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Abstract

The collision-induced absorption spectra of molecular hydrogen in its
second overtone region were recorded with a ~ 2.0 m high-pressure low-
temperature absorption cell for gas densities up to 1000 amagat at 77,
201 and 298 K. The occurrence of the dip at Qa(1) with characteristic low-
and high- wavenumber components Qp and Qg, observed for the first time
in the 3-0 band at different temperatures, clearly shows the contribution
of the short-range electron-overlap interaction of the collisions to the 3-
0 band in contrast to the 2-0 band of H,. In addition to the overlap
components, the observed spectra consist of the long-range quadrupole-
induced transitions of the type Qa(J) + Qo(J), Sa(J) + Qu(J), Qa(d) + Su(J),
Q2(3)+Q1(J), S2(3)+Q1(J), Qa(3)+51(J) and S5(J)+851(J), where the subscripts
0 to 3 indicate Av, the change in the vibrational quantum number.

An analysis of the observed profiles was performed by using the Levine-
Birnbaum intracollisional line-shape function [Phys. Rev. 154, 86 (1967)]

and the Van K donk i llisional line-shape function [Can. J.

Phys. 46, 1173 (1968)] for the overlap-induced transitions, and the Lorentz

line-shape function as well as the Birnbaum-Cohen line-shape function



[Can. J. Phys. 54, 593 (1976)] for the quadrupole-induced transitions.

Very good agreement between the experimental absorption profiles and

the calculated profiles was by ing the matrix el of

the quadrupolar moment < 0J|Q[v'J’ > for Av= 2 and 3 by a factor 0.68
and by treating the relative intensities of the three groups of transitions,
namely, the overlap transitions, the quadrupolar single transitions and

ey - i

the quadrupolar double as par From

this analysis the characteristic half-width parameters 6; and é. for the
overlap components, & of the Lorentz line-shape function, and 6, and & of

the Birnbaum-Cohen line-shap ion for the quadrupole components

have been determined.

The analysis of the profiles described above reveals some excess absorp-
tion in the band around 12,460 cm=!. As the area under the absorption
profile of this excess absorption is found to be proportional to the cube
of the density of Hy, it is interpreted as arising from the triple transitions

Qi(J) +Qi1(J) + Qi(J). This represents the first observation of simultaneous

g three in collision-induced spectra. Profiles

resulting from the tripl Llision it were also y tisfe

torily by using the Lorentz line-shape fu ion as well as Birnb Cohen
1



line-shape function.
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Chapter 1

INTRODUCTION

1.1 Collision-Induced Absorption Spectra of Molec-

ular Hydrogen

Isolated homonuclear diatomic molecules, like hydrogen, in their electronic ground
states have no permanent static or vibrational electric dipole moments on account of
the symmetry of their charge configurations. Consequently, unlike polar molecules,
they have no electric dipole absorption at their rotational or vibrational frequen-

cies. However, a transient electric dipole moment is induced in two or more collid-



ing molecules by intermolccular forces because of an asymmetric distortion of the

electron charge configuration during collisions. These transient induced-dipole mo-

ments interact with the ic field from an iale radiation source,
and {he colliding molecules sbsorh radiation fn-the specizal reglons corresponding
to vibration-rotation, pure rotation and translation. The resulting phenomenon is
known as collision-induced absorption (CIA) in which normally forbidden transitions
oceur,

Collision-induced absorption was first observed in compressed oxygen and nitro-
gen by Crawford et al. (1949) in the regions of their fundamental bands. In the same
year CIA was also identified in the fundamental vibrational band of gaseons hydrogen
by Welsh et al. (1949). Since the discovery of this phenomenon, the collision-induced
absorption spectra of the fundamental and overtone bands of gaseous Hy have been
studied in the pure gas and in binary mixtures with other simple gases under a va-
riety of experimental conditions. The reasons for the greatest interest in the study
of the spectra of hydrogen are many: the Hy molecule is the simplest of all diatomic
molecules; it can be treated more rigorously by theoretical calculations; various ro-
tational components of the bands are somewhat separate in spite of their broad and
diffuse nature because of its small moment of inertia; it is present in large quanti-
ties in the atmospheres of the major planets and in certain cold stellar atmospheres.

