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Abstract 

Enhancement spectra of the collision-induced absorption (CIA) of H2 in its first over

tone region 7500- 9500 cm-1 in binary mixtures H2 - N2 and H2 - CO were studied 

at 298 K for base densities of H2 in the range 89 - 145 amagat and for partial den

sities of N2 and CO in the range 19 - 392 amagat. The observed spectra consist of 

the quadrupolar double transitions: Q2 ( 1) (H2 ) + 80 ( 1), 0 0 ( 1) and Q0 ( 1) (N2 /CO), 

0 2 (1) (H2 ) + Q0 (1) (N2 /CO) and 82 (1) (H2 ) + Q0 (1) (N2 /CO) with 1 = 0 to 4 for 

H2 and 1 = 1 to 25 for N2/CO. Enhancement absorption profiles of H2-N2 and H2-CO 

were modelled by a total of 434 components of quadrupolar double transitions. The 

observed spectra agree with theoretical spectra and confirm that the isotropic overlap 

induction is absent in the 2 - 0 band of H2 unlike in the CIA spectra of the funda

mental band of H2 . The present analysis also confirms that there is no contribution 

from the electric dipole of CO to the induction mechanism in H2 - CO mixtures. 

CIA spectra in the first overtone region from 5250 to 7250 cm- 1 of pure D2 were 

studied at 77, 201 and 298 K. The observed spectra were modelled by a total of 92, 

214 and 267 components of double vibrational transitions respectively. Enhancement 

spectra of the CIA in the first overtone region 5000 to 7000 em -l of D2 in D2 - l\' 2 

were studied at 298 K for a base density of D2 of 73 amagat and for partial densities 

of N2 in the range 150 - 370 amagat. The observed spectra were modelled with a 

total of 1176 components of double vibrational transitions. Enhancement spectra of 

the CIA in the first overtone region 5500 to 6750 cm- 1 of D2 in the D2-Ar, D2-Kr 

and D2-Xe binary mixtures were studied at room temperature for base densities of 

D2 in the range 55 to 251 amagat and for partial densities of Ar, Kr and Xe in the 

range 46 to 384 amagat. The observed spectra consist of the following quadrupolar 

transitions: 0 2 (3), 0 2 (2), Q2 (1), 1 = 1 to 5 and 82 (1), 1 = 0 to 5 of D2 . 

The observed spectra confirm that the isotropic overlap interaction does not con

tribute to the absorption of the first overtone band, unlike in the CIA spectra of the 



fundamental band. The binary and ternary absorption coefficients were determined 

from the integrated absorption coefficients of the band. Profile analysis of the ob

served spectra was carried out using the Birnbaum-Cohen line shape function for each 

component of the band and the characteristic half-width parameters 81 and 82 for the 

transitions were determined. 
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Chapter 1 

Introduction 

Symmetric diatomic molecules such as H2 , D2 and N2 do not have transition electric

dipole moments in their ground electronic states and are therefore forbidden to absorb 

or emit dipole radiation. However, a transient electric dipole moment can be induced 

in a pair -or more- of colliding homonuclear molecules due to intermolecular interac

tion [1] and therefore they will be active in the infrared region. This phenomenon 

led to the formulation of the theory of collision induced absorption (CIA). CIA of 

the fundamental band of gaseous hydrogen was first identified by Welsh et al. [2] in 

1949 soon after the discovery of this phenomenon in compressed 0 2 and N2 in the 

fundamental bands by the same authors [3]. Since 1949, the phenomenon of CIA 

has been extensively studied experimentally in many gases, mixtures of gases [2-15], 

solids [16-18] and liquids [17-21]. Along with the experimental results, theoretical 

aspects of CIA were given by van Kranendonk [22-27], Poll and Hunt [28], Poll [29], 

Birnbaum and Cohen [30], Birnbaum et al. [31], Lewis [32], Frommhold [33] and 

Tabisz and Neuman [34]. 

Welsh [1] has reviewed the experimental work done until1971 on the translational. 

rotational and vibrational CIA spectra of H2 . The induced vibrational spectra of the 

1 



isotopomers H2 , D2 and HD have been reviewed in detail by Reddy in 1985 [35]. More 

comprehensive reviews were also done by other authors such as Frommhold in 1993 

[33]. For reviews of the theory of CIA the reader is referred to van Kranendonk [27], 

Lewis [32], Frommhold [33], Tabisz and Neuman [34] and references therein. 

This thesis will begin with an introducting survey of the previous studies of H2 and 

D2 in this chapter, then chapter two will discuss the experimental setup, isothermal 

data and the method used to calculate the gas density in amagat, spectral calibration. 

procedure and data acquisition. Chapter three presents the theoretical background 

needed for this research. Chapters four to seven describe the different experiments 

performed and the results obtained. Finally chapter eight summarizes the conclusions 

of this work. The constants used in this study are listed in appendices A.1 and A.2, 

along with part of the calculations needed in appendices B, C and D. 

1.1 Collision-induced absorption applications in as
trophysics 

CIA has been used to determine the composition of many stellar bodies and to study 

the force of interaction between colliding molecules. The rotational-vibrational bands 

of the CIA spectra of pure gases and gaseous mixtures such as H2 , H2-He and HTN2 

are of considerable interest in astrophysics, especially for spectral studies of planetan· 

atmospheres [36-42]. CIA provides the thermal opacity of the giant planets. Also. 

CIA is expected to have played a major role in the formation of these planets by 

controlling the rate of cooling of the protoplanetary material and the resultant con-

traction to their present sizes. CIA from H2 and N2 in Titan's atmosphere may be 
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primarliy responsible for the warm surface and the increase of atmospheric tempera

ture with depth. CIA is the major source of the infrared opacity of dense planetary 

atmospheres and cool stars. For more details about the role of CIA in planetary 

atmospheres, see Refs. [36, 41, 42] and the references therein. It is known that the H2 

molecule occupies a unique position in molecular physics because of its simplicity and 

suitability for both theoretical and experimental studies over a wide range of exper

imental conditions. Moreover, hydrogen is a major component of the outer planets 

and cool stars. 

1.2 Collision-induced absorption of H 2 

Researchers continue to study experimentally and theoretically the infrared spectra 

and the different bands of H2 and its isotopomers in the pure gases and in H2-foreign 

gas binary mixtures over a wide range of temperatures and pressures [36~47]. 

The CIA spectrum of H2 in the first overtone band in the pure gas was observed in 

1951 by Welsh et al. [6] who identified the spectrum as consisting of single vibrational 

transitions (6v = v'- v" = 2 +- 0) and double vibrational transitions wherein the 

transition 6v = 1 +- 0 occurs in each of the molecules in the pair. The first overtone 

band of H2 has been further investigated under different experimental conditions by 

Welsh and co-workers [48~51]. The CIA spectra of the first overtone band of H2 in 

H2-Ar and H2-N2 in the temperature range 85 - 116 K have been investigated by 

McKellar and Welsh [49]. Silvaggio et al. [52], Reddy and his collaborators [14, 53-

58] and McKellar [59] have been studying the fundamental, first and the second 

overtone bands of pure H2 and H2-foreign gases mixtures at different temperatures 

and pressures. McKellar and Clouter [21] studied the fundamental band of H2 and 
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D2 liquids in the regions 4000 to 5000 cm- 1 and 2900 to 3600 cm- 1 , respectively. 

Gustafsson et al. [45] reported the collision-induced absorption spectra of H2-H2 at 

temperatures of 297.5 K and 77.5 Kin the frequency range 1900 to 2260 cm- 1 at gas 

densities ranging from 51 to 610 amagat. McKellar [46, 47, 60] studied the infrared 

spectra of H2-Ar, HD-Ar, D2-Ar, C02-H2 , H2-Kr and D2-Kr. Enhancements of CIA 

spectra of the first overtone band of H2 in binary mixtures H2-Kr and H2-Xe at 

room temperature have been studied in our laboratory by Prasad et al. [57] for base 

densities of H2 in the range of 30 - 57 amagat and for partial densities of Kr and Xe 

in the range 50 - 250 amagat for each of Kr and Xe, and the binary, ternary and 

quarternary absorption coefficients of the band have been determined. The spectra 

were interpreted in terms of the quadrupolar induction mechanism. Also, Stamp et 

al. have investigated the first overtone CIA spectra of pure hydrogen at 77, 201 and 

295 K [58]. 

1.3 Collision-induced absorption of D 2 

The infrared spectrum of D2 induced by intermolecular forces has been studied under 

a variety of experimental conditions and many of its properties have been determined. 

CIA of the fundamental band of gaseous deuterium was investigated at room temper

ature up to 250 atm by Reddy and Cho [8] and at a density of 11 amagat in the range 

24 K to 77.3 K by Watanabe and Welsh [10, 61]. Soon after, the fundamental and the 

overtone bands of D2 and the binary mixtures of D2 were investigated under different 

experimental conditions by Reddy and co-workers [9, 11.12, 15 .. 55]. In addition. the 

same band was studied in D2-He, D2-Ar and D2-N2 at pressures up to 1200 atm at 

room temperature by Pai et al. [9]. Russell et. al. [12] studied the fundamental 
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band of D2 in D2-He and D2-Ne mixtures at 273 K, 195 K and 77 K at different 

densities. Recently Varghese et al. [62) studied the fundamental band of D2 in D2-N2 

and D2-CO mixtures. 

The CIA spectrum of D2 in the pure gas, D2-Ar and D2-:\' 2 binary mixtures in the 

first overtone band was investigated at room temperature by Reddy and Kuo [11], 

who identified the spectrum of D2-N2 as consisting of single transition quadrupolar 

lines Q2 (J) where J = 1, 2 and S2 (J) where J = 0 to 4, and double vibrational 

transitions Q1 ( J) of D2+Q1 ( J) of N2 and Q1 ( J) of D2+S 1 ( J) of N2. A special feature 

of the spectra was the absence of the isotropic overlap contribution. Enhancements 

of CIA spectra of the first overtone band of D2 in binary mixtures D2-N2 , D2-Ar, 

D2-Kr and D2-Xe at room temperature have been studied in our laboratory by Abu

Kharma et al. [63) for base densities of D2 in the range of 55 to 251 amagat and 

for partial densities of Ar, Kr and Xe in the range 46 to 384 amagat for each of N2, 

Ar, Kr and Xe. Binary, ternary and quaternary absorption coefficients of the band 

have been determined. The spectra of D2-N2 mixtures were interpreted in terms 

of the quadrupolar induction mechanism, and the observed spectra are formed by 

transitions of the following types: 

1. Q2(J) of D2+0o(J), Qo(J) and So(J) of N2, 

2. 02(J) of D2 +Q0 (J) of N2, 

3. S2(J) of D2+Q0 (J) of N2 , and 

4. X1 (J) of D2+X1(J) of N2 , where X is Q, 0 and S transition. 

The spectra of D2 mixed with rare gases are simpler and form only the following 13 

components: 0 2 (2), 0 2 (3), Q2(J) (J = 1 to 5) and S2(J) (J = 0 to 5) of D2 . 
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1.4 The present study 

In the present work the CIA spectra of the first overtone band of H2 in the binary 

mixtures of H2-N2 and H2-CO at room temperature were investigated for the first 

time. The first overtone band of pure D2 at 77 K, 201 K and at 298 K was studied, 

and the first overtone band of D2 in the binary mixtures of D2-N2 , D2-Ar, D2-Kr and 

D2-Xe at room temperature were also studied. 
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Chapter 2 

Experimental setup 

The infrared spectra of the collision-induced absorption of H2 in H2-N2 and H2-CO 

mixtures, pure D2 and binary mixtures D2-N2 , D2-Ar, D2-Kr and D2-Xe in the first 

overtone region were studied for total gas pressures up to 850 atm at room temper

ature. The experimental setup consisted of a 2 m transmission-type absorption cell, 

a high-pressure gas handling system, an infrared spectrometer and a microprocessor

controlled stepping motor. In the present chapter, a brief description of the apparatus, 

the experimental setup and the procedure will be presented. 

2.1 The absorption cell 

A two meter transmission-type absorption cell constructed of stainless steel was used 

to contain the experimental gases. It was designed for experiments at room temper

ature and at lower temperatures down to 77 K and at high pressures [55]. 

Several factors were taken into consideration in the design of the absorption cell. 

Firstly, high transmission was achieved by using a polished stainless steel light guide 

with an aperture 1.0 cmx0.5 em, which reduces the quantity of the gas needed. The 

cell withstood high pressures, up to 2.0x104 psi. Secondly, sapphire windows (2.54 

7 



em in diameter and 1 em thick) were used to transmit IRradiation and to withstand 

the high pressure inside the cell. Thirdly, frost on the windows at low temperatures 

was prevented by providing each window with a vacuum housing heated electrically. 

Fourthly, the stainless steel bellows Bi ( i = 1 to 2 ) were provided at each end of the 

cell to prevent the cracking of the cell due to the thermal contraction while cooling. 

Finally, the cell was insulated by evacuating chamber I around it; this also decreased 

the amount of coolant used in chamber II, see Fig. 2.1. 

A cross section of the cell is shown schematically in Fig. 2.1 and the construction 

details were described by Gillard [55]. The cell mainly consists of the cell body B, a 

two meter long stainless steel tube 7.63 em in diameter with a central bore of 2.54 

em. A polished stainless steel light guide L constructed in five sections with an outer 

diameter 2.54 em was inserted inside the central bore. Both the entrance and the exit 

windows W 1 are synthetic sapphire discs 1.0 em thick and 2.54 em in diameter. Both 

of them were cemented to stainless steel window seats S with aperture 1.02 em x 0.51 

em. Frosting of cell windows at temperature below room temperatures was prevented 

by providing each end of the cell with a vacuum housing 10 em long and 10.5 em in 

diameter. 

2.2 Gas handling system 

The gas-handling system used in the present investigation is shown schematically in 

Fig. 2.2. Ci ( i = 1 to 3 ) are thermal compressors made from stainless steel with 

different capacities, thus allowing higher pressures to be attained. These compressors 

withstood more than 1.5 x 104 psi. The compressors are used to increase the density 

of the gas in the cell to the required value in each step of the experiment. In order to 
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do so, the compressor C1 and the coil trap L1 were immersed in liquid nitrogen, while 

both of them were connected to the gas cylinder. The trap was used to eliminate 

traces of water vapour, carbon dioxide, or other impurities. Then, the cylinder valve 

and the valve between the trap and the compressor were closed, the compressor was 

allowed to warm up, and the gas was allowed into the cell. If more pressure was 

needed, two compressors were immersed in liquid nitrogen at the same time, the gas 

cylinder was opened to both of them, after closing the valve of the gas cylinder, one 

of them is warmed to room temperature while the second compressor is still in liquid 

nitrogen, after closing the valve between the two compressors, the last compressor 

was allowed to warm up, so the gas pressure was increased more than in the previous 

stage, to achieve higher pressure, the last step was repeated several times until the 

desired pressure was reached. The Aminco stainless steel fittings and capillary tubes 

were used to transfer the gas into the cell. These connections withstood pressures up 

to 6 x 104 psi, while the gas valves were suitable up to 3 x 104 psi. The pressure 

was measured with Ashcroft-type Bourdon tube gauges (G), which were calibrated 

against mirror test gauges, which in turn were calibrated with a dead-weight pressure 

gauges. The ultra high purity grade hydrogen and research grade nitrogen and carbon 

monoxide used in the experiments were supplied by Matheson of Canada Ltd .. 

2.3 Isothermal data of gases 

In the present experiments the density of H2 and D2 in amagat1 was obtained directly 

using the pressure-density calibration curves, Fig. 2.3 [64, 65]. The density of a gas 

expressed in amagat is directly related to the number density (i.e. the number of 

1 amagat is the ratio of the density at a given temperature and pressure to its density at standard 
temperature and pressure (S.T.P.) 
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molecules per unit volume). The partial densities of the component gases of a gas 

mixture (i.e. N2 , CO, Ar, Kr and Xe ) were calculated by an interpolation method 

described by Reddy and Cho [8]. The base density Pa of H2 or D2 was obtained directly 

as mentioned before. The partial density, Pb, of the foreign gas was determined by 

using the iteration of the following equation 

(2.3.1) 

where (3' = PV Pa is the approximate ratio of densities, p~ is the approximate density 

of the foreign gas which is obtained on the assumption that the partial pressures of 

the component gases of the mixture are additive. The quantities (Pa)p and (pb)p are 

the densities of H2 or D2 and the foreign gas, respectively at the total pressure of 

the mixture. The density at total pressure of N2 was taken from the isothermal data 

given in Refs. [66, 67] and for CO, Ar, Kr and Xe was taken from the isothermal data 

given in Refs. [68-71], respectively, see Figs. 2.4 and 2.5. 

