0.0123(1) 0.000018(2) 0.000087(2) 0.101(4) 

9 9F1 2 8F2 53 4162.689677(2) -0.0099(1) -0.0117(1)  0.000082(2)  

9 9A2 1 8A1 18 4159.053776(1) -0.0099(1) -0.0107(1)  0.00008(2) 0.038(5) 

9 9F2 2 8F1 51 4159.491209(1) -0.0091(1) -0.0092(1)  0.000084(2) 0.125(4) 

9 9F1 3 8F2 52 4160.036111(1) -0.0116(1) -0.0137(1) 0.000021(2) 0.000082(2) 0.056(4) 

9 9F1 2 9F2 51 4214.745506(2) -0.0108(4) -0.0119(4)  0.000088(5)  

9 9E 1 9E 35 4214.451581(2) -0.0093(6) -0.01(8)  0.000091(11) 0.10(1) 

9 9A2 1 9A1 16 4216.902358(3) -0.0142(10) -0.0142(8)  0.000087(11)  

9 9E 1 8E 30 4115.990616(7) -0.0093(14) -0.0116(6)  0.000077(10)  
9 9F1 3 9F2 53 4217.165159(3)      
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10 9F1 3 10F2 48 4266.755118(2) -0.0143(3) -0.016(3) 0.000044(5) 0.000127(3)  

10 9A1 1 10A2 16 4267.134602(1) -0.0112(2) -0.0146(2) 0.000032(4) 0.000084(2)  
10 9A2 1 10A1 17 4266.496427(1) -0.0074(3) -0.007(3)  0.000088(3)  

10 9F1 2 10F2 49 4267.486265(2) -0.0093(3) -0.0103(3)  0.000095(3)  
10 9F2 1 10F1 48 4268.972845(2) -0.0098(3) -0.0121(3)  0.000087(3)  

10 9F1 1 10F2 50 4268.909037(2) -0.0097(3) -0.012(3)  0.000084(3)  
10 10F1 2 10F2 58 4217.265004(2) -0.0101(5) -0.0101(6)  0.000089(9)  

10 9F2 2 10F1 47 4266.606303(2) -0.0048(3) -0.004(3)  0.000073(4)  
10 10F1 1 10F2 57 4213.600913(2) -0.0096(4) -0.0114(3)  0.000078(4) 0.09(1) 

10 10E 1 10E 37 4205.986643(4) -0.0088(9) -0.0107(7)  0.000078(9)  

10 10F2 1 10F1 54 4206.010714(5) -0.0071(8) -0.0121(5)    

10 10F2 1 9F1 60 4156.874962(3) -0.0164(4) -0.0167(9)    

10 9E 1 10E 32 4267.550174(5) -0.0089(10) -0.0081(8)  0.000065(9)  

10 10A2 1 10A1 20 4206.073073(2) -0.0093(3) -0.0118(3)  0.000086(3) 0.05(1) 

10 10E 2 9E 38 4150.549498(1) -0.0104(1) -0.0145(1)  0.000117(2) 0.115(4) 

10 10A1 1 9A2 21 4152.613689(1) -0.0093(1) -0.0105(1)  0.000089(2) 0.114(4) 

10 10F1 2 9F2 58 4151.016765(1) -0.012(1) -0.0131(1)  0.000088(2) 0.07(1) 

10 10E 2 10E 38 4217.773981(3) -0.0088(4) -0.0123(5)  0.000123(7) 0.13(1) 

10 10A2 1 9A1 19 4156.887224(1) -0.0082(2) -0.0096(5) 0.000056(5) 0.000101(6) 0.11(1) 

10 10E 1 9E 39 4156.92253(2) -0.0101(3) -0.0128(5) 0.000075(5) 0.000099(6) 0.09(1) 

10 10A1 1 10A2 19 4215.966631(2) -0.0061(3) -0.0072(5)  0.000083(6)  

10 10F2 2 10F1 56 4213.07271(8) -0.0076(6) -0.0107(5)  0.000075(6)  
10 10F2 3 9F1 58 4150.058291(1) -0.0091(1) -0.0098(1)  0.000081(2) 0.121(4) 

10 10F1 1 9F2 59 4153.651498(1) -0.01(1) -0.0104(1)  0.000072(2) 0.034(4) 

10 10F2 2 9F1 59 4154.102201(1) -0.0107(1) -0.0121(1)  0.00008(2) 0.074(5) 

11 10F1 1 11F2 52 4272.010898(3) -0.0086(4) -0.0107(3)  0.00009(3)  
11 10F2 2 11F1 53 4272.159158(3) -0.0095(4) -0.0136(2)  0.000084(3)  

11 10F1 2 11F2 51 4271.128214(2) -0.0124(3) -0.0155(3)  0.000069(3) 0.07(1) 

11 11E 1 11E 41 4211.821883(5) -0.0099(8) -0.0129(4)  0.000065(7)  

11 11F1 2 11F2 61 4215.423844(4) -0.0106(7) -0.0111(8)  0.000105(12) 0.14(2) 