2



Thus the collision-induced ak ion spectra of hydrogen have been i in

understanding the process involved and in verifying the results of theoretical studies.
A comprehensive review of the experimental work done prior to 1971 on the CIA

spectra of gascous Hy has been given by Welsh (1972). An exhaustive review of the

more recent work on the collision-induced vibrational absorption of Hy, D; and HD
in the gaseous phase was given by Reddy (1985). For further information on CIA the
reader is also referred to the review by Reddy and the theses of van Nostrand (1983)
and Gillard (1983), both from our laboratory. Comprehensive bibliographies on the
subject have been compiled by Rich and McKellar (1976) and Hunt and Poll (1986).
Van Kranendonk (1974), Poll (1980) and Birnbaum et al. (1982) have reviewed the

ik ical aspects of collision-induced ak

Gollisioninduced absorption is usually d by the theoretical model of Van

Kranendonk (1957 and 1958) which assumes pairwise additivity of the intermolecular

with the L d-Ji i lecular pair potential, and the so-called

“exponential-4” model for the induced-dipole moment. The reader is also referred to
Poll and Van Kranendonk (1961), and Poll and Hunt (1976) for the angle-dependent
expressions for the induced-dipole moment p. On the basis of this exponential-4
model, the induced dipole moment p of a pair of colliding molecules consists of
two additive parts, foverisp(R) arising from the overlap of the electron clouds of the

3



colliding molecules, and piguaa( R) resulting from the polarization of one molecule by
the quadrupole field of the other, R being the intermolecular separation. The short-

range, angle-independent, elect lap moment Houeriap d iall

with i lecul ion R, and the long-range, angle-depend drupol

induced moment fiquaq varies asymptotically as R-%. It should be emphasized that
the existing theories concerning binary collisions take into account the pair potentials
®(ri,rj, Rij). However, potentials involving terms such as ®(ry, 75,7, Rij, Rjk, Rii)
should be considered to include the effect of higher order collisions.

The overlap induced-dipole moment foertep(R) is mostly isotropic and gives risc
to the broad Qu.(J) (AJ = 0) transitions (the anisotropic part of this induced-dipole
moment also contributes to the intensity of the O (AJ = —2) and S (AJ = +2)
transitions). A distinct feature of the overlap induction is a characteristic dip in

the @ branch at the position of the ding fr lecul iti This

h was explained by Van K donk (1968) in terms of a destructive

interference between the induced dipoles in successive collisions, and the line-shape
function for the dip will be discussed in Chapter 3. A detailed kinetic theory of the
intercollisional interference dips in the overlap induced @ branch is given by Lewis
and Van Kranendonk (1971, 1972a and 1972b ) and Lewis (1972, 1973, 1976 and

1985).



The quadrupole induced-dipole moment figued depends on the polarizability of
the colliding molecules. The isotropic component of the polarizability of a collid-
ing molecule contributes to the intensity of transitions Oay(J1) + Qo(J2), Qav(J1) +
Qo(2), Sau(J1) + Qo(J2), Qav(h) + Qau(Jz), Qau(dr) + Sau(J2) and Sau(dr) +
Qau(J2). Here the subscript Av(= v’ — v"), which takes values 0, 1, 2, 3, ..., etc.,
refers to the change in the vibrational quantum number v with v" = 0, and the sub-
scripts 1 and 2 refer to molecules 1 and 2 in a binary collision. The transitions O, Q
and § correspond to the rotational selection rule AJ = —2, 0 and +2, respectively.

The anisotropi of the polarizability, on the other hand, contributes a

small amount to the above transitions and also gives rise to the double transitions
Sau(h) + Sav(J2). In the so-called “single transition”, only one molecule of the
colliding pair makes a vibration or a vibration-rotation transition while its collision
partner makes an orientational transition denoted as Qo(J) with no change in the
internal energy. In the “double transitions” both molecules of the collision pair simul-
taneously absorb a single photon. Line-shape functions used in the analysis of CIA
spectra are reviewed by Reddy (1985, also see references therein). Birnbaum et al.

(1976, 1982) also give the theory of line-shape functions for quadrupol

The line-shape functions used for the overlap as well as quadrupolar components in
the present work will be given in Chapter 3.