2.4 Removal of water vapour from the optical path 

The atmospheric water vapour absorbs radiation in the region 8700-8900 cm- 1 which 

overlaps with the hydrogen spectra in the first overtone region 7500-9500 cm-1, and 

in the region 5250-5450 cm-1 which overlaps the higher wavelength wing of the first 

overtone band of deuterium 5500-7000 cm-1 . In order to remove the water vapour 

from the optical path of the radiation, the source and the spectrometer were housed 

in an airtight Plexiglas box as shown in Fig. 2.6. Dry nitrogen evaporating from a 

200 litre container of liquid nitrogen was flushed through the housing reducing the 

intensity of water vapour absorption to an acceptable and stable level during the 

experiment. 
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2.5 Spectral calibration 

The hydrogen and deuterium spectra were recorded as intensities versus drum number 

of the spectrometer. To convert the drum numbers into wave numbers (em~ 1) a least 

squares fit to a suitable order polynomial was determined. The emission lines of 

mercury (Hg) [72] and absorption peaks of atmospheric water vapour [73, 7 4] in the 

region of hydrogen and deuterium first overtone band were measured as a function of 

the drum reading, and the wave number was plotted against the drum reading which 

forms the calibration curve. 

2.6 The spectrometer and the optical system 

The optical setup is shown in Fig. 2.6. The source of continuous infrared radiation is a 

General Electric FF J. 600 W Quartzline projection lamp S enclosed in a water cooled 

brass jacket designed in our laboratory. The power for the lamp S was supplied 

by a Variac (W10MT3A Autotransformer supplied by General Radio USA). The 

output voltage of the Variac was stabilized by Sorensen Power Supply (AC Regulator 

ACRlOOO) which was adjusted at 90 volts and 4.1 amps to bring the signal to the 

required intensity. A concave M1 mirror was used to focus the radiation at the cell 

window; M2 also is a concave mirror used to focus the radiation at the entrance slit 

of the spectrometer. The radiation enters a Perkin-Elmer Model 112 double-pass 

prism spectrometer. The light beam is dispersed by an LiF prism, reflected back by 

a Littrow mirror to complete the first pass through the prism and brought to a focus. 

This light is chopped by a tuning fork chopper at 260 Hz and sent back through the 

prism for a second pass. The rotation of the Littrow mirror allows different frequencies 

of the second pass radiation to fall on the internal or the external uncooled PbS 
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detector. The rotation of the prism was controlled by the stepper driver built in the 

Memorial University Electrical workshop, with steps of 10 cm- 1
. The slit width was 

choosen according to the different experiments, for example in the H2-N2 and H2-CO 

experiments the slit width was maintained at 60 J.Jm, which gave a spectral resolution 

of 26 em - 1 at the origin of the first overtone band of H2 ( 8087 em - 1). 

2. 7 Signal detection 

The PbS detector is a photoconductive device whose resistance varies with the inci

dent light intensity upon its surface. The output voltage (signal) from the detector is 

proportional to the light intensity when it is supplied with a constant current. This 

signal is sent to a lock-in amplifier, SR510, supplied by Stanford Research System 

with a built-in preamplifier. The output signal is passed to a Dekavider, DV412, sup

plied by Electro-Measurement Inc. for attenuation. The attenuated signal was sent to 

a microprocessor-controlled analog-to-digital converter (ADC). The transmitted data 

from the ADC are stored and analyzed by the computer. For additional information 

the reader is refered to Ref. [75]. 

2.8 Procedure 

After checking the chopper, the stepper driver and the detector, the transmitted 

intensity through an empty cell was recorded as a function of the drum number 

using a Hg source. The known wavenumbers of the water vapour peaks and the 

emission lines of Hg were compared with the drum number, and subsequantly used to 

calibrate the experimental profiles. The source cooling system and the stability of the 

transmitted intensity of the IR source were then checked. The transmitted intensitv 
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from an empty cell was recorded against the drum number. The flushing with dry 

nitrogen causes the water vapour absorption to decrease. When the level of water 

vapour absorption has reached a minimum and was stable, a number of traces were 

recorded. This step was repeated once with the cell filled with the base gas (i.e. H2 

or D2), and a second time with the cell filled with the mixture (i.e. the base gas + 

the foreign gas). The number of traces needed to be averaged depends on the noise 

of the signal. The average of the traces was determined in each case. 

To study a pure gas spectrum, the profiles of the base gas is reduced from the 

profiles of the empty cell, then it is calibrated in the desired region of study. But in 

the case of a mixture, the profiles of the mixture were reduced from the profiles of 

the base gas. An example of this process is given in Fig. 2.7. 

13 



I 

s 
To vacuum 

c 

r 
! 

·ITo 1;cuum 

lz 
II 

L 

0 

Figure 2.1: A cross sectional view of one end of the absorption cell. B: the cell body, 1: polished light guide, Wi: sapphire 
window, R: 0 rings, I: a gas inlet of a stainless steel capillary tube, M: Aminco fitting, F: flange, Bi: Bellows, I 
(J1) and II (J2) chambers, where J1 is a vacuum jacket. 
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Figure 2.2: The gas handling system, where Ci represents thermal compressors, G's are the 
Ashcroft-type Bourdon tube gauges, g is the vacuum gauge, L's are the liquid 
nitrogen traps and the circles are gas valves. 
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Figure 2.3: The pressure-density calibration curves of H2 at 298 K and D2 at 77, 198 and 
298 K. 
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Figure 2.4: The density-pressure calibration curves of N2 and CO at 298 K. 

17 

700 



,......._ 
00 

8 ..... 
<':) 
'--' 
ll) ,_ 
::s 
00 
00 

~ 
0.. 

2500 ~----~------~------~----~------~------~----~ 

2000 

1500 

1000 

500 

200 400 
density (amagat) 

T = 298 K 

---Ar 
-Kr 
---xe 

600 

Figure 2.5: The pressure-density calibration curves of Ar, Kr and Xe at 298 K. 
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Figure 2.6: (a) A schematic diagram of the experimental setup. S: source of radiation, M1 and M2:spherical mirrors. (b) 
Path of the monochromatic radiation inside the spectrometer, S1 and S2: slits, M3 and M9 : parabolic mirror, 
M4: Littrow mirror, P: prism, M5, M5, M7 and Ms: plane mirrors, CH: tuning fork chopper, D: PbS detector, 
SM: stepping motor. 
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Figure 2.7: (a)- shows two traces: the black curve represents the average of the intensity 
versus the drum number of the spectrometer for the empty cell, while the red 
curve represents the base gas in this example H2; (b)- shows two traces, the 
black curve represents intensity versus the drum number for the base gas H2 

while the blue curve represents the mixture of H2 and N2 ; (c)- represents the 
reduced trace of the traces in b; (d)- the experimental profile. 
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Chapter 3 

Theory 

This chapter describes the theory used in the analysis in the present investigation. 

First, a theoretical description of the energy levels in the fundamental and the first 

overtone bands of H2 , D2 , N2 and CO is given. Then, the transition intensity corre

sponding to each possible transition is determined. After that, a brief description of 

the theory of collision-induced absorption is provided. Finally, the theory of the line 

shape function and the non-linear fitting of the experimental data is presented. 

3.1 Vibrational and rotational energy of levels 

The energy of the vibrational levels and the band centers in the ground electronic 

state 1 I;t were calculated using the vibrational term 

(3.1.1) 

where v is the vibrational quantum number, We is the vibrational frequency, WeXe, 

WeYe and WeZe are the anharmonicities and their values are given in Appendix A.l. 

The energy of the rotational levels in each vibrational state were calculated using the 

rotational term 

Fv(J) = BvJ(J + 1)- DvJ2(J + 1? + HvJ3(J + 1)3 + LvJ4 (J + 1)4 + · · · , (3.1.2) 
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where J is the rotational quantum number and Bv is a rotational constant of a 

molecule in level v which is given by 

B = B -a (v + ~) + '"V (v + ~) 
2 

+ r5 (v + ~) 
3 

+ · · · v e e 2 1e 2 e 2 ' (3.1.3) 

where ae, re and r5e are small constant terms that correct for the vibration-rotation 

interaction of a particular vibrational state ( Cte » re » be). Dv and Hu are the 

stretching constants ( Bv » Dv » Hv » Lv), and are represented by the following 

equations 

(3.1.4) 

where (f3e » Ee » A;e) and 

H = H - n (v + ~) + ( (v + ~) 
2 

+ t (v + ~) 
3 

+ · · · v e •1e 2 e 2 <,e 2 ' (3.1.5) 

(rte » (e »~e) where f3e, Ee, r5e, He, T/e, (e are small correction terms. The vibrational 

and rotational energy levels of pure H2 , D2 , N2 and CO in their ground electronic 

states were calculated using the molecular constants given by McKellar and Oka, and 

Huber and Herzberg [76, 77] and listed in Appendicies B.1, B.4 and B.5. While B.2 

and B.3 give the possible transitions in the fundamental and the first overonebands 

and their transitions frequencies, respectively. The molecular constants are listed in 

Appendix A.2. The 0 1(1) (t::.J = J'- J" =- 2), Q1(J)(t::.J = 0) and S1 (J)(t::.J = 2) 

transitions in the fundamental band were calculated using the following equation 

(where J' is the upper rotational state and J" is the lower rotational state, the 

subscript 1 means the transition from the lower vibrational level v" = 0 to the upper 

level v' = 1) 

vo,Q,s = ZJ1o + F~=l ( J') - F~'=o ( J"), (3.1.6) 
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where v10 = Q1(0) (in cm-1) is the fundamental band center. The transitions 0 1(0), 

Q1(1) and 81(1) can be determined by solving equations 3.1.2 to 3.1.6, the transition 

01 ( 1) is given by: 

vo = v1o + 2(E1 - 2D1 + 4Hl) + 1( -E0 - 3B1 + 12D1 - 36HI) 

+12
( -Eo+ E1 +Do- 13D1 + 66H1) + 13 (2D0 + 6D1- Ho- 63Hl) 

+14 (Do- D 1 - 3Ho + 33H1)- 315 (Ho + 3Hl) + 16
( -Ho + H1), (3.1.7) 

the Q1 ( 1) is given by: 

VQ = v1o+1(-Eo+E1)+12 (-Bo+B1+Do-D1) 

+13 (2Do - 2D1 - Ho + H1) + 14 (Do - D1 - 3Ho + 3HI) 

-315 (H0 - H1) + 16
( -H0 +HI), (3.1.8) 

and the 81 ( 1) is given by: 

vs = v10 + 6(B1 - 6D1 + 36H1) + 1(-E0 + 5B1 - 60D1 + 540HI) 

+12
( -E0 + E 1 +Do- 37D1 + 558HI) + 13 (2D0 - 10D1 - H0 + 305HI) 

+14 (Do- D1- 3Ho + 93H1)- 315 (Ho- 6H1) + 16
( -Ho +HI). (3.1.9) 

The possible transitions 01 ( 1)' Ql ( 1) and sl ( 1) for 1 = () to 5 in thP fundamental 

bands ofH2 and D2 were calculated using equations 3.1.7, 3.1.8 and 3.1.9 respectively: 

these values are listed in Appendix B.2. In the same manner the 0 2 (1), Q2 (1) and 

82 ( 1) (where the subscript 2 = .6v = v' - v") transitions in the first overtone band 

were determined using 

(3.1.10) 
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where v20 = Q2 (0) (in cm- 1
) is the center of the first overtone band. The transition 

02(1) is given by: 

vo = v2o + 2(E2- 2D2 + 4H2) + 1( -Eo- 3E2 + 12D2- 36H2) 

+12( -Eo+ E2 + D0 - 13D2 + 66H2) + 1 3 (2D0 + 6D2- H 0 - 63H2) 

+14 (Do- D2- 3Ho + 33H2)- 315 (H0 + 3H2) 

Q2 ( 1) is given by: 

vq = V2o + 1(-Eo + E2) + 12 (-Eo + E2 +Do- D2) 

+13 (2D0 - 2D2 - Ho + H2) + 1 4 (Do - D2 - 3Ho + 3H2) 

-315 (H0 - H2) + 16
( -Ho + H2), 

and 82 ( 1) is given by: 

(3.1.11) 

(3.1.12) 

2 3 +1 (-Eo+ E2 +Do- 37 D2 + 558H2) + 1 (2Do- 10D2- Ho + 305H2) 

+14(Do- D2- 3Ho + 93H2)- 315 (Ho- SH2) + 16
( -Ho + H2). (3.1.13) 

The possible transitions 0 2(1), Q2(1) and 82(1) in the first overtone bands of H2 

and D2 were calculated using equations 3.1.11, 3.1.12 and 3.1.13 respectively, and are 

listed in Appendix B.3. 

3.2 Induced dipole moments 

Symmetric diatomic molecules such as H2 , D2 and N 2 have no permanent electric-

dipole moments in their ground electronic states becuase of their charge symmetrv. 
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Figure 3.1: Coordinates in the two molecule system: r1 = rab, r2 = red, w1 = fh, <PI and 
W2 = fh,</Y2. 

Consequently, these molecules are forbidden to absorb or emit dipole radiation. How-

ever, transient electric dipole moments Mind can be induced in a pair or more of 

colliding molecules. Considering only the binary collisions, the total induced electri

cal dipole moment 1tind [22] of an interacting molecular-pair is represented by a sum 

of terms which has the form 

(3.2.1) 

where Mind is a function of the intermolecular separation R, internuclear separations 

r 1 and r 2 , and their orientations w1 (B1 , 4h), and w2 (B2 , ¢2 ) with respect to the z-axis 

chosen along R, see Fig. 3.1. The first term 1t ov is a short range electron-overlap 

induced moment. The induced dipole moment 1t ov contains an isotropic part directed 

along the z axis, i.e., the intermolecular axis, and an anisotropic part which can have 

any direction. 

(i) The isotropic part: 
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This part can be represented by an exp-7 model; a short range part varying exponen

tially with R together with a long range part an R-7 dispersion contribution. This 

contibutes to collision induced absorption of the fundamental bands and the second 

overtone bands. It is found that the isotropic overlap induction does not contributP 

to the first overtone CIA band. The rotational selection rule in this case is: 6.1 = 1' 

- 1" = 0, which gives rise to Qov transitions. 

(ii) Anisotropic part: 

This part can be represented by an exp-4 model; a short range part varying exponen

tially with R together with a long range part an R-4 contribution. This contributes 

to pure translational CIA spectra in the far infrared region and also contributes some 

intensity to the rotational and vibrational bands. The rotational selection rule is: 

6.1 = 1'- 1" = 0, ±2 giving rise to 0(6.1= -2), Q(6.1 = 0) and 8(6.1= 2) transi

tions. In the overlap induction mechanism, the model used is the exp-4 model which 

results from an adequate approximation, where the long-range part of the isotropic 

component and the short-range parts of the anisotropic components neglected. 

The second term pq in equation (3.2.1) is a long-range quadrupole-induced and 

angle-dependent moment varying as R-4 which results from the interactions of perma

nent molecular quadrupole moments i.e. the quadrupole induction mechanism, which 

are responsible for the 0, Q and S-branches. This term consists of two contributions: 

a) The first term arises from the isotropic component of the polarizability of a 

colliding pair of molecules, and contributes to the following transitions: 

Ot,.v(1) + Qo(1), Qt,.v(1) + Qo(1), St,.v(1) + Qo(1), Qt,.v(1) + Oo(1), 

Qt,.v(1) + So(1), Ot,.v(1) + Qt,.v(1), Qt,.v(1) + Qt,.v(1) and St,.v(1) + Qt,.v(1) . 

b) The second term arises from the anistropic component of the polarizability 
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which contributes a small amount to the previous transitions and gives rise to 

the transitions: St.v(J) + So(J) and St.v(J) + St.v(J) . 