11 11F1 1 11F2 59 4203.365714(18) -0.0108(15)     

11 11F2 2 11F1 63 4211.604096(8) -0.0079(6) -0.01(4)  0.000081(8)  

11 11F1 1 10F2 73 4155.948357(6) -0.0093(5) -0.013(4)  0.000078(8)  

11 10F2 3 11F1 52 4270.854783(2) -0.0057(4) -0.0077(3)  0.000049(5)  
11 11A2 1 11A1 21 4211.256385(2) -0.0093(4) -0.0125(3)  0.000088(4) 0.09(1) 

11 10A1 1 11A2 18 4271.57011(3) -0.0092(6) -0.0108(7)  0.000083(9) 0.11(1) 

11 11F2 3 11F1 64 4217.200666(5) -0.0072(11)     

11 11F2 1 11F1 61 4203.371193(10) -0.0089(12)  0.000133(20)   

11 11F2 1 10F1 72 4155.793472(6) -0.011(4) -0.0133(4)  0.000088(7)  

11 10A2 1 11A1 17 4273.53687(3) -0.0164(7) -0.0233(10)    
12 11E 2 12E 38 4275.138151(4) -0.0086(4) -0.0111(3)  0.000111(4) 0.13(1) 

12 11F1 3 12F2 56 4275.057005(3) -0.0045(5) -0.0041(3)  0.000084(4)  
12 11F1 2 12F2 57 4275.879714(3) -0.0087(5) -0.0111(3)  0.000072(5)  
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12 11F2 3 12F1 55 4275.294315(3) -0.0146(4) -0.0201(3)  0.000059(4)  

12 12A1 1 12A2 21 4200.952244(6) -0.0103(7) -0.0144(6)  0.000078(10)  
12 12F2 1 12F1 65 4209.461375(9) -0.0091(12) -0.0127(7)  0.000086(12)  

12 12A1 2 12A2 22 4218.94833(5) -0.0097(8)  -0.0085(11)   0.15(2) 

12 11F1 1 12F2 58 4278.244319(3) -0.0082(5) -0.0136(4)  0.000061(6) 0.15(1) 

12 11E 1 12E 39 4276.506827(6) -0.0098(7) -0.0146(6)  0.000095(10) 0.13(2) 

12 11A2 1 12A1 20 4276.717795(3) -0.008(5) -0.011(6)  0.000093(9)  

12 11F2 1 12F1 57 4278.221394(3) -0.0085(6) -0.0129(4)  0.000068(6)  

12 12F1 1 11F2 79 4148.901712(4) -0.0102(3) -0.0127(2)  0.000086(4) 0.08(1) 

12 11F2 2 12F1 56 4276.589509(4) -0.0093(6) -0.0146(7)    
12 12F2 2 12F1 67 4214.879649(8) -0.0098(11) -0.0097(9)    

12 12A2 1 12A1 23 4216.594242(5) -0.0088(8)  -0.0117(13)    

12 12F1 2 12F2 68 4209.853878(12)   -0.0174(18)    

12 12A1 1 11A2 27 4149.007479(2) -0.0097(2) -0.0122(1)  0.000098(2) 0.14(1) 

13 12F2 1 13F1 63 4281.093222(5) -0.0091(6) -0.0121(3)  0.000103(7)  

13 12F1 3 13F2 60 4279.255197(6) -0.0121(7) -0.0118(5)  0.000132(9) 0.13(2) 

13 12A1 2 13A2 21 4279.171847(4) -0.0037(5)   0.000093(7)  

13 12A2 1 13A1 20 4279.413922(4) -0.0159(5) -0.0226(3)  0.00006(5) 0.11(1) 

13 12F2 3 13F1 60 4279.10593(9)    0.00014(12)  

13 13A1 1 13A2 26 4207.816028(12) -0.0085(12) -0.0111(7)    
13 12A1 1 13A2 22 4282.776466(4) -0.0067(7) -0.0128(7)  0.000121(11) 0.15(2) 

13 12E 1 13E 41 4282.740586(14)      
13 12E 2 13E 40 4280.239739(13) -0.011(12) -0.0117(7)    

13 12F1 1 13F2 62 4282.752732(11)  -0.016(14)    
14 13A2 1 14A1 22 4283.915495(7) -0.0091(7) -0.0119(4)  0.000079(9) 0.14(2) 

14 13F2 1 14F1 65 4287.153379(10) -0.0087(11) -0.0134(8)  0.000109(14)  
14 13A1 1 14A2 21 4285.280242(7) -0.0097(7) -0.0135(4)  0.000062(9) 0.14(2) 

14 13F1 2 14F2 66 4285.447189(11) -0.0097(11) -0.0133(6)    
14 13F2 3 14F1 63 4283.318251(10) -0.0094(12) -0.0115(6)    

14 13F2 2 14F1 64 4284.187454(11) -0.0093(13) -0.0127(9)    
aStatistical uncertainties are given in parentheses. 
TDb stands for temperature dependences and Sc 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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