5



In addition to the components foueriop(R) and fqusd(R) discussed above, the in-

duced dipole moment also includes two Jheza(R)and p (R).
Of these, the intermediate-range component iheza( R) results from the polarization of
a molecule by the hexadecapole field of its collision partner, and is proportional to

R~°. 1t gives rise to much weaker iti ding to the rotational selection

rule AJ = 0, +2 and 4. The transitions corresponding to AJ = 4 are known as
U transitions and are of some interest for the hydrogeus. The U branch consists of
Uno(d1)+ Qo(J2) and Qau(J1)+Uau(J2) transitions (and possibly Uau(1) - Sau(Ja)
transitions, which have not yet been observed). In the collision-induced fundamental
band of Hy, the transitions Uy(J)+Qo(J) and @1(J)+Va(J), first observed by Gibbs
et al. (1974), have been studied in detail by Reddy et al. (1980). The fieira-esa(F)
component results from the polarization of a molecule by the tetra-hexadecapole ficld

of its collision partner and is proportional to R-. This induced-dipol

gives rise to very weak transitions, corresponding to AJ = 0, £2, 4 and :£6. The

of the ition Wo(J) ding to AJ=+6 in solid H, has been

recently reported by Okumura et al. (1989).
Although the four types of induction mechanisms discussed here contribute to
the hydrogen fundamental band (see for example Reddy et al., 1977, 1980 and Sen
et al., 1980), the overlap induction does not appear to contribute to its first overtone

6



band (see for example McKellar and Welsh, 1971, van Nostrand, 1083, Varghese et
al., 1987 and McKellar, 1988). But McKellar and Welsh (1971), and Gillard (1983)
observed unexplained experimental absorption in the Qa region of the second overtone
spectrum of H; at 85 K and 77 K, respectively. This was interpreted as evidence of
the existence of an overlap-induction contribution to the second overtone band of Hy.

Collision-induced absorption spectra have components with broad transition half-
widths. According to Van Kranendonk (1857), the width of the lines is due to the
short duration of the induced dipole and the uncertainly principle, AE = h/(At). If
the collision duration is given by At = R/V where R is the range of the induction
mechanism and V is the relative speed of one molecule with respect to its collision

partner, then the resulting width of the line in units of cm™" is of the order of

Because of the presence of , the short-range overlap induction will give rise to
broader transitions than the long-range quadrupolar induction. Also the relative
kinetic energy of the molecules is approximately (1/2)mV" = (3/2)kT and thus the
half-width shows a T'/2 dependence. This relation has been found to be valid in the
fundamental (Reddy et al. 1977), and the first overtone (van Nostrand, 1983) bands

of Hy,



The half-width of the collision-induced quadrupole-induced itions also has a
notable density dependence at high densities. De Remigis et al. (1971) observed a

definite decrease in the halfwidth of the drupole-induced lines in the fund |

band of Hj in Hj - Ar mixtures for gas densities above 300 amagat. Zaidi and Van

Kranendonk (1971) explained the line ing in terms of a diffusional effect in
which the linewidth is proportional to the diffusion constant and thus is approximately
proportional to density. Later, Mactaggart et al. (1973) studied in detail the same
effect in the fundamental band in the binary mixtures Hy - Ar, H - Kr and H, - Xe.
Lewis and Tjon (1978) showed that the simple explanation given by Zaidi and Van

K donk for ing of lines is

Although the collision-induced fundamental and first overtone bands of hydrogen
have been studied over wide ranges of pressures and temperatures and their charac-
teristics are well known, the properties of the absorption in the second overtone region

have not been so precisely delineated. This is due to the weakness of absorption and

the i 1 difficulties in its i igati The collision-induced absorption
spectrum of hydrogen in the second overtone region was first observed in the labo-
ratory by Herzberg (1952) who photographed the band at a gas pressure of 100 atm
at 77 K with a path length of 80 m, and interpreted the spectrum as consisting of a
pure second overtone band, in which one of the two colliding molecules makes a vibra-

8



tional transition Av = 3, and a double vibrational band in which one molecule makes
a vibrational transition Av = 2 while its collision partner simultaneously makes a
vibrational transition Av = 1. Hunt (1959) recorded the 3-0 band of H, at room
temperature and pressures up to 2200 atm. Prior to his observation in the laboratory,
Herzberg (1951) identified a diffuse feature at 12,093 cm™?, observed in the spectra
of Uranus and Neptune by Kupier (1949), as the collision-induced S3(0) component
of the second overtone band of hydrogen. McKellar and Welsh (1971) made the first
quantitative measurement of the absorption spectrum of Hj in the second overtone
region at gas densities of about 37 amagat at 85 K with a path length of 137 m. Their
analysis of the absorption profiles showed several discrepancies between the experi-
mental and calculated profiles. Gillard (1983) met similar difficulty in the analysis
of the CIA spectra of H, in the second overtone region which was recorded for gas
densities in the range 500 - 930 amagat at 77 K with the 2 m absorption cell.