The selection rule for these transitions is 6.J = J' - J" = 0, ±2. 

The third term jl h in equation (3.2.1) is an intermediate range hexadecapole-induced, 

and angle-dependent moment and is proportional to R-6
. The selection rule for these 

transitions is 6.J = J' - J" = 0, ±2, ±4, which gives rise to the Q, 0, S, M and 

U transitions respectively. This model of the induced dipole when combined with 

appropriate pair distribution functions allows the integrated absorption coefficient to 

be calculated and will be discussed in the following section. These induced electric 

dipole moments and the higher degree moments interact with the electromagnetic 

waves produced by an appropriate radiation source, so the colliding molecules absorb 

radiation in the near infra-red region (i.e. vibration-rotation region) as mentioned 

earlier. 

3.3 Absorption coefficients 

The intensity of radiation I(v) transmitted through a cell of length l filled with the 

absorbing gas is given by 

I(v) = Io(v)e-a.(v)l, (3.3.1) 

where I 0 (v) is the intensity of radiation transmitted through the empty cell and a(v) 

is the absorption coefficient at a given wave number v in (em -l). For binary gas 

mixtures, the intensity is given by 

(3.3.2) 
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where h (v) and !2 (v) are the intensities ofradiation transmitted by the cell containing 

the base gas of density Pa and the binary mixture of density (Pa + Pb), respectively, 

and O:en(v) is the enhancement absorption coefficient\ which can be expressed as 

O:en(v) = (1/l)ln[h(v)/I2(v)J. (3.3.3) 

The area of the enhancement absorption profiles gives the integrated absorption coeffi

cient J a(v)en dv for the band. The integrated absorption coefficient can be expanded 

in terms of the densities Pa and Pb as 

J O:en(v)dv = O:abPaPb + 0:2abP;Pb + O:a2bPaP~ 
(3.3.4) 

3 2 2 3 + 0:3a,bPaPb + 0:2a2bPaPb + O:a3bPaPb + · · · , 

Equation 3.3.4 can be rewritten in the form: 

[1/(PaPb)] J O:en(v)dv = [aab + 0:2abPa + 0:3abP; + · · ·] 
(3.3.5) 

+ [aa2b + 0:2a2bPa + · · ·]pb + O:a3bP~ + · · · ' 

where Pa is the base density and Pb is the density of the foreign gas in the mixture in 

amagat units. O:ab is the binary absorption coefficient resulting from collisions of the 

type a - b, and aa2b, and a 2ab are the ternary absorption coefficients resulting from 

collisions of the type a-b-b and a-a-b, respectively, and a3ab, a2a2b and O:a3b are the 

quarternary absorption coefficients resulting from collisions of the type a - a - a - b, 

a - a - b - b and a - b - b - b, respectively. To compare the experimental results 

with theoretical calculations it is more useful to use the absorption coefficient. The 

integrated dimensionless absorption coefficient can be represented by the following 

1 It is the additional absorption caused by the addition of the the perturbing gas to an absorption 
cell containing the base gas. 
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equation, 

(3.3.6) 

where e is the speed of light, and the absorption coefficient is given by 

(3.3.7) 

and n0 is Loschmidt's number2 (2.68676 x 1019 cm-3 ). The absorption coefficients 

- ( 6 1) - d - ( 9 1) d - - d - ( 12 1) l d O:ab em s- , 0:2ab an O:a2b em s- , an o:3ab, o:2a2b an O:a3b em s- , are re ate to 

(3.3.8) 

(3.3.9) 

(3.3.10) 

(3.3.11) 

(3.3.12) 

and 

_ ( ) _ ( e ) O:a3b ( V) 
O:a3b V - 4 _ , 

n0 v 
(3.3.13) 

where v is the the weighted mean wavenumber of the band and is given by 

(3.3.14) 

2 the number of molecules in 1 cm3 of an ideal gas at ooc and 1 atmosphere of pressure; Avogadro's 
number divided by 22,414. 
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3.4 The quadrupole-induced binary absorption co
efficients in CIA 

The basic theory of collision-induced absorption in gases has been developed by Van 

Kranendonk [22-27], with additional aspects given by Mizushima [78, 79], Poll, Hunt, 

Lewis and others [28, 32, 80-84]. A brief review of the theory is presented here. The 

integrated dimensionless absorption coefficient has been the focus of theoretical work; 

it is possible to calculate this and to compare it with the experimental results. The 

integrated binary absorption coefficient of a specific order Lth multipole-induced tran-

sition3 is given by (see Reddy [35]) 

Zhm(v) = (1/ p2
) J O:m;v) dv 

47r3e2 (ao)2L+l -
= 3hc n6ag ~ JLXLm, 

where the quantity XLm is given by 

and 

XLm = PhPh[C(JI L 1~;00) 2 < v1J1 I Q£ 1 I v;J~ >2 

X C(J2 0 J~; 00)2 < v2h I 0:2 I v~J~ >2 

+ C(J2 L J~; 00) 2 < v2J2 I Q£2 I v~J~ >2 

X C ( J1 0 J~; 00) 2 < VI J1 I 0:1 I V~ J~ > 2] + YLm, 

]L(T) = 47r(L + 1) 100 

x-2
(L+

2lg0 (x)x 2dx, 

(3.4.1) 

(3.4.2) 

(3.4.3) 

where x denotes the separation between the centers of mass of the colliding pair 

of molecules in atomic units, m indicates all the quantum numbers characterizing 

the transition, p is the gas density in amagat, e is the electron charge, n0 is the 

Loschmidt number, a0 is the Bohr radius, h is the Planck constant and c is the speed 

3 L takes values 2, 4, 6, etc. for quadropole 22 , hexadecapole 24 induction etc. 
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of light. The intermolecular potential V (x) can be fairly accurately represented by 

the Lennard-Jones 12-6 potential 

(3.4.4) 

where a is the intermolecular separation corresponding to V(a) = 0, x = R/a with 

R the intermolecular separation, and E the depth of the potential well. J L = lq 

represents the average dependence of the square of the induced dipole moment on R, 

and is expressed as 

lq(T) = 127!' 1 x-6g0 (x)dx; (3.4.5) 

g0 is the low density limit of the pair correlation function which in the classical limit 

is given by 

9o(x) = e-V(x)jkT. (3.4.6) 

The normalized Boltzmann factor is written as 

p - 9r(2J + 1)e-EJ/kT 

J - 'L-J 9r(2J + 1 )e-EJ/kT' 
(3.4.7) 

where 9T = 2T + 1 is the nuclear statistical weight, where 

T = 21, 2I- 1, · · · , 0. (3.4.8) 

Here I is the nuclear spin which equals to 1/2 for H2 and 1 for both N2 and D2 . Thus 

T = 1, 0 for H2 and T = 2, 1, 0 for N2 and D2 . Hence 9T = 1 and 3 for even and odd 

J for H2 , and 9T = 6 and 3 for even and odd J for N2 and D2 , respectively, and E1 

is the rotational energy 

E1 = Fv(l) X he, (3.4.9) 

where Fv ( J) is the rotational term value. Thus 

L P1: L P1 = 1: 3 for H2 and 2: 1 for N2 and D2 . (3.4.10) 
even J odd J 
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The squares of the Clebsch-Gordan coefficients are represented by the following equa-

tions: For the Q(t:.J = 0, L = 0) transitions 

1 2 {1 C(J 0 J; 00) = fJJJ' = 
0 

if J = J' 
(3.4.11) 

if J ¥ J' 

for the O(t:.J = -2, L = 2) transitions 

2 3J(J-1) 
C(J 2 [J- 2]; 00) = 2(2J- 1)(2J + 1)' (3.4.12) 

for the Q(t:.J = 0, L = 2) transitions 

2 J(J+1) 
C(J 2 J; 00) = (2J- 1)(2J + 3)' (3.4.13) 

and for the S(t:.J = 2, L = 2) transitions 

2 3(J+1)(J+2) 
C(J 2 [J + 2]; 00) = 2(2J + 1)(2J + 3). (3.4.14) 

The term YLm in equation (3.4.2) is small compared with XLm and this term accounts 

for the contribution of the anistropy of the polarizability to the L-pole transitions and 

is given by 

YLm Ph Ph [~C(J1LJ{; 00) 2C(J22J~; 00)2 < v1J1 I QL 1 I v~J{ >2 

x < v2J2 I 'Y2 I v;J~ >2 +~C(Jl2J{; oo?C(hLJ~; 00)2 < v2J2 I QL 2 I v;J~ >2 

X < v1J1I 'Y1I v~J{ >2 - 1~C(Jl2J{;00) 2C(J22J~;00) 2 < v1J1 I QL 1 I v~J{ > 

X < v2J2 I 'Y2 I v;J~ >< v2J2 I QL2 I v;J~ >< v1J1 I 'Y1 I v~J{ >], (3.4.15) 

where subscripts 1 and 2 refer to the two colliding molecules 1 and 2, vJ and v' J' 

are their initial and final vibrational and rotational quantum numbers; and (IQI), 
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(Ia!), (lrl) are the matrix elements of the 2L-pole induction, isotropic and anisotropic 

polarizability, respectively. These values for H2 and D2 were given by Hunt et al. 

[84]. Since the corresponding matrix elements for N2 and CO are not available. tlw 

(IQ2 1) and (la2 1) are assumed to be constants. The values of Q for N2 and CO are 

1.22 ea6 [25] and 1.272 ea6 [85], respectively, and those of a for N2 and CO are 11.8a6 

[86] and 13.2 a6 [87], respectively. Similarly, the corresponding matrix elements for 

Ar, Kr and Xe are also not available, and so the isotropic polarizability values for Ar, 

Kr and Xe, 11.1, 16.8 and 27.4 a~ [25], respectively, were used. 

3.5 Line shape functions 

The dimensionless absorption coefficient a(v) for the quadrupolar transitions at a 

wavenumber v of a band can be represented by [35] 

_ "" a~m Wq(~v) 
a(v = L..t 

) 1 + exp( -hc~v/kT)' 
m 

(3.5.1) 

where a~m is equal to twice the maximum absorption coefficient at the molecu

lar wavenumber Vm, Wq(~v) with ~v= v - Vm is the symmetric line shape func

tion of the quadrupolar line, while m represents a specific transition. The fac-

tor 1 + exp( -hc~v / kT) satisfies the detailed balance condition and converts the 

symmetrized line shape function Wq(L\v) into the observed Boltzmann-modified line 

shape. (see Fig 3.2). The simplest realistic approximation to Wq(~v) is 

(3.5.2) 

and cSq is the quadrupolar half-width at half-height. However, in the present analysis 

the Birnbaum-Cohen line shape function [30] was used because it gave an excellent 
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Figure 3.2: Symmetrized line shape function converts to asymmetric line shape function due 
to the parameter of 1 + exp( -hcllv jkT) in the denominator in equation (3.5.1) 
and 8 is the half-width at half-hight. 

fit of the calculated profile with the observed profile, including the wings. Equation 

(3.5.1) can be modified in terms of the Birnbaum-Cohen (BC) line shape function as 

(3.5.3) 
m 

where WqBC(~v) is given by 

(3.5.4) 
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where 

z = [1 + (~v/J,)']'/2 X [ G:) 2 + u::~) ']l/2, (3.5.5) 

The function K 1(z) is the modified Bessel function of the second kind of order L 

and 61 and 62 are the parameters of the line shape (or wavenumber parameters); 61 

controls the width of the line while 62 affects the wing of the line. These parameters 

are related to the characteristic times in the dipole moment correlation function by 

T1 = 1/(27rc61) and T2 = 1/(27rc62) respectively [35]. 

3.5.1 Fitting of the experimental profiles 

In order to fit the experimental profiles, the synthetic profiles should be calculated 

first. To calculate a synthetic profile, the Boltzmann factor is determined using equa-

tion (3.4.9), and the calculated values are listed in appendix C. Then, wavenumbers 

in cm-1 of all the possible transitions are calculated as mentioned in section 3.1 and 

3.2. Also, the binary absorption coefficient resulting from the quadrupole induction 

mechanism in the case under study is calculated using equation (3.4.1). The total 

BC line shape function is determined which is the synthetic profile using equation 

(3.5.3). Finally. the whole synthetic spectrum with appropriate values of 61 , 62 and a 

multiplication factor is used to fit the observed spectrum by a non linear least squares 

procedure. 
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Chapter 4 

Collision-induced first overtone 
band of H2 in binary mixtures 
H2-N2 and H2-CO 

Enhancement spectra of the collision-induced absorption of H2 in its first overtone 

region 7500 - 9500 cm- 1 in binary mixtures H2 - N2 and H2 - CO were studied at 

298 K for base densities of H2 in the range 89 - 145 amagat and for partial densities 

of N2 and CO in the range 19 - 392 amagat. The observed spectra confirm that 

the isotropic overlap induction is absent in the 2 - 0 band of H2 unlike in the CIA 

spectra of the fundamental band of H2 . Binary and ternary absorption coefficients 

were determined from the integrated absorption coefficients of the band. Enhance

ment absorption profiles of H2-N2 and H2-CO consist of a total of 434 components of 

quadrupolar double transitions. Profile analysis of the spectra was carried out using 

Birnbaum-Cohen line shape function for the individual components of the band and 

characteristic line shape parameters were determined from the analysis. 
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4.1 Introduction 

CIA in compressed gases 0 2 and N2 in their fundamental bands was first identified 

by Crawford et al. [3] in 1949. Subsequently many studies were performed on the 

CIA spectra of pure Hz, pure N2 and H2-N2 binary mixtures under different experi

mental conditions. H2 and Nz are major constituents of the atmospheres of several 

astronomical bodies such as Mars, methane dwarfs and some planetary satellites; for 

instance, Titan and Triton, the largest satellites of Saturn and Neptune, respectively. 

Reddy and Cho [8] studied the fundamental band of pure Nz and N2-H2 mixtures 

at room temperature for densities up to 318 amagat. The CIA spectra of the first 

overtone and the second overtone bands of pure Hz at 84.7 K and 85.3 K, and the 

first overtone band in an H2-N2 binary mixtures at 106.4 K for densities 7.6 (H2) 

and 14.4 (N2 ) amagat have been investigated by McKellar and Welsh [49]. Dore et 

al. [88] studied the rota-translational far infrared absorption spectra of HrN2 at 91 

K, 141 K, 165 K, 195 K and 298 K. New measurements were made by Codastefano 

and Dore [89] for the far infrared absorption of the H2-N2 gaseous mixtures at five 

different temperatures from 90 K to 298 K. McKellar [90] investigated the spectra of 

N2-H2 in the 4000 to 5000 cm-1 region. Stamp et al. [91] from our laboratory studied 

the spectra of double vibrational transitions H2 (v = 1 ~ O)+N2 (v = 1 ~ 0) in the 

H2-N2 binary mixtures in the spectral region 5900 to 7100 cm- 1 at 201 K and 298 K 

for partial densities of Hz and Nz in the range 60 to 400 and 100 to 350 amagat, re

spectively. Recently, Boissoles et al. [92] studied the CIA spectra of the fundamental 

band of H2 in the H2-N2 binary mixtures at room temperature at low pressures. In 

the present chapter the CIA spectra of the first overtone band in the region 7200 em 1 

to 9500 cm- 1 of H2 in binary mixtures H2-N2 and H2-CO are investigated at room 
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temperature. Unlike the enhancement spectra of H2-Kr or H2-Xe in the first overtone 

band studied by Prasad et al. [57] the present spectra consist of a large number of 

double transitions of H2 with N2 and CO which take part in the absorption process. 

The absorption profiles were analyzed using Birnbaum-Cohen line shape function [30] 

for all the double transitions 0 2 (2), Q2 (J) and S2 (J) for J = 0 to 3 of H2 with the 

orientational transitions Q0 (J) for J = 0 to 25 for N2 and CO arising exclusively from 

the quadrupolar-induction mechanism. 

4.2 Experimental details 

The experimental setup and procedure in genral is described in details in chapter 2 and 

will not be discussed here. A two-meter transmission-type stainless steel absorption 

cell was used to contain the gases. A General Electric FF J Quartzline lamp housed in 

a water-cooled brass jacket was used as a source of continuous infrared radiation. The 

spectrometer was equipped with a LiF prism, an uncooled PbS detector, and a 260 

Hz tuning fork chopper driven by a Micro-Controlled Stepper Driver. A slit width 

maintained at 60 /Jill gave a spectral resolution of 26 cm- 1 at 8087 cm-1, the origin 

of the first overtone band of H2. The entire optical path was boxed in a Plexiglas 

enclosure which was continuously flushed with dry nitrogen gas in order to decrease 

and maintain a constant level of water vapour absorption. Mercury emission lines and 

water vapour absorption peaks were used for calibration of the spectral region 7500 

- 9500 cm- 1
. Experiments were carried out with base densities of H2 in the range 89 

to 145 amagat, and the partial densities of N2/CO in the range 19 to 392 amagat, a 

summary of the experimental conditions is given in Table 4.1. The wavenumbers (in 

cm- 1) of the quadrupolar transitions were calculated from the molecular constants of 
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Table 4.1: Summary of experimental conditions. 

Base density Range of partial 
of H2 ( amagat) densities of N 2 ( amagat) 

89 51 - 349 
116 59- 328 
142 32- 275 

Base density Range of partial 
of H2 (amagat) densities of CO (amagat) 

89 35- 291 
119 39- 392 
145 19- 246 

H2 [93], N2 [94] and CO [77], the molecular constants and the calculated wavenumbers 

of the quadrupolar transitions are listed in Appendicies A and B. 

The base density Pa of H2 was obtained from a linear least squares fit to the P\'T 

data tabulated by McCarty et al. [95]. The isothermal data for N2 and CO were 

obtained from Michels et al. [67] and Hust et al. [68], see Figs. 2.3, 2.5 and 2.6. 

The partial densities Pb of N2 and CO in binary mixtures were calculated by the 

interpolation method described by Reddy and Cho [8]. For a given base density Po 

of H2 and a total density (Pa+Pb) of the gas mixture the enhancement absorption 

coefficient at a given wavenumber v(cm- 1) is expressed as 

O:en(v) = (1/l)ln[h(v)/I2(v)], ( 4.2.1) 

where lis the sample path length of the absorption cell, and h (v) and h (v) are the 

intensities transmitted by the cell containing the base gas and the binary mixture, 

respectively. Absorption profiles were obtained by plotting log10 [I1 (v)/h(v)] versus 

v. The areas of the enhancement absorption profiles give the integrated absorption 
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J Den(v)dv for the band. The average value of 17 for H2-N2 and H2-CO are 8284 ± 22 

cm-1 and 8267 ± 39 cm-1 , respectively. 

The normalized rotational Boltzmann factors P1 are given in the literature, the 

calculated values for H2 , N2 and CO are listed in Appendicies C.1 and C.2. The 

nuclear statistical weight gy which occurs in the expression for P1 is 1 and 3 for even 

and odd J for H2 , and 6 and 3 for even and odd J for N2 . The matrix elements (IQI), 

(lal) and (b) are the 2L-pole induction moment, the isotropic and the anisotropic 

polarizability, respectively, whose values for H2 were taken from Hunt et al. [84]. Since 

the corresponding matrix elements for N2 /CO are not available, the quadrupole and 

the isotropic polarizability values were used instead of the matrix elements. Those 

values are 1.22/1.272 ea6 [25, 85] and 11.8/13.2 a~ [86, 87], respectively. 

4.3 Absorption profiles and their analysis 

In the present investigation, the CIA spectra of H2 in H2 - N2 /CO binary mixtures 

were recorded at 298 K in the spectral region 7200 - 9500 em - 1 . The pure gas N 2 or 

CO does not exhibit any absorption in this region even at gas pressures up to 850 atm. 

Thus the spectra obtained were exclusively due to the H2-N2 or H2-CO interactions. 

Figure 4.1 shows plots of log10 (I1 (v)/I2 (v)) versus the wavenumber v(cm- 1 
), for three 

typical absorption profiles of the first overtone band of H2 in H2-N 2 mixtures at 298 

K. The base density of H2 is 116 amagat and partial densities of N2 are 213, 264 and 

328 amagat. The positions of the transitions 0 2 (2), Q2 (5) to Q2 (0) and S2 (0) to S2 ( 4) 

are marked along the wavenumber axis. The Q2 peak represents the superposition of 

all the Q transitions. It is clear from the profiles in Fig. 4.1 that the high wavenumber 

wing drops to zero giving a smooth tail, while the low wavenumber wing does not. 
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The discrepancy is due to the occurrence of the double vibrational transitions 81 ( J) 

of H2 + Q1 (J) of N2 , peak (5) in Fig. 4.2 does not drop to zero [91]. The profiles 

do not show any dip in the Q branch, unlike in the fundamental band of pure H2 . 

Similarly, Fig. 4.3 shows three enhancement absorption profiles for which the hasr 

density of H2 is 89 amagat and the partial densities of the CO are 135, 211 and 291 

amagat. Here, absorption in the tails is unperturbed at both ends of the profile, 

and again there is no sign of the dip in the Q region due to the absence of isotropic 
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overlap induction. These profiles also show similar peaks as in H2-N2 mixtures with 

small shifts due to the small difference between the rotational terms of N2 and CO. 

Although CO has a small permanent electric dipole moment, these profiles do not 

exhibit any difference from the previous ones for H2-N2 mixture. Figure 4.4 shows 

plots of (1/ PaPb) J D'.en(v)dv versus Pb for both H2-N2 and H2-CO mixtures for three 

different base densities of each. The plots give straight lines in both cases, with the 

intercepts representing D'.ab + a 2abPa + · · · and the slopes representing the ternary 

coefficients aa2b + · · ·, see equation (3.3.5). The coefficients D'.ab, a2ab and D'.a2b were 

calculated and are listed in Table 4.2. It can be seen that the ternary absorption 

coefficients are three orders of magnitude smaller compared to the binary absorption 

coefficients. The quadrupolar transitions which consist of 434 in number in the first 
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Table 4.2: Absorption coefficients of the first overtone band ofH2 in H2-N2 and H2-CO binary mixtures at room temperature. 

CIOab CIOab 002ab 002ab 00a2b 00a2b 

~ 
Mixture (em - 2amagat-2) (cm6 s-1) (cm-2amagat-3 ) (cm9s-1) (cm-2amagat- 3) (cm9s-1) 

C)1 x1o-5 x 1o-37 x1o-8 x 10-60 x10-8 X 10-60 

H2-N2 6.6 ± 0.3 3.3 ± 0.1 1.9 ± 0.1 3.5 ± 0.1 1.5 ± 0.1 2.8 ± 0.1 

H2-CO 9.2 ± 0.5 4.6 ± 0.1 -8.1 ± 0.1 -15.1 ± 0.1 -2.9 ± 0.3 -5.4 ± 0.1 



Table 4.3: Quadrupolar transitions of H2-N2 and H2-CO at 298 K. 

Transition J of J of Number of 
H2-N2/CO H2 N2/CO Components 

02(2) + Qo(J) 2 0- 25 26 
Q2(J) + Qo(J) 0- 3 0- 25 104 
S2(J) + Qo(J) 0- 3 0- 25 104 
Q2(J) + Oo(J) 0- 3 2- 25 96 
Q2(J) + So(J) 0- 3 0- 25 104 

Total number of components 434 

overtone band are listed in Table 4.3. The corresponding absorption coefficients were 

calculated from equation (3.4.1). Equation (3.5.3) was used to calculate the total 

synthetic profile. Examples of the profile analyses for H2-N 2 and H2-CO are shown in 

Figs. 4.5 and 4.6, respectively. Figure 4.5 represents the observed profile in solid line 

of H2 with Pa = 89 amagat and N2 with Pb = 332 amagat at room temperature. The 

dotted blue curves represent the computed individual double-transition quadrupole 

components, the summation of all these components gives the total synthetic profile; 

the dot-dashed curve is theoretical profile fitted except in the 0 region, due to the 

presence of the tail of the S1 ( J) of H2 + Q1 ( J) of N2 in this region and it is explained 

in Fig. 4.3. Similarly Fig. 4.6 represents the experimental profile of H2 with Pa = 

89 amagat and CO with Pb = 144 amagat at room temperature. The solid line is the 

experimental profile, the blue dot curves represent the individual quadrupole double 

transitions, the dot-dashed curve is theoretical profile fitted in all the region under 

study. Figure 4.7 shows an example of the lines appearing in Figs. 4.5 and 4.6. For 

example the transition S1 (1)+Q0 (J) in Fig. 4.5 consists of 26 components because J 

ofN2/CO = 0 to 25. Eight components 1=1 to 7 and J = 20 are shown in Fig. 4.7(a). 
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The summation of all the 26 components J=O to 25 which form the line S2 (1)+Q0 (J) 

is shown in Fig. 4.7(b). The component S2 (1)+Q0 (7) has the maximum intensity at 

298 K. A nonlinear least-squares fit was used to fit the experimental profiles. It can 

be seen that the agreement between the experimental profile and the synthetic profile 

in each case is excellent. In the H2-N2 binary mixtures the agreement is within 92% 

and this small discrepancy is due to the contribution arising from double vibrational 

transitions ofS1 (J) ofH2+Q1(J) ofN2 in the low frequency wing of the spectra [91]. 

In the H2-CO binary mixtures the agreement is within 99%. Although CO has a small 

permanent electric dipole moment, present analysis does not indicate any detectable 
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contribution from the electric dipolar induction mechanism in H2-CO mixtures. The 

average values of the parameters 61 and 62 of the line shape function for the best 

nonlinear fits for profiles of H2-N2 and H2-CO and the corresponding values of r 1 and 

r 2 are given in Table 4.4. 

Table 4.4: Birnbaum-Cohen line shape parameters for the first overtone band of H2 in H2-N2 
and H2-CO binary mixtures. 

Mixture Number 61 

of mixtures (cm- 1
) 

298 ± 13 5.8 ± 0.3 1.78 ± 0.08 

188 ± 5 5.6 ± 0.2 2.82 ± 0.08 

4.4 Conclusions 

The observed spectra confirm that the isotropic overlap induction mechanism is absent 

in the first overtone band of H2 unlike the CIA spectra of its fundamental band. A 

total number of 434 quadrupolar transitions contribute to the CIA of the first overtone 

band of H2 in each of H2-N2 and H2-CO. Excellent agreement was obtained between 

the experimental profiles and the synthetic profiles. The line shape parameters 61 , 

62, r 1 and r2 were determined. It is found that the ternary absorption coefficients 

are three orders of magnitude smaller than the binary absorption coefficients. Also, 

the present analysis does not indicate any detectable contribution of the permenent 

dipole of CO to the electric dipolar induction mechanism in H2-CO mixtures. 
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Chapter 5 

Collision-induced absorption in D2 
pairs in the first overtone band at 
77, 201 and 298 K 

CIA spectra of pure D2 in the first overtone region from 5250 to 7250 cm- 1 , recorded 

at 77, 201 and 298 K, have been analyzed. The observed spectra at 77 K, 201 K 

and 298 K were modeled by a total of 92, 214 and 267 components respectively of 

double vibrational transitions at room temperature of the type X2 (J)+X0 (J) and 

X1 (J)+X1 (J), where X is 0, Q or S transitions. Profile analyses of the spectra 

were carried out using the Birnbaum-Cohen line shape function for the individual 

components of the band, and characteristic line shape parameters were determined 

from the analysis. The observed and fitted profiles agree well over the whole ovrrtonr 

band, and the agreement is better than 97% in the three cases studied. Binary and 

ternary absorption coefficients were determined from the integrated absorption of the 

band. 
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5.1 Introduction 

CIA of the fundamental band of gaseous deuterium was originally studied by Reddy 

and Cho [8] and Watanabe and Welsh [61]. Later, the fundamental and the overtone 

bands of D2 and the binary mixtures of D2 were investigated under different exper

imental conditions by Reddy and co-workers [9, 11, 12, 15, 55]. The CIA spectra of 

D2 in the pure gas and D2-Ar and D2-N2 binary mixtures in the first overtone band 

were investigated also by Reddy and Kuo [11] who identified the spectrum of D2-D2 

as consisting of double transitions, where the major contribution to the intensity of 

the absorption profiles comes from the following double transitions Q1 ( J) +Q1 ( J), 

Q1 ( J) +81 ( J) and Q2 ( J) +So ( J). A special feature of the spectra was thr absence of 

the isotropic overlap contribution. Recently, the CIA spectrum of D2 in D2-N2 and 

D2-CO binary mixtures in the fundemental band were studied by Varghese et al. [62]. 

In the present chapter the investigation of the CIA spectra of the first overtone 

band of pure D2 at 77, 201 and 298 K is described; and the results obtained are 

compared with previous studies of both D2 and H2 in the 1st overtone region. The 

spectra of pure D2 at 298 K consist of a total 267 components of double vibrational 

transitions of the type X2 (J)+X0 (J) and the type X1 (J)+X1 (J), where X is 0, Q or 

S transition, while it decreases to 92 components at 77 K. The possible combinations 

of these transitions are listed in Table 5.1. The absorption profiles were analyzed 

using BC line shape function [30] for all the possible transitions arising from the 

quadrupolar-induction mechanism. 
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c.n 
c..v 

Table 5.1: The possible quadrupolar transitions of pure D2 at 298 K. 

Transition J of the J of the Number of 
first molecule second molecule Componentsa 

02(J) + Qo(J) 2- 5 0- 5 24 
Q2(J) + Qo(J)b 0- 5 0- 5 35 
S2(J) + Qo(J) 0-5 0- 5 36 
Q2(J)+ So(J) 0- 5 0-5 36 
S2(J) + So(J) 0- 4 0- 4 25 

Number of transitions 156 
01 (2) + 01 (2) 2 2 1 
01 (J) + Q1 (J) 2- 5 0- 5 24 
o1 ( J) + s1 (J) 2- 4 0- 4 15 
Ql(J) + Ql(J) 0- 5 0- 5 20 
Q1(J) + S1(J) 0- 5 0- 5 36 
S1(J) +S1(J) 0- 4 0- 4 15 

Number of transitions 111 
Total Number of Components 267 

aThe number of components given here is for the room temperature case, this number decreases with decreasing temperature. 
6Q2 (0) + Q0 (0) is forbidden transition 



5.2 Experimental details 

The description of the experimental setup used for this study was already given in 

Chapter 2. A brief description of the experiment is given. A slit width maintained 

at 60 pm gave a spectral resolution of 12.5 cm- 1 at 5868 cm- 1, the origin of the first 

overtone band of D2. Mercury emission lines and water vapour absorption peaks were 

used for calibration of the spectral region 5250- 7250 cm-1. Experiments were carried 

out with densities in the range 118-450 amagat of D 2 . The wave numbers ( cm- 1
) of the 

quadrupolar transitions in Appendix B were calculated from the molecular constants 

of D2 [77], (Appendix A.2). The densities p of D2 at temperature 201 K and 298 K 

were obtained from a linear least squares fit to the PVT data tabulated by A. Michels 

et al [64], see Fig. 2.3, while p at 77 K was obtained from a plot of the difference in 

pressure of H2 and D2 against density at 77, 123, 273 and 358 K. ( see Ref. [55]). 

For a given density p of D2 the absorption coefficient at a given wavenumber 

v (em - 1 ) is expressed as 

a(v) = (1/l)ln[I0 (v)/I(v)], (5.2.1) 

where lis the sample path length of the absorption cell, and I0 (v) and I(v) are the 

intensities transmitted by the empty cell and the cell containing the gas, respectively. 

Absorption profiles were obtained by plotting log10 [I0 (v)/ I(v)] versus v. The areas 

of the enhancement absorption profiles gave the integrated absorption J a(v)dv for 

the band and it is given by 

J a(v)dv = a 1p2 + a 2p3 + · · · , (5.2.2) 

which can be rewritten in the form 

(1/ p2
) J a(v)dv = a1 + a2p + · · · , 
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where p is the density of D2 in amagat units, a 1 is the binary absorption coefficient 

resulting from binary collisions, and a 2 is the ternary absorption coefficient resulting 

from ternary collisions. The average value of lJ (equation (3.3.14) ) for D2 first over

tone band is 6130 ± 7 cm-1, 6114 ± 4 cm- 1 and 6104 ± 11 cm- 1 at 77, 201 and 298 

K, respectively. The quantity 9T in equation (3.4. 7) is the nuclear statistical weight, 

9r = 6 and 3 for even and odd J for D2 . In equations (3.4.2) and (3.4.15) subscripts 

1 and 2 refer to the two colliding molecules 1 and 2, vJ and v' J' are their initial 

and final vibrational and rotational quantum numbers, and (IQI), (Ia!) and (irl) are 

the matrix elements of the 2£-pole inducting moment, isotropic polarizability and 

anisotropic polarizability respectively. These values for D2 were given by Hunt et al. 