R i Ilision-induced iti in the second overtone region are

shown in Figure 1.1. In the calculation of the term values (in cm™) for the ro-
tational and vibrational levels of the free H, molecule, molecular constants given by
Bragg et al. (1982 for v = 0, 1 and 2 and Foltz et al. (1966) for » = 3 were used.
The single transitions Qs(J) and Ss(J), and the double transitions Qs(J) + Su(J)
and 83(J) + 5o(J) are all representative of the pure second overtone band, whereas

9
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the Qa(J) + Qu(J), S:(J) + Qi(J), @a(J) + Si(J) and S(J) + Si(J) transitions
correspond to the double vibrational band in which one molecule of the colliding
pair makes the v = 2 - v = 0 vibrational transition while its partner simultaneously

makes the v = 1 « v = ( vibrational transition. The S3(J)+So(J) and Sy(J)+S51(J)

transitions arise solely from the ani: i of the polarizability and their
intensities are relatively weak compared to those arising from the isotropic part of

the polarizability.

1.2 The Present Work

As mentioned in the previous section, quantitative measurements of CIA spectra
of Hf; in the second overtone region were made for gas densities of about 37 amagat
at 85 K by McKellar and Welsh (1971) and for gas densities up to 930 amagat at 77
K by Gillard (1983). The profile analyses of CIA of H, in both these studies showed

several di ies between the i 1 and calculated profiles.

One of the aims of the present work was to obtain accurate experimental CIA
profiles of H in its second overtone region at several temperatures and a wide range

of gas densities, to analyze them with appropriate line-shape functions, and to find

11



whether it would be possible to obtain satisfactory agreement between the experi-
mental and the calculated profiles. Another aim was to find whether it is possible to
identify absorption resulting from triple transitions of the type Q1 (J)+@Q1(J)+@i(J),
which would fall in the spectral region of the second overtone band of Ha, and which
would be an excess contribution not predicted by current theory.

The CIA spectra of H, were recorded with a 2 m low-temperature high-pressure

stainless steel cell for gas densities up to 1000 amagat at 77, 201 and 298 K. The

and the i 1 technique are described in Chapter 2.
Chapter 3 presents representative experimental profiles of the CIA spectra of Il
in the second overtone region. The occurrence of the dip at Q3(J) with character-
istic low- and high- wavenumber components @p and Qg clearly shows the pres-

ence of overlap induction of the collisions in the 3-0 band. In addition lo the over-

lap several quadrupole-induced transitions of the type Qa(J) + Qo(J),
S3(J)+Qol), and Qs(J)+ So(J) of the pure 3-0 band and of the type Qa(J)-+Qu(J),
Sa(J) + Q(J), Q2(J) + S1(J), and Sa(J) + 51(J) of the combination 2-0 -+ 1-0 band
have been identified. Binary and ternary absorption coefficients of CIA in the sec-
ond overtone region have been determined. Chapter 3 also presents the analysis of
the observed profiles. The line-shape functions used are the Levine-Birnbaum (1967)

intracollisional and the Van Kranendonk (1968) intercollisional line-shape functions

12



for the overlap-induced transitions, and the Lorentz line-shape function as well as

the Birnbaum-Cohen (1976) line-shape function for quadrupole-induced transitions.

drupole-induced

In the calculation of the relative i ities of the

the matrix elements for Av = 2 and 3 are reduced by a factor of 0.68 to obtain
satisfactory profile analysis. This is similar to the procedure used by van Nostrand
(1983) in the analysis of the CIA spectra of Hy in the first overtone region. Also, the
relative intensities of the three groups of transitions, namely, the overlap transitions,

the quad: lar single itions and quad; lar double iti are treated as

independent parameters in the analysis of the profile.