[84]. 

5.3 Analysis of the absorption profiles 

In the present investigation the CIA spectra of the transitions of D2 (~v = 2 +--- 0) 

+ D2 (J' +--- J") and D2 (~v = 1 +--- 0) + D2 (~v = 1 +--- 0) were recorded at 77, 

201 and 298 Kin the spectral region 5250- 7250 cm-1 . Figures 5.1, 5.2 and 5.3 show 

plots of log10 (I0 (v)/I(v)) versus the wavenumber v(cm- 1), for three representative 

absorption profiles of the first overtone band of D2 at 77, 201 and 298 K respectively. 

The positions of the transitions 0 2 (3), 0 2 (2), Q2 (5) to Q2 (0) and S2 (0) to S2 (..J) arc 

marked along the wavenumber axis. The main feature of these profiles is the absence 

of the dip in the Q branch unlike in the fundamental band of pure D2 . Observed 

absorption peaks of the profiles in these figures are marked with identification num

bers. There are four strong broad peaks numbered from 3 to 6, these peaks become 

narrower with decreasing temperature because the relative translational energy of the 
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colliding pair is smaller at lower temperature and hence the collision duration is rel

atively large. Also the intensity of peak number 5 increases rapidly with decreasing 

temperature, this was also observed by Gillard [55]. It is clear that none of these peaks 

correspond to any of the calculated single transitions. These peaks can be interpreted 

as a superposition of two profiles, namely, a transition of the type X 2(l)+X0 (J) and 

the second of the type X 1 (J)+X1(J), where X is O(b..J = -2), Q(b..J = 0) or S(b..J 

= 2). All such combinations are listed in Table 5.1. For example peak four in Fig. 5.1 

is formed from the following transitions: Q1(J)+Q1(J), 81 (1)+01(1), Q2(J)+Qo(l), 

Q2(J)+S0 (0) and S2(0)+Q0 (J). While peak five is formed of the following transitions: 

S1 (0)+Q1(J), Q2(J)+S0 (1) S2(1)+Q0 (J). Watanabe [51] used a similar method to 

analyze the first overtone band of H2 . Watanabe mentioned that each of the colliding 

molecules simultaneously undergoes a vibrational or vibrational-orientational transi

tion of identical energy. Figure 5.4 shows three plots of (1/ p2
) J a(v)dv versus p at 

77, 201 and 298 K, which were used to calculate the absorption coefficients. The plots 

give straight lines, with the intercept representing the binary absorption coefficient 

a 1 and the slope representing the ternary absorption coefficient a 2 . These coefficients 

a 1 and a 2 were determined and listed in Table 5.2 and were smaller than the corre

sponding values determined for H2 at the same temperatures. It can be seen that the 

ternary absorption coefficients are four orders of magnitude smaller than the binary 

absorption coefficients, so their contribution to the absorption band is very small at 

the densities studied here. This result is also clear in the H2 case. The possible transi

tions in the region of study 5250 to 7250 cm- 1 with considerable intensity are listed in 

Table 5.1. Theoretical profiles were calculated using the same method used in Chapter 

4 and described in Chapter 3. Examples of the comparison between the experimental 
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Table 5.2: Absorption coefficients of the first overtone band of pure D2 and pure H2 at different temperatures. 

CYt CYt 

Gas Temperature (K) ( cm-2amagat-2) (cm6s-1) 

x1o-s X 10-37 

D2 77 1.50 ± o.o5c 1.02 ± 0.03 
D2 201 1.88 ± 0.05 1.28 ± 0.03 
D2 298 1.93 ± 0.03 1.31 ± 0.02 
D2 298 2.10 ± 0.07d 1.43d 

H2 77 4.31 ± o.o9e 2.1e 

H2 80 3.51 -

H2 201 4.99 ± o.o8e 2.44 e 

H2 295 5.8±0.1e1 2.86e 

H2 300 6.21 -

aExperimC'ntal results from Ref. [55], the third value at 295 K. 
&Theoretical calculations from Ref. [55]. 
cThe errors quoted are standard deviations. 
dFrom Ref. [11]. 
eFrorn Ref. [96]. 
!From Ref. [6]. 

a a 
1 a~ ();2 ();2 

(cm6s-1) (cm6s-1 ) (cm-2amagat-3) (cm9s-1) 

x 10-37 X 10-37 xl0-9 x 10-60 

1.04 1.17 0.73 ± 0.20 0.18 ± 0.09 
1.27 1.24 3.6 ± 1.4 0.91 ± 0.04 
1.18 1.30 9 ± 1 2.2 ± 0.1 

- - -

- - -.03 ± 0.3e --

- - - -

- 1.9 ± 0.3e -

- - 1.2 ± 0.3a -

- - - -



and the theoretical profiles at 77, 201 and 298 K are shown in Figs. 5.5, 5.6 and 5.7, 

respectively. It can be seen that the theoretical profiles agree very well with the ex

perimental profiles, and the agreement is better than 97% in the three cases. Figure 

5.5 shows the experimental profile of 358 amagat at 77 K which is representrcl bv 

the circle symbol [55]. The dashed curve represents the computed double-transition 

quadrupolar components D2 ( v' = 2, J' +- v = 0, J) + D2 ( v' = 0, J' +- v = 0, J), the 

dot curve represents the computed individual double-transition quadrupolar compo

nents D2 (v' = 1, J' +- v = 0, J) + D2 (v' = 1, J' +- v = 0, J) and the solid curve 

is the summation of these, i.e., the total synthetic profile. The average values of 

the parameters 81 , 82 , T1 and T2 of the line shape function for the best fits for the 

profiles were determined and are given in Table 5.3. This table shows that the per

centage of the contribution of the vibration - vibration transition ( v' = 1 +- v = 0) 

+ ( v' = 1 +- v = 0) of the two colliding molecules increases as the temperature 

increases, while the percentage of the contribution of the vibration - rotation and 

vibration - orientation ( v' = 2 +- v = 0) + ( v' = 0 +- v = 0) decreases as the tern per

ature increases. The percentage ofthe contribution ofX1(J)+X1(J) to X2 (J)+X0 (J) 

is 65% to 35%, 69% to 31%, and 72% to 28 % at 77, 201 and 298 K, respectively. 

Finally Fig. 5.8 shows that 81 the halfwidth parameter is proportional to the square 

root of temperature. 

5.4 Conclusions 

The observed spectra confirm that the isotropic overlap induction mechanism is absent 

in the first overtone band of pure D2 unlike in the CIA spectra of the fundamental band 

of D2 . They are formed of 267 quadrupolar transitions of the types X2(J)+X0 (J) and 
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Table 5.3: Birnbaum-Cohen line shape parameters for the first overtone band of pure D2 at different temperatures. 

Temperature Transition Percentage Number 
of profiles 

x1 + xt 65 13 
77 K X2 + Xo 35 13 

theory jexp.c 97 13 
x1 + x1 69 16 

201 K X2 + Xo 31 16 
theory/ exp. c 98 16 

x1 + x1 72 22 
298 K X2 + Xo 28 22 

theory jexp.c 99 22 

aT; = 1/(27rcJ;). 
bX could be 0, Q or S transition. 
cThe theoretical to experimental ratio of the fitted area. 
dThe errors listed are standard deviations. 

<h 62 Ta 1 T.a 2 
(cm-1) (cm-1) (10- 14s) (lo-14s) 

33.6 ± 0.8d 88± 5 15.8 ± 0.4 6.0 ± 0.3 

61 ± 1 150 ± 7 8.7±0.1 3.5 ± 0.2 

83 ± 2 170 ± 10 6.4 ± 0.2 3.1 ± 0.2 
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Figure 5.8: A plot of the halfwidth parameter 81 (cm-1) versus V'f'. The error bars represent 
the maximum experimental deviations. 

X1 (J)+X1(J), respectively, where X represents O(D.J = J'- J" = -2), Q(D.J = 0) 

or S(D..J = 2) transitions, at room temperature. The synthetic profiles agree well 

with the experimental profiles within 97%. The line shape fitting parameters 61 , 62 , 

r 1 and r 2 were determined. The absorption coefficients were determined and the effect 

of the ternary collisions is found to be smaller than the effect of the binary collisions. 

67 



Chapter 6 

Analysis of the CIA spectra of the 
first overtone band of D2 in D2-N2 

Enhancement spectra of the CIA in the first overtone region 5000 to 7000 cm- 1 of 

D2 in D2 - N2 were studied at 298 K for a base density of D2 of 73 amagat and for 

partial densities of N2 in the range 150 - 370 amagat. The observed spectra were 

modeled with a total of 1176 components of double vibrational transitions. Binary 

and ternary absorption coefficients were determined from the integrated absorption 

of the band. Profile analysis of the spectra was carried out using the BC line shape 

function for the individual components of the band, and characteristic line shape pa

rameters were determined from the analysis. Good agreement was obtained between 

the experimental and calculated spectral profiles. 

6.1 Introduction 

Collision-induced absorption of the fundamental band of gaseous deuterium was stud

ied by Reddy and Cho [8] and Watanabe and Welsh [61]. Soon after, the fundamen-

tal and the 1st overtone bands of D2 and binary mixtures of D2 with foreign gases 

were investigated under different experimental conditions by Reddy and co-workers 
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[9, 11, 12, 15, 62]. The CIA spectrum of D2 in the pure gas and in D2-Ar and D2-N2 bi

nary mixtures in the first overtone band was investigated also by Reddy et al. [11] who 

identified the enhancement spectrum of D2-N2 as consisting of Q2(J) of D2 + S0 (J) 

ofN2, Q1(J) ofD2+Q1(J) ofN2 and Q1 (J) ofD2+S 1(J) ofN2 . Recently Varghese 

et al. [62] studied the fundamental band of D2 in D2-N2 and D2-CO mixtures. 

In the present chapter the CIA spectra of the first overtone band of D2 in D2-N2 

mixtures were investigated at room temperature. The calculated spectra consist of 

1176 components of double vibrational transitions of D2 (6v = 2) + N2 (6v = 0) 

and D2 (6v = 1) + N2 (6v=1). The Birnbaum-Cohen line shape function was used 

in the analysis of the absorption profile [30]. 

6.2 Experimental details 

The experimental details were discussed in chapter 2. In this work, a slit width 

maintained at 60 !Jill gave a spectral resolution of 12.5 cm- 1 at 5868 cm- 1
• the 

origin of the first overtone band of D2. Mercury emission lines and water vapour 

absorption peaks were used for the calibration of the spectral region 5000 - 7000 

cm-1
. Experiments were carried out with a base density of 73 amagat of D2 , and 

partial densities of N2 in the range 151 to 341 amagat. The wave numbers (cm- 1
) of 

the quadrupolar transitions were calculated from the molecular constants of D2 [77] 

and N2 [94], Appendix B. 

The base density Pa of D2 was obtained from a linear least squares fit to its PVT 

data given by A. Michels et al. [64], Fig. 2.3. The isothermal data for N2 was 

obtained from Michels et al. [67], Fig. 2.4. The partial densities Pb of N2 in binary 

mixtures were calculated by the interpolation method described by Reddy and Cho 
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[8], see the previous chapters. The average value of v for D2-N2 overtone band is 5902 

± 13 em - 1
. The normalized Boltzmann factor is 

p - 9r(2J + 1)e-EJ/kT 
J- 'EJ 9r(2J + 1)e-EJ/kT' 

(6.2.1) 

where 9r is the nuclear statistical weight, 9T = 6 and 3 for even and odd J for hot h D.2 

and N2 and E1 is the rotational energy. (IQI), (lal) and (hi) are the matrix elements 

of the 2£-pole induction, isotropic and anisotropic polarizability, respectively. These 

values for D2 were given by Hunt et al. [84]. The quadrupole and the isotropic 

polarizability values for N2 were set to 1.22 ea6 [25] and 11.8 ag [86], respectively, as 

the J dependence of quantities are not available. 

6.3 Absorption profiles and their analysis 

In the present investigation the CIA spectra of the transitions D2 ( v = 2 +--- 0) + 

N2 (~v = 0 ) and D2 ( v = 1 +--- 0) + N2 ( v = 1 +--- 0 ) binary mixtures were 

recorded at 298 K in the spectral region 5000 - 7000 em - 1 . The pure gas N 2 does 

not exhibit any detected absorption in this region at gas pressures up to 850 atm. 

Figure 6.1 shows plots oflog10 (h(v)/I2 (v)) versus the wavenumber v(cm- 1), for three 

absorption profiles of the first overtone band of D2 in the D2-N2 mixtures at 298 K. 

The base density of D2 is 73 amagat with partial densities of N2 are 234, 300 and 369 

amagat. The positions of the transitions 0 2 (3), 0 2 (2), Q2 (5) to Q2(1) and S2 (0) to 

82 (5) are marked along the wavenumber axis. The profiles do not show any dip in 

the Q branch. The main feature is the high peak in the Q region, which results from 

the combination of all the Q2 (J) transitions, with a resulting weak peak at 82 (1) and 

a pronounced peak at 82 (2). Equation (3.3.4) can be rewritten by dividing with PaPb 
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Figure 6.1: Three typical enhancement absorption profiles of the first overtone band of D2 

in D2-N2 mixtures at 298 K. 

as 

(1/(PaPb)) J O:en(v)dv = (aab + 0:2abPa) + O:a2bPb· (6.3.1) 

Figure 6.2 shows a plot of (1/ PaPb) J O:en(v)dv versus Pb for D2-N2 mixtures. The 

plot gives a straight line, with the intercept representing O:ab+a2abPa and the slope 

representing the ternary coefficient aa2b. The coefficients O:ab and aa2b were determined 

and listed in Table 6.1, these values agree with the results obtained by Reddy and 

Kuo [11]. It can be seen that the ternary absorption coefficients are three orders 
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Figure 6.2: Plots of (1/ PaPb) J aen(v)dv against Pb for the first overtone band of D2 at 298 
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of magnitude smaller compared to the binary absorption coefficients. The possible 

transitions in the region of study 5000 to 7000 cm-1 with considerable intensity (v'=2 

+- v=O) and (v'=l +- v=O) are listed in Table 6.2. The corresponding transition 

intensities calculated using equation (3.4.1) were used in equation (3.5.3) to calculate 

the fitted profile. An example of the comparison between the experimental and the 

calculated profile is shown in Fig. 6.3 The total synthetic profile is formed of two 

major parts and represented by the dot-dashed curve: the first one is the sum of the 

computed vibrational rotational transition components of D2 (.6.v = 2) + N2 (.6.v = 0) 

and represented by the open-circle symbols. The individual components are 0 2 (J), 

Q2(J) and S2(J) of D2 + 0 0(J), Q0(J) and S0(J) of N2 and listed in Table 6.2. 
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Table 6.1: Absorption coefficients of the first overtone band of D2 in D2-N2 binary mixtures 
at room temperature. 

Binary absorption coefficient Ternary absorption coefficient 

O:ab O:ab O:a2b O:a2b 

(cm-2amagat- 2) (cm6s-1) (cm-2amagat- 3) ( cm9 s- 1 ) 

x10-5 X 10-37 x10-s X 10-60 

1.9 ± 0.2 1.34 ± 0.11 1.7 ± 0.2 4.45 ± 0.12 
1.81 ± 0.07 [11] 1.26 [11] < 10-7 [11] -

The second part is the sum of the computed double vibrational transition campo-

by the square symbols, the total number of the different transitions which were cal-

culated to give the total theoretical profile is 1176. It can be seen that the synthetic 

profile fits very well with the experimental profile and the area agrees within 98%. 

The average values of the parameters 01 , o2 , 7 1 and 7 2 of the line shape function for 

the best fits for profiles were determined and are given in Table 6.3. 

6.4 Conclusions 

The observed spectra confirm that the isotropic overlap induction mechanism is absent 

in the first overtone band of D2 unlike the CIA spectra of the fundamental band of 

D2 . It is formed from 1176 quadrupolar transitions in the binary mixtures D2 - ~2 . 

Synthetic profiles agree well with the experimental profiles. The line shape parameters 

of the BC line shape function 01 and 02 were determined. The absorption coefficients 

were calculated and the ternary absorption found to be three orders of magnitude 

smaller than the binary absorption coefficient. 
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Table 6.2: The possible quadrupolar transitions of D2 + N2 at 298 K. 

II D2 + N2 transition J of D2 J of N2 Number of Components 
Double transitions with orientational transitions in N 2 ( 0 0 ( J), Q0 ( J) and S0 ( J)) 

02(J)+Qo(J) 2-3 0-25 52 
Q2(J) + 0 0 (J) 1- 4 2 -25 96 
Q2(J) + Qo(J) 1- 4 0- 25 104 
Q2 (J) + S0 (J) 1- 4 0- 25 104 
S2(J) + So(J) 0- 5 0- 25 156 

Double vibrational transitions Ol(J), Q 1 (J) and S1 (J) of D2 + 0 1 (J), Q 1 (J) and S1 (J) of N? -
01(J) + Q1(J) 2- 3 0- 25 52 

Q1(J) + Q1(J) 0- 5 0- 25 156 
S1(J) + Q1(J) 0- 5 0- 25 156 
Q1(J) + 01(J) 0- 5 2- 25 144 
Q1(J) + S1(J) 0- 5 0- 25 156 

.. 
Total number of trans1twns 1176 

Table 6.3: Birnbaum-Cohen line shape parameters for the first overtone band of D2 in D2-N2 
binary mixtures. 

Number 61 62 T1 T2 
ofmixtures (cm- 1) (cm- 1) (10- 14s) (lo- 14s) 

16 74 ± 2 178 ± 9 7.2 ± 0.2 3.0 ± 0.2 
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Chapter 7 

Collision-induced first overtone 
band of D2 in binary mixtures 
D2-X, X == Ar, Kr or Xe 

Enhancement spectra of the collision induced absorption in the first overtone region 

5500 to 6750 cm- 1 of D2 in the D2-Ar, D2-Kr and D2-Xe binary mixtures were studied 

at 298 K for base densities of D2 in the range 55 to 251 amagat and for partial densities 

of Ar, Kr and Xe in the range 46 to 384 amagat. The observed spectra consist of the 

following quadrupolar transitions: 0 2 (3), 0 2 (2), Q2 (J), J = 1 to 5 and S2 (J), J = 

0 to 5 of D2 . Binary and ternary absorption coefficients were determined from the 

integrated absorption coefficients of the band. Profile analyses of the spectra were 

carried out using the BC line shape function and characteristic line shape parameters 

were determined from the analyses. 

7.1 Introduction 

D2 and noble gases are not active in the infrared region of the spectrum on their 

own. However, such molecules give rise to CIA due to transient electric moments 

induced in them by intermolecular interactions [1]. CIA of the fundamental and 
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the overtone bands of gaseous D2 and D2-foreign gas mixtures were studied at dif

ferent experimental conditions by Reddy and coworkers [8, 9, 11, 12, 15, 62, 63]. The 

collision-induced fundamental infrared absorption band of D2 was studied in D2-He 

and D2-Ar at pressures up to 1200 atm at 298 K [9]. Then, the CIA spectrum of 

D2-Ar in the first overtone band was investigated also at room temperature by Reddy 

et al. [11] who found that the enhancement absorption profiles show only single tran

sition quadrupolar lines ~v = 2+--0. Soon after, Russell et al. [12] investigated the 

collision-induced fundamental band of D2 in D2-He and D2-Ne mixtures at different 

temperatures. Recently, Varghese et al. [62] investigated the fundamental band of D2 

in D2-N2 and D2-CO mixtures and Abu-Kharma et al. [63] studied the CIA spectra 

of the first overtone band of D2 in D2-N2 at room temperature. Also, Buontempo 

et al. [97] studied the induced rototranslational absorption spectra of D2 dissolved 

in Ar at 164 K at different densities up to 500 amagat [98]. New measurements and 

analysis were carried out by the same authors at 165 K and at different densities 

up to 650 amagat. The rototranslational absorption spectra of D2 in D2-He at 92 K 

were studied at different densities and different D2 concentrations by Buontempo and 

Maselli [99]. 

In the present chapter the CIA spectra of the first overtone band of D2 in the 

binary mixtures of D2-Ar, D2-Kr or D2-Xe at room temperature and at different 

densities were investigated. The BC line shape function was used in the analysis of the 

absorption profiles. The enhancement spectra consist of double vibrational transitions 

of D2 (~v = 2)+X(~v = 0), where X is Ar, Kr and Xe. The experimental procedure 

and the analysis of the enhancement profiles used in the present study are similar to 

those used in the previous chapters. In this study slit widths of 50/60/70 ILm were 
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used, which gave spectral resolutions of 11/12.5/14 cm-1 at 5868 cm-1, the origin of 

the first overtone band of D2 . The calibration of the spectrum in the region 5500 - 6750 

cm-1 was performed using mercury emission lines and water vapour absorption peaks. 

Experiments were carried out with base densities of D2 in the range 55 to 251 amagat. 

and the partial densities of Ar, Kr and Xe in the range 46 to 303 amagat. A summan 

of the experimental conditions under which these spectra were recorded is given in 

Table 7.1. The wavenumbers (em - 1
) of the quadrupolar transitions were calculated 

Table 7.1: Summary of the experimental conditions, temperature = 298 K, the absorption 
path length 185.5 em and slit width of the spectrometer 50 to 70f.Lm. 

Range of partial densities of Base density of D2 

(amagat) (amagat) 

118- 303 120 
Ar 137- 242 214 

57- 227 251 
Kr 89 - 357 78 

46- 384 119 
196 - 244 55 

Xe 200- 235 61 
195 -215 63 
146- 237 73 

from the molecular constants of D2 [77] (Appendix A.2). The base density Pa of D2 

was obtained from a linear least squares fit to the PVT data tabulated by A. l\Iichels 

et al. [64] (Fig. 2.3). The isothermal data for Ar, Xe were obtained from Michels et al. 

[69, 71] and the isothermal data for Kr was obtained from Trappeniers et al. [70] (Fig. 

2.5). The partial densities Pb of Ar, Kr and Xe in binary mixtures were calculated 

by the interpolation method described by Reddy and Cho [8], see 2.3. Absorption 

profiles were obtained by plotting log10 [h(v)/12 (v)] versus v(cm- 1). The areas of the 
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enhancement absorption profiles give the integrated absorption J aen(v}dv for the 

band. For binary gas mixtures, the absorption coefficient aen (v) and the dimensionless 

absorption coefficient aen(v) are given by equations (3.3.3) and (3.3.7) respectively. 

The average value of 1J for D2-Ar, D2-Kr and D2-Xe overtone bands were deter

mined to be 6100 ± 9 cm-1, 6079 ± 6 cm-1 and 6065 ± 5 cm-1 , respectively. Since the 

corresponding matrix elements for Ar, Kr and Xe were not available, the isotropic 

polarizability values for Ar/Kr/Xe were set to 11.1/16.8/27.4 a6, respectively [25]. 

The term YLM in equation (3.4.2) is equal to zero, and the (IQI) matrix element is 

zero for each of Ar, Kr and Xe, hence the quantity Xuvi is given by 

XLm = PhPhC(J1 L 1{; 00) 2 < v1l1 I Q£1 I v~J{ > 2 

(7.1.1) 

7.2 Analysis of the absorption profiles 

In the present investigation the CIA spectra of the transitions of D2 (v = 2 r- 0) 

+ Ar, Kr and Xe ( ~ v = 0 ) in their binary mixtures were recorded at 298 K in the 

spectral region 5500-6750 cm- 1
. Figure 7.1 shows a plot oflog10 (h(v)/I2 (v)) versus 

the wavenumber v( cm-1), for three absorption profiles of the first overtone band of 

D2 in the D2-Ar mixtures at 298 K. The base density of D2 is 214 amagat with 

partial densities of 137, 184 and 241 amagat for Ar. The positions of the transitions 

0 2 (2), Q2 (5) to Q2 (1) and 82 (0) to 82 (5) are shown along the wavenumber axis. The 

profiles exhibit no dip in the Q branch, unlike in the fundamental band of pure D2 , 

also there are a number of pronounced peaks at 0 2 ( 2) and 82 ( J), J = 0 to 4, the 

peak at Q2 (J) is a sum of all the Q transition lines. Similarly, Figs. 7.2 and 7.3 

show three profiles for D2-Kr and D2-Xe mixtures, and again there is no evidence of 
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any dip in the Q region because of the absence of isotropic overlap induction; t lw 

main feature of these curves is the similarity in the peaks, but it is clear that the 

line width decreases with increasing polarizabilty of the noble gas. Figure 7.4 shows 

a plot of the calculated values of (1/ PaPb) fband Cten(v)dv versus Pb for D2-Ar, DrKr 

and D2-Xe mixtures for different base densities of each. The plots give straight lines 

in both cases, while in the D2-Xe mixture gives a quadratic curve. This result is 

similar to the result obtained by Prasad et al. [57] for the binary mixture H2-Xe. 

From equation (3.3.5) the intercept is aab+a2abPa + a3abP; + · · ·, the Pb factor is 

aa2b+ a2a2b + · · · and the p~ factor is aa3b + · · ·. These coefficients aab, a2ab and aa2b 

were determined and listed in Table 7.2; the calculated values compared well with 

previous results in Ref. [11], for D2-Ar and D2-N2 aab = 1.33 x10- 5 (cm-2amagat-2) 

and 1.81 x10-5 (cm-2amagat-2 ), respectively. It is clear from the determined values 

of the coefficients that the ternary coefficients are very small compared to the binary 

coefficients. The calculated values of the Boltzmann factor using equation (3.4. 7) for 

D2 are given in Appendix B.2. The transition intensities for D2-Ar, D2-Kr and D2-Xe 

for the different lines were calculated using equation (3.4.1) and are listed in Appendix 

C.l. These values were used in the BC line function to calculate the synthetic profiles 

which were compared with the experimental profiles in the three cases studied and are 

given in Figs. 7.5, 7.6 and 7.7. Figure 7.5 shows an enhancement absorption profile 

of the first overtone band of D2 in a D2-Ar mixture at 298 K. The solid curve is the 

experimental profile, the dashed curves represent the computed individual double

transition quadrupolar components and the dashed-dot curve is the summation of 

these, i.e. the total synthetic profile. The individual double-transition quadrupolar 

components used to calculate the theoretical profiles are 0 2 ( J) ( J =2 and 3). Q2 ( J) 
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(J=l to 5)and S2 (J) (J= 0 to 5). It can be seen that the theoretical profiles agree 

well with the experimental profiles in all the cases studied. The average values of the 

parameters 61 , 62 , 7 1 and 7 2 of the line shape function for the best fits for profiles 

were determined and listed in Table 7.3, it is clear that 6i decreases with increasing 

mass of the colliding molecule. 

7.3 Conclusions 

The observed spectra arise from quadrupolar transitions in all cases of the binary 

mixtures D2-Ar, D2-Kr and D2-Xe. The synthetic profiles agree well with the observed 

profiles; the areas agree within 96%. The line shape fitting parameters 61 , 82 , T1 and 

7 2 were determined and the absorption coefficients were calculated. 
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Table 7.2: Absorption coefficients of the first overtone band of D2 in D2-Ar, D2-Kr and D2-Xe binary mixtures at room 
temperature. 

O!ab O!ab 

Mixture ( cm-2amagat-2) (cm6s-1) 

x1o-5 X 10-38 

D2-Ar 1.27 ± 0.13a 8.65 ± 0.10 

D2-Kr 2.25 ± .11 15.4 ± 0.5 

D2-Xe 4.1 ± 0.4 28.1 ± 1.0 

D2-N2 1.9 ± 0.2 1.34 ± 0.11 

H2-Krb 14.1 ± 1.2 68.9 ± 6 
H2-Xeb 15.1 ± 1 74.3 ± 4.7 

aErrors listed are standard deviations. 
bFrom Ref. [57] 

0!2ab 

(cm-2amagat-3 ) 

x10-9 

-8.4 ± 0.5 

-4.88 ± 0.5 

-4.65 ± 0.4 

-

-28.7 ± 4.-1 
-22.1 ± 4 

0!2ab O!a2b O!a2b 

( cm9s-1 ) (cm-2amagat-3) ( cm9s-1 ) 

xl0-60 x10-9 X 10-60 

- 2.13 ± 0.06 -4.1± 0.4 -1.04 ± 0.10 

-1.24 ± 0.10 -4.5 ± 0.4 -1.14 ± 0.09 

- 1.39 ± 0.08 -5.47 ± 0.45 -1.18 ± 0.09 

- 17 ± 2 4.45 ± 0.12 

- 52.6 ± 8 -39.6± 7.4 -72.5 ± 1.4 
-40.5 ± 7.4 -106 ± 7 -194 ± 13 



<:.0 
0 

Table 7.3: Birnbaum-Cohen line shape parameters for the first overtone band of D2 in D2-Ar, D2-Kr and D2-Xe binary 
mixturesa. 

Mixture Number 51 52 Tb 1 T.b 2 
of mixtures (cm-1) (cm-1) (lo-14s) (lo-14s) 

D2-Ar 15 59 ± 3 268 ± 58 9.0 ± 0.5 2.0 ± 0.4 
D2-Kr 15 46 ± 2 215 ± 33 11.5 ± 5 2.5 ± 0.4 
D2-Xe 35 40 ± 1 101 ± 10 13.3 ± 0.3 5.3 ± 0.5 
D2-N2 16 74 ± 2 178 ± 9 7.2 ± 0.2 3.0 ± 0.2 
H2-Krc 75 ± 4 214.3 ± 0.8 7.1 ± 0.4 2.477 ± 0.9 
H2-Xec 72 ± 3 200 ± 3 7.4 ± 0.3 2.65 ± 0.4 

a.Errors listed are standard deviations. 
bTi = 1/27rcbi. 
cFrorn Ref. [57] 



Chapter 8 

Summary of conclusions 

1. The observed spectra confirm that the isotropic overlap induction mechanism 

is absent in the first overtone band of H2 and D2 , unlike the CIA spectra of the 

fundamental bands of these molecules. 

2. A total number of 434 quadrupolar transitions contribute to the CIA of the first 

overtone band of H2 in each of H2-N2 and H2-CO. Also, the present analysis 

does not indicate any detectable contribution of the permanent dipole of CO 

to the electric dipolar induction mechanism in H2-CO mixtures. The observed 

spectra of D2-N2 binary mixtures were modeled with 1176 components of double 

vibrational transitions. This number decreases in the case of D2-D2 to 267, 

214 and 92 for the observed profiles at 298, 201 and 77 K respectively. The 

binary mixtures D2-Ar, D2-Kr and D2-Xe show only 13 components. Absorption 

coefficients of the first overtone band of the different mixtures are listed in Table 

8.1. 

3. The absorption profiles were analyzed using Birnbaum-Cohen line shape func

tion for all the double transitions arising exclusively from the quadrupolar

induction mechanism. The line shape parameters c51 , c52 and the characteristic 
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Table 8.1: Absorption coefficients of the first overtone band of different mixtures 

Temperature CXab CXab CX2ab CX2ab CXa2b CXa2b 

Mixture K (cm-2amagat-2) (cm6s-1 ) (cm-2amagat-3 ) (cm9s-1 ) (cm-2amagat-3 ) (cm9s-1 ) 

x10-5 x 10-37 xl0-8 X 10-60 x1o-8 xl0-6o 

H2-N2 298 6.6 ± 0.3 3.3 ± 0.1 1.9 ± 0.1 3.5 ± 0.1 1.5 ± 0.1 2.8 ± 0.1 
HrCO 298 9.2 ± 0.5 4.6 ± 0.1 -8.1 ± 0.1 -15.1±0.1 -2.9 ± 0.3 -5.4 ± 0.1 
D2-D2 77 1.50 ± 0.05 1.02 ± 0.03 0.73 ± 0.20 0.18 ± 0.09 
D2-D2 201 1.88 ± 0.05 1.28 ± 0.03 3.6 ± 1.4 0.91 ± 0.04 
DrD2 298 1.93 ± 0.03 1.31 ± 0.02 9 ± 1 2.2 ± 0.1 
D2-N2 298 1.9 ± 0.2 1.34 ± 0.11 17 ± 2 4.45 ± 0.12 
D2-Ar 298 1.27 ± 0.13 8.6 ± 0.1 -8.4 ± 0.5 -2.13 ± 0.06 -4.1 ± 0.4 -1.04 ± 0.10 
D2-Kr 298 2.25 ± 0.11 15.4 ± 0.5 -4.88 ± 0.5 -1.24 ± 0.10 -4.5 ± 0.4 -1.14 ± 0.09 
D2-Xe 298 4.1 ± 0.4 28.1 ± 1.0 -4.65 ± 0.4 -1.39 ± 0.08 -5.47 ± 0.45 -1.18 ± 0.09 



time 71 and 72 were determined and are listed in Table 8. 2. 

Table 8.2: Birnbaum-Cohen line shape parameters for the first overtone band. 

Mixture Temperature 01 62 71 72 
K (cm-1) (cm-1) (10- 14s) (10- 14s) 

H2-N2 298 92 ± 4 298 ± 13 5.8 ± 0.3 1.78 ± 0.08 
H2-CO 298 94 ± 3 188 ± 5 5.6 ± 0.2 2.82 ± 0.08 
D2-D2 77 34 ± 1 88± 5 15.8 ± 0.4 6.0 ± 0.3 
D2-D2 201 61 ± 1 150 ± 7 8.7 ± 0.1 3.5 ± 0.2 
D2-D2 298 83 ± 2 170 ± 10 6.4 ± 0.2 3.1 ± 0.2 
D2-N2 298 74 ± 2 178 ± 9 7.2 ± 0.2 3.0 ± 0.2 
D2-Ar 298 59± 3 268 ± 58 9.0 ± 0.5 2.0 ± 0.4 
D2-Kr 298 46 ± 2 215 ± 33 11.5 ± 5 2.5 ± 0.4 
D2-Xe 298 40 ± 1 101 ± 10 13.3 ± 0.3 5.3 ± 0.5 

4. It was found that the ternary absorption coefficients are three or four orders of 

magnitude smaller than the binary absorption coefficients so that their contri-

bution to the absorption band is very small at the densities investigated here. 

5. In all the cases studied, the fits between the experimental profiles and the 

synthetic profiles were in good agreement in the first overtone region. 

93 



Appendix A 
- Molecular constants 

Table A.l: The vibrational constants of H2, D2, N2 and CO respectively. 

Constant (em - 1) D2 [76] H2 N2 co 
We 3115.5 4403.2 2358.57 2169.81358 

WeXe 61.82 121.336 14.328 13.28831 

WeYe 0.562 0.8129 -0.00226 0.010511 

WeZe -0.02286 -0.00024 5.74x1o-s 

Table A.2: Molecular constants used in the calculation of the energy levels of D2, H2, N2 
and CO. The constants B2, D2 and H2 in the third line were calculated from the 
known constants. 

v (cm-1) D2 H2 N2 co 
Bo 29.9132 59.33451 1.989574 1.92253006 

0 Do 0.01151 4.5651 X 10-2 0.5764488 X 10-/ 0.612094x 10 7 

Ho 6.89x1o-6 4.5600x 10-5 5.743lxlo-l 2 

B1 28.8583 56.37420 1.972192 1.90503001 
1 D1 0.01126 4.4050x1o-2 0.5573464 x 10-7 0.612015 x lo-7 

H1 6.40 x 10-6 4.3200x1o-s 5.5693 X 10-12 

B2 27.7057 53.48200 1.95486 1.88751996 
2 D2 0.01041 4.2800x1o-2 0.538294 x 10-7 0.611972 X 10-7 

H2 5.9x 10-6 4.0000x1o-s 5.3955xl0-12 
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Appendix B 
- Vibrational and rotational energies of H2, D2, N 2 and CO 

Table B.l: The rotational energy levels of H2 and D2. 

II Vibrational Energy Term (cm- 1
) II Rotational energy Term (cm- 1

) IJ 

Go(v) H2 D2 Fv(J) H2 D2 
Fo(1) 0118.4868 59.7804 
Fo(2) 0354.3734 179.066 
Fo(3) 0705.5192 357.313 

Go(O) 0 0 Fo(4) 1168.7948 593.715 
Fo(5) 1740.1812 887.223 
Fo(6) 2414.9009 1236.56 
Fo(7) 3187.5815 1640.26 
F 1 (1) 0112.5725 57.6716 
F 1 (2) 0172.746 336.6687 
F 1 (3) 0670.2219 344.689 

Go(1) 4161.1685 2993.57 F1 ( 4) 1110.2096 572.713 
F 1 (5) 1652.7473 855.788 
F 1 (6) 2293.2126 1192.66 
F 1 (7) 3026.4009 1581.88 
F2(1) 0106.7931 55.3698 
F2(2) 0319.3598 165.861 
F2(3) 0635.6899 330.980 

Go(2) 8087.0049 5867.9 F2( 4) 1052.8400 549.997 
F2(6) 1567.0199 821.961 
F2(6) 2173.7083 1145.71 
F2(7) 2867.7957 1519.91 

95 



Table B.2: The possible transitions in the fundamental bands of H2 and D2. 

Transition Transition energy (cm-1) 

H2 I D2 

01(2) 3806.7949 2814.5037 
01(3) 3568.2219 2693.9287 
01(4) 3329.0425 2572.6006 
01 (5) 3091.2092 2451.0361 
Q1(0) 4161.1685 2993.5701 
Q1 (1) 4155.2544 2991.4612 
Q1(2) 4143.4639 2987.2495 
Q1(3) 4125.8711 2980.9463 
Q1 (4) 4102.5830 2972.5679 
Q1(5) 4073.7346 2962.1348 
s1 (o) 4497.8374 3166.3159 
81(1) 4712.9033 3278.4788 
s1 (2) 4917.0044 3387.2168 
s1 (3) 5108.3965 3492.0449 
81( 4) 5285.5864 3592.5146 
s1 (5) 5447.3882 3688.2241 
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Table B.3: The possible transitions in the first overtone bands of H2 and D2. 

Transition Transition energy (em -l) 
H2 I D2 

02(2) 7732.6313 5688.8335 
02(3) 7494.0581 5568.2583 
02(4) 7254.8789 5446.9302 
02(5) 7017.0454 5325.3657 
Q2(0) 8087.0049 5867.8999 
Q2(1) 8075.3110 5863.4893 
Q2(2) 8051.9912 5854.6943 
Q2(3) 8017.1758 5841.5664 
Q2(4) 7971.0498 5824.1816 
Q2(5) 7913.8438 5802.6382 
S2(0) 8406.3643 6033.7607 
S2(1) 8604.2080 6139.0991 
S2(2) 8785.4717 6238.8306 
S2(3) 8948.5059 6332.5483 
S2(4) 9091.9180 6419.8979 
S2(5) 9214.6191 6500.5864 

97 



Table B.4: The rotational term values (em - 1 ) in the first and the second vibrational levels 
ofN2. 

Fa( 0) 0.0000 F 1( 0) 0.0000 
Fa( 1) 3.9791 F 1( 1) 3.9444 
Fa( 2) 11.9374 F 1( 2) 11.8331 
Fa( 3) 23.8749 F1 ( 3) 23.6663 
Fa( 4) 39.7915 F 1 ( 4) 39.4438 
Fa( 5) 59.6872 F1 ( 5) 59.1657 
Fa( 6) 83.5620 F 1 ( 6) 82.8320 
Fa( 7) 111.4160 F 1 ( 7) 110.4426 
Fa( 8) 143.2490 F 1 ( 8) 141.9975 
Fa( 9) 179.0612 F 1 ( 9) 177.4968 
Fa( 10) 218.8524 F1( 10) 216.9404 
Fa( 11) 262.6228 F1( 11) 260.3284 
Fa( 12) 310.3721 F1( 12) 307.6606 
Fa( 13) 362.1006 F 1 ( 13) 358.9371 
Fa( 14) 417.8080 F1( 14) 414.1579 
Fa( 15) 477.4944 F1 ( 15) 473.3229 
Fa( 16) 541.1599 F1( 16) 536.4321 
Fa( 17) 608.8043 F 1 ( 17) 603.4855 
Fa( 18) 680.4276 F 1 ( 18) 674.4832 
Fa( 19) 756.0298 F 1 ( 19) 749.4249 
Fa( 20) 835.6109 F 1 ( 20) 828.3109 
Fa( 21) 919.1708 F 1 ( 21) 911.1408 
Fa( 22) 1006.7097 F 1 ( 22) 997.9149 
Fa( 23) 1098.2273 F 1 ( 23) 1088.6331 
Fa ( 24) 1193.7236 F 1 ( 24) 1183.2952 
Fa ( 25) 1293.1987 F 1 ( 25) 1281.9012 
Fa( 26) 1396.6525 F 1 ( 26) 1384.4513 
Fa( 27) 1504.0850 F 1 ( 27) 1490.9453 
Fa( 28) 1615.4961 F 1 ( 28) 1601.3832 
Fa( 29) 1730.8857 F 1 ( 29) 1715.7649 
Fa( 30) 1850.2539 F 1 ( 30) 1834.0905 
Fa( 31) 1973.6006 F1( 31) 1956.3596 
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Table B.5: The rotational term values (em - 1 ) in the first and the second vibrational levels 
of CO. 

Fa( 0) 0.0000 F 1 ( 0) 0.0000 
Fa( 1) 3.8450 F 1 ( 1) 3.8100 
Fa( 2) 11.5350 F 1 ( 2) 11.4300 
Fa( 3) 23.0695 F1 ( 3) 22.8595 
Fa( 4) 38.4482 F1 ( 4) 38.0982 
Fa( 5) 57.6704 F1 ( 5) 57.1454 
Fa( 6) 80.7355 F 1 ( 6) 80.0005 
Fa( 7) 107.6425 F1 ( 7) 106.6625 
Fa( 8) 138.3904 F 1 ( 8) 137.1304 
Fa( 9) 172.9781 F 1 ( 9) 171.4031 

Fa( 10) 211.4043 F1( 10) 209.4793 
Fa( 11) 253.6673 F1(11) 251.3573 
Fa( 12) 299.7658 F 1( 12) 297.0358 
Fo( 13) 349.6978 F 1 ( 13) 346.5128 
Fo( 14) 403.4615 F1(14) 399.7865 
F 0 ( 15) 461.0548 F1( 15) 456.8548 
F 0 ( 16) 522.4755 F1( 16) 517.7155 
F 0 ( 17) 587.7213 FI( 17) 582.3663 
F 0 ( 18) 656.7897 F1( 18) 650.8047 
F 0 ( 19) 729.6780 F1( 19) 723.0280 
F 0 ( 20) 806.3835 F 1 ( 20) 799.0334 
F 0 ( 21) 886.9032 F1(21) 878.8181 
F 0 ( 22) 971.2340 F 1 ( 22) 962.3790 
Fo( 23) 1059.3728 F 1 ( 23) 1049.7128 
F 0 ( 24) 1151.3160 F 1 ( 24) 1140.8160 
F 0 ( 25) 1247.0604 F 1 ( 25) 1235.6853 
Fa( 26) 1346.6022 F 1 ( 26) 1334.3170 
Fo( 27) 1449.9374 F 1 ( 27) 1436.7073 
Fo( 28) 1557.0623 F 1 ( 28) 1542.8522 
F0 ( 29) 1667.9727 F 1 ( 29) 1652.7476 
Fo( 30) 1782.6644 F 1 ( 30) 1766.3892 
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Appendix C 
- Boltzmann factors P J for H2, D2, N2 and CO 

Table C.l: The Boltzmann factors for H2 and D2 at 298 K. 

II Boltzmann factor P 1 II II 
Po 0.1296 0.1825 
pl 0.6581 0.2052 
p2 0.1171 0.3845 
p3 0.9022E-01 0.1138 
p4 0.4130E-02 0.9347E-01 
p5 0.9596E-03 0.1385E-01 

Table C.2: The Boltzmann factors for D2 at 77, 201 and 298 K. 

II p J II 77 K 201 K 298 K 

Po 0.5982 0.2649 0.1825 
pl 0.2937 0.2590 0.2052 
p2 0.1054 0.3676 0.3845 
p3 0.2638E-2 0.7184E-1 0.1138 
p4 0.8186E-4 0.3401E-1 0.9347E-1 
p5 0.2077E-6 0.2543E-2 0.1385E-1 
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Table C.3: The Boltzmann factors for N2 and CO at 298 K. 

II Boltzmann factor P J II co 
Po 0.9570E-02 0.9247E-02 
pl 0.2816E-01 0.2723E-01 
p2 0.4517E-01 0.4373E-01 
p3 0.5969E-01 0.5791E-01 
p4 0.7107E-01 0.6913E-01 
p5 0.7891E-01 0.7700E-01 
p6 0.8311E-01 0.8141E-01 
p7 0.8383E-01 0.8249E-01 
Ps 0.8148E-01 0.8059E-01 
Pg 0.7661E-01 0.7622E-01 
Pw 0.6988E-01 0.6998E-01 
Pu 0.6197E-01 0.6249E-01 
pl2 0.5350E-01 0.5437E-01 
pl3 0.4502E-01 0.4614E-01 
pl4 0.3696E-01 0.3823E-01 
pl5 0.2963E-01 0.3095E-01 
pl6 0.2320E-01 0.2449E-01 
Pn 0.1776E-01 0.1895E-01 
pl8 0.1330E-01 0.1436E-01 
pl9 0.9736E-02 0.1064E-01 
P2o 0.6976E-02 0.7726E-02 
p21 0.4893E-02 0.5493E-02 
p22 0.3359E-02 0.3826E-02 
p23 0.2258E-02 0.2611E-02 
p24 0.1487E-02 0.1746E-02 
p25 0.9591E-03 0.1145E-02 
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Appendix D 
- Calculated wavenumbers ( cm-1) and the corresponding intensities for D 2-X, 
where X=Ar, Kr and Xe at 298 K 

Table D.l: The calculated wavenumbers (cm- 1 ) and the corresponding intensities for D2-

Ar, D2-Kr and D2-Xe at 298 K. 

II Transition I wavenumber (cm- 1
) I D2Ar 

02(2) 688.8335 0.2014E-09 0.4665E-09 0.7746E-09 
02(3) 5568.2588 0.1754E-10 0.4064E-10 0.6747E-10 
Q2(1) 5863.4893 0.2725E-09 0.6313E-09 0.1048E-08 
Q2(2) 5854.6943 0.3672E-09 0.8505E-09 0.1412E-08 
Q2(3) 5841.5664 0.1024E-09 0.2371E-09 0.3937E-09 
Q2(4) 5824.1816 0.8295E-10 0.1922E-09 0.3190E-09 
Q2(5) 5802.6377 0.1233E-10 0.2857E-10 0.4744E-10 
82(0) 6033.7607 0.6471E-09 0.1499E-08 0.2489E-08 
82(1) 6139.0991 0.4513E-09 0.1046E-08 0.1736E-08 
82(2) 6238.8306 0.7448E-09 0.1725E-08 0.2865E-08 
82(3) 6332.5483 0.2079E-09 0.4817E-09 0.7997E-09 
82(4) 6419.8979 0.1646E-09 0.3813E-09 0.6330E-09 
82(5) 6500.5859 0.2363E-10 0.5527E-10 0.9176E-10 
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Table D.2: to D.7 The calculated wavenumbers (cm- 1 ) and the corresponding intensities 
for pure Dz at 77, 201 and 298 K. 

II Transition I wavenumber (cm-1) I 298 K 201 K 77 K 

Q1 (0)+01 (2) 5808.0737 0.3036E-10 0.3902E-10 0.2512E-10 
Q1 (1 )+01 (2) 5805.9648 0.3562E-10 0.3983E-10 0.1287E-10 
Q1 (2)+01 (2) 5801.7529 0.6617E-10 0.5603E-10 O.-Ei77E-11 
Q1(3)+01(2) 5795.4502 0.1964E-10 0.1098E-10 0.1149E-12 
Q1(4)+01(2) 5787.0718 0.1621E-10 0.5222E-11 
Q1(5)+01(2) 5776.6382 0.2417E-11 0.3931E-12 
Q1 (0)+01 (3) 5687.4990 0.1260E-10 0.1069E-10 0.8815E-12 
Q1(1) +01(3) 5685.3896 0.1478E-10 0.1091E-10 0.4515E-12 
Q1 (2)+01 (3) 5681.1782 0.2745E-10 0.1534E-10 0.1606E-12 
Q1 (3)+01 (3) 5674.8750 0.8146E-11 0.3006E-11 
Q1(4)+01(3) 5666.4971 0.6724E-11 0.1430E-11 
Q1 (5)+01 (3) 5656.0635 0.1003E-ll 0.1077E-12 
Q1 (0)+01 ( 4) 5566.1709 0.1249E-10 0.6107E-ll 
Q1(1)+01(4) 5564.0615 0.1464E-10 0.6230E-ll 
Q1 (2)+01 ( 4) 5559.8501 0.2721E-10 0.8766E-11 
Q1(3)+01(4) 5553.5469 0.8073E-ll 0.1717E-ll 
Q1 ( 4)+01 ( 4) 5545.1689 0.6664E-ll 0.8171E-12 
Q1 (5)+01 ( 4) 5534.7354 0.9940E-12 
Q1 (0)+01 (5) 5444.6060 0.2125E-ll 0.5243E-12 
Q1(1) +01(5) 5442.4971 0.2491E-ll 0.5348E-12 
Q1 (2)+01 (5) 5438.2852 0.4628E-ll 0.7525E-12 
Q1 (3)+01 (5) 5431.9824 0.1373E-ll 0.1474E-12 
Q1 ( 4)+01 (5) 5423.6040 0.1134E-ll 0.7014E-13 
Q1(5)+01(5) 5413.1704 0.1691E-12 
Q1(1)+Q1(0) 5985.0312 0.2325E-10 0.3945E-10 0.1004E-09 
Q1 (2)+Q1 (0) 5980.8193 0.3120E-10 0.4010E-10 0.2581E-10 
Q1 (3)+Q1 (0) 5974.5166 0.8644E-ll 0.7333E-ll 0.6048E-12 
Q1 ( 4)+Q1 (0) 5966.1382 0.6933E-ll 0.3391E-ll 
Q1 (5)+Q1 (0) 5955.7046 0.1018E-ll .2512E-12 
Q1(1)+Q1(1) 5982.9224 0.5356E-10 0.3953E-10 0.0506E-09 
Q1 (2)+Q1(1) 5978.7109 0.8594E-10 0.9608E-10 0.3105E-10 
Q1 (3)+Q1(1) 5972.4072 0.2481E-10 0.1831E-10 0.7580E-12 
Q1(4)+Q1(1) 5964.0293 0.2025E-10 0.8614E-ll 
Q1 (5)+Q1(1) 5953.5957 0.3002E-ll 0.6445E-12 
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Table D.3: 

Transition I wavenumber (cm-1 I 298 K 201 K 77 K 

Q1 (2)+Q1 (2) 5974.4990 0.1342E-09 0.05680E-9 0.4642E-11 
Q1 (3)+Q1 (2) 5968.1958 0.3852E-10 0.2153E-10 0.2254E-12 
Q1(4)+Q1(2) 5959.8174 0.3137E-10 0.1011E-10 
Q1 (5)+Q1 (2) 5949.3838 0.4644E-11 0.7552E-12 
Q1 (3)+Q1 (3) 5961.8926 0.1104E-10 0.2038E-11 
Q1 ( 4)+Q1 (3) 5953.5146 0.8988E-ll 0.1912E-11 
Q1 (5)+Q1 (3) 5943.0811 0.1330E-11 0.1428E-12 
Q1 ( 4)+Q1 ( 4) 5945.1362 0.7313E-11 0.4484E-12 
Q1 (5)+Q1 ( 4) 5934.7026 0.1082E-ll 
Q1(5)+Q1(5) 5924.2690 0.1602E-12 
81 (O)+Q1 (0) 6159.8857 0.4417E-10 0.8615E-10 0.4369E-09 
81 (1)+Q1 (0) 6272.0488 0.2669E-10 0.4528E-10 0.1153E-09 
81 (2)+Q1 (0) 6380.7871 0.3816E-10 0.4904E-10 0.3157E-10 
81 (3)+Q1 (0) 6485.6152 0.9262E-11 0.7857E-11 0.6480£-12 
81 ( 4)+Q1 (0) 6586.0850 0.6379E-ll 0.3119E-11 
81 (5)+Q1 (D) 6681.7939 0.7974E-12 0.1968E-12 
81 (O)+Q1(1) 6157.7773 0.5212E-10 0.8844E-10 0.2252E-09 
81 (1)+Q1(1) 6269.9399 0.3153E-10 0.4655E-10 0.5949E-10 
81 (2)+Q1(1) 6378.6782 0.4516E-10 0.5049E-10 0.1632E-10 
81 (3) +Q1 (1) 6483.5059 0.1098E-10 0.8105E-11 0.3356E-12 
81(4)+Q1(1) 6583.9761 0.7582E-11 0.3226E-11 
81(5)+Q1(1) 6679.6855 0.9508E-12 0.2041E-12 
81 (D)+Q1 (2) 6153.5654 0.1242E-09 0.7996E-10 
81(1)+Q1(2) 6265.7285 0.5846E-10 0.6536E-10 0.2112E-10 
81 (2)+Q1 (2) 6374.4668 0.8369E-10 0.7086E-10 0.5789E-11 
81(3)+Q1(2) 6479.2944 0.2034E-10 0.1137E-10 0.1190E-12 
81(4)+Q1(2) 6579.7646 0.1403E-10 0.4522E-11 
81(6)+Q1(2) 6675.4736 0.2859E-12 
81 (O)+Q1 (3) 6147.2622 0.2868E-10 0.2433E-10 0.2006E-11 
81 (1 )+Q1 (3) 6259.4248 0.1734E-10 0.1280E-10 0.5299E-12 
81 (2)+Q1 (3) 6368.1631 0.2482E-10 0.1387E-10 0.1452E-12 
81(3)+Q1(3) 6472.9912 0.6033E-11 0.2226E-11 
81(4)+Q1(3) 6573.4609 0.4161E-11 0.8852E-12 
81(5)+Q1(3) 6669.1704 0.5213E-12 
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Table D.4: 

II Transition I wavenumber (cm-1) I 298 K 201 K 77 K 

81(0)+Q1(4) 6138.8838 0.2367E-10 0.1157E-10 
81(1)+Q1(4) 6251.0469 0.1431E-10 0.6089E-11 
81(2)+Q1(4) 6359.7852 0.2049E-10 0.6601E-11 
81(3)+Q1(4) 6464.6133 0.4978E-11 0.1059E-11 
81(4)+Q1(4) 6565.0830 0.3434E-11 0.4211E-12 
81 (5)+Q1 ( 4) 6660.7920 0.4301E-12 
81(0)+Q1(6) 6128.4560 0.3529E-11 0.8711E-12 
81(1)+Q1(6) 6240.6100 0.2134E-11 0.4582E-12 
81(2)+Q1(6) 6349.3515 0.3055E-11 0.4968E-12 
81(3)+Q1(5) 6454.1894 0.7424E-12 
81(4)+Q1(5) 6554.6594 0.5121E-12 
81 (0)+81 (0) 6332.6318 0.4713E-11 0.4596E-11 0.2331E-10 
81 (1)+81 (o) 6444.7949 0.2920E-11 0.4955E-11 0.1262E-10 
81 (2)+81 (o) 6553.5332 0.4306E-11 0.5534E-11 0.3562E-11 
81(3)+81(0) 6658.3608 0.1084E-11 0.9196E-12 
81(4)+81(0) 6758.8311 0.7806E-12 0.3818E-12 
81 (5)+81 (o) 6854.5400 0.1031E-12 
81 (1)+81 (1) 6556.9575 0.1807E-11 0.1334E-11 0.1704E-11 
81(2)+81(1) 6665.6958 0.2660E-11 0.2973E-11 0.9608E-12 
81(3)+81(1) 6770.5234 0.6682E-12 0.4932E-12 0.1352E-12 
81(4)+81(1) 6870.9937 0.4802E-12 0.2043E-12 
81 (2)+81 (2) 677 4.4341 0.3908E-11 0.1655E-11 
81 (3)+81 (2) 6879.2617 0.9797E-12 0.5476E-12 
81(4)+81(2) 6979.7319 0.7023E-12 0.2263E-12 
81 (3)+81 (3) 6984.0898 0.2450E-12 
81(4)+81(3) 7084.5596 0.1752E-12 
81(4)+81(4) 7185.0298 0.1248E-12 
81 (0)+01 (2) 5980.8193 0.2867E-11 0.3685E-11 0.9591E-10 
81(1)+01(2) 6092.9824 0.1792E-11 0.2004E-11 0.2533E-10 
81(2)+01(2) 6201.7207 0.2670E-11 0.2261E-11 0.6943E-11 
81 (3)+01 (2) 6306.5488 0.6795E-12 0.3798E-12 0.1427E-12 
81(4)+01(2) 6407.0186 0.4952E-12 0.1596E-12 
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Table D.5: 

II Transition I wavenumbers (em -l) I 298 K 201 K 77K 

81 (0)+01 (3) 5860.2446 0.1181E-11 0.1002E-11 0.2729E-11 
81(1)+01 (3) 5972.4072 0.7389E-12 0.5454E-12 0.7210E-12 
81 (2)+01 (3) 6081.1455 0.1101E-11 0.6157E-12 0.1977E-12 
81 (3)+01 (3) 6185.9736 0.2805E-12 0.1035E-12 
81 ( 4)+01 (3) 6286.4434 0.2046E-12 
81 (0)+01 ( 4) 5617.3516 0.1165E-11 0.5698E-12 
81(1)+01(4) 5851.0791 0.7291E-12 0.3102E-12 
81 (2)+01 ( 4) 5959.8174 0.1087E-11 
81 (3)+01 ( 4) 6064.6455 0.2771E-12 
81(4)+01(4) 6165.1152 0.2023E-12 
81 (0)+01 (5) 5617.3516 0.1975E-12 
81 (1)+01 (5) 5729.5146 0.1236E-12 
81 (2)+01 (5) 5838.2529 0.1844E-12 
01 (2)+01 (2) 5801.7529 0.1616E-11 0.0699E-11 0.0571E-12 
01 (3)+01 (2) 5508.4326 0.3785E-12 
01 ( 4)+01 (2) 5387.1045 0.2145E-12 
01(3)+01(3) 5387.8574 0.1025E-12 
02(2)+Qo(J) 5688.8335 0.1397E-10 0.6850E-10 0.1937E-11 
02(3)+Qo(J) 5568.2588 0.4869E-11 0.99544E-11 0.5102E-12 
02(4)+Qo(J) 5446.9307 0.4024E-11 0.98625E-11 
02(5)+Qo(J) 5325.3657 0.53501E-12 
Qo(J)+Q2 (0) 5867.8999 1. 79111E-11 0.23283E-10 0.3258E-10 
Qo( J)+82 (1) 5863.4893 1. 22329E-1 0 1.45379E-10 1.53394E-10 
Qo(J)+Q2(2) 5854.6943 1.75815E-10 1.57753 E-10 0.41244E-10 
Qo ( J)+Q2 (3) 5841.5664 4.9791E-11 0.29473E-10 0.9796E-12 
Qo( J)+Q2 ( 4) 5824.1816 4.0592E-11 1.38461E-11 
Qo(J)+Q2(5) 5802.6377 6.05251E-12 0.10418E-11 
8o(O)+Q2(0) 6046.9663 0.1300E-10 0.2591E-10 0.1314E-09 
8o(1)+Q2(0) 6165.4326 0.8811E-11 0.1528E-10 0.3889E-10 
8o(2)+Q2(0) 6282.5488 0.1425E-10 0.1871E-10 0.1204E-10 
8o(3)+Q2(0) 6397.8105 0.3941E-11 0.3416E-11 0.2817E-12 
8o(4)+Q2(0) 6510.7466 0.3123E-11 0.1560E-11 
8o(5)+Q2(0) 6620.9321 0.4542E-12 0.1145E-12 
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Table D.6: 

/1 Transition I wavenumbers (em -l) I 298 K 201 K 77K 

So(O)+S2(1) 6042.5557 0.1527E-10 0.2647E-10 0.6740E-10 
So(1)+S2(1) 6161.0215 0.1035E-10 0.1561E-10 0.1995E-10 
So(2)+S2(1) 6278.1382 0.1674E-10 0.1912E-10 0.6180E-ll 
So (3)+S2 (1) 6393.3994 0.4631E-11 0.3492E-11 0.1446E-12 
So(4)+S2(1) 6506.3359 0.3671E-11 0.1596E-11 
So(5)+S2(1) 6616.5215 0.5340E-12 0.1171E-12 
So(O)+Q2(2) 6033.7607 0.2856E-10 0.3749E-10 0.2413E-10 
So(1)+Q2(2) 6152.2266 0.1936E-10 0.2211E-10 0.7144E-11 
So(2)+Q2(2) 6269.3433 0.3131E-10 0.2708E-10 0.2213E-11 
So(3)+Q2(2) 6384.6045 0.8660E-11 0.4945E-11 
So(4)+Q2(2) 6497.5410 0.6864E-11 0.2259E-11 
So(5)+Q2(2) 6607.7266 0.9984E-12 0.1659E-12 
So(O)+Q2(3) 6020.6328 0.8523E-11 0.7387E-11 0.6092E-12 
So (1 )+Q2 (3) 6139.0986 0.5777E-11 0.4356E-11 0.1803E-12 
So(2)+Q2(3) 6256.2153 0.9344E-11 0.5336E-11 
So(3)+Q2(3) 6371.4766 0.2585E-11 0.9743E-12 
So(4)+Q2(3) 6484.4131 0.2048E-11 0.4451E-12 
So(5)+Q2(3) 6594.5986 0.2980E-12 I 

So (O)+Q2( 4) 6003.2480 0.7085E-11 0.3540E-11 I 

So(1)+Q2(4) 6121.7139 0.4802E-11 0.2087E-11 
I 

So(2)+Q2( 4) 6238.8306 0.7767E-11 0.2557E-11 
So(3)+Q2( 4) 6354.0918 0.2149E-11 0.4669E-12 
So(4)+Q2(4) 6467.0283 0.1703E-11 0.2133E-12 
So(5)+Q2(4) 6577.2139 0.2477E-12 
So(O)+Q2(5) 5981.7041 0.1066E-11 0.2687E-12 
So(1)+Q2(5) 6100.1699 0.7223E-12 0.1584E-12 
So(2)+Q2(5) 6217.2866 0.1168E-11 0.1941E-12 
So(3)+Q2(5) 6332.5479 0.3232E-12 
So(4)+Q2(5) 6445.4844 0.2561E-12 
S2 (O)+Qo ( J) 6033.7607 2.41802E-10 0.34131E-9 0.74551E-9 
s2 (1 )+Qo ( J) 6139.0991 1.68608E-10 0.20232E-9 0.2271E-9 
S2(2)+Qo(J) 6238.8306 2.7821E-10 0.25282E-9 0.71744E-10 
S2(3)+Qo(J) 6332.5483 7.7656E-11 0.4659E-10 0.16889E-11 
S2(4)+Qo(J) 6419.8979 6.14669E-11 0.21257E-11 
S2(5)+Qo(J) 6500.5859 8.91160E-12 0.15552E-11 
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Table D.7: 

Transition I wavenumbers (cm- 1
) I 298 K I 201 K I 77 K 

Q2(0) + Oo(2) 5688.8335 0. 7133E-11 
Q2(0) + Oo(3) 5570.3672 0.1800E-11 
82(1) + Oo(2) 5684.4229 0.7433E-11 
82(1) + Oo(3) 5565.9570 0.1873E-11 
Q2(2) + Oo(2) 5675.6279 0.1033E-11 
Q2(2) + Oo(3) 5557.1621 0.2633E-11 
Q2(3) + Oo(2) 5662.5000 0.2033E-11 
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