Analysis of the absorption profiles presented in Chapter 3 reveals some excess

which is additional to theoretical prediction, in the spectral region around

12,460 cm™1. As the area under the absorption profile of this excess absorption is
found to be proportional to the cube of the density of the Hy gas, it is interpreted as
arising from triple transitions of the type @1(J1) + Q1(J2) + @i(Ja). This represents

the first observation of the simultaneous triple transitions involving three molecules

1,2 and 3 in the CIA spectral Absorption profiles of the triple-colisi it
have also been analyzed sati;factorily by using the Lorentz line-shape function as
well as the Birnbaum-Cohen line-shape function. The profiles of the triple-collision
transitions and their analysis are presented in Chapter 4.

13



Conclusions of the present research work are summarized in Chapter 5.
Computer programs used in the analysis of the absorption profiles are listed in

A dix A. Matrix elements, of the d le moment @, polarizability @, and

anisotropy of polarizability v, used in the present work, are listed in Appendix B.



Chapter 2

APPARATUS AND

EXPERIMENTAL TECHNIQUE

The infrared spectra of the collision-induced ab ion of molecular hydrogen in

its second overtone region was studied for gas pressures up to 1,700 atmospheres at

77, 201 and 298 K. The experimental data were obtained with a 2 m high-pressure

cell, a high-p gas handling system and an infrared

recording spectrometer. In this chapter, a brief description of the apparatus and the




2.1 The 2 m Absorption Cell

The2m ission-type stainless steel absorption cell was originally designed by
Reddy and Kuo (1971) for gas pressures up to 1000 atmospheres at room Lemperature,
This cell was later modified for the work at low temperatures down to 77 K by
providing a double-walled stainless steel jacket in which the space between the cell
and inner wall of the jacket was used for the coolant and the space between two walls
of the jacket was insulated with vermiculite (see for example Prasad, 1976). Finally
to reduce the high consumption of the coolants used for low temperature work and

to maintain uniform temperature over the entire cell, extensive modifications were

made to the cell, including repl t of the iculite-filled insulating jacket with
a stainless steel vacuum jacket (see Gillard, 1983).

A cross-sectional view of one end of the absorption cell is shown in Figure 2.1
The cell T was constructed from a type 303 stainless steel cylinder, 2 m long and
7.62 cm in outer diameter. It has a central bore of 2.54 cm. A polished stainless
steel light guide L which passes through the full length of the cell has a rectangular
cross sectional aperture 1.00 cm X 0.50 cm. It ensures good transmission of radiation

through the cell and reduces the effective volume of the cell for economical use of the
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experimental gas. The synthetic sapphire window W, 2.54 cm thick and the same
in diameter, was attached to a stainless steel window seat S with a circular aperture
of 1.00 cm by means of General Electric RTV-108 silicone adhesive sealant. The
window seat was pressed firmly against an Invar O-ring J; by means of a stainless
steel retaining block R which was held in position by eight 3/8 in. Allen head steel cap
screws which pass through the holes in R and threaded into the face of the absorption
cell. With this arrangement the Invar O-rings provide satisfactory seals for good
vacuum as well as for high pressures in the cell at all experimental temperatures.

A nut N, 7.62 cm in internal diameter and 1.5 cm long and made of type 312
stainless steel was threaded onto each end of the cell. A solid flange Fy, and cone
C both made of stainless steel were then welded to this nut as shown in Figure 2.1.
The flange F; was also welded to a stainless steel bellows B; of diameter ~ 16.5
cm. The bellows B; was then attached to the outer wall of the jacket by eight 1/4
in. - 20 screws and nuts by flanges F; and Fy. A 10.2 cm diameter stainless steel
bellows B; was welded to the stainless steel cone to form the internal wall of the
jacket and also to allow for relative expansion and contraction of the cell and the
vacuum jacket. An RTV silicone rubber O-ring type seal I, was formed between 7y
and F, which were then held together by twelve 10 - 24 machine screws. Attached
to F, was a short stainless steel tube and another flange Fs. Flange Fs was scaled

18




with a neoprene O-ring I to the flange Fs of an end cap made of Delrin which was
normally evacuated through vacuum port V4 to prevent condensation of atmosphere
water vapour on window W;. A sapphire window Wy, 5.08 cm in diameter and 0.30
cm thick, was sealed to the end of the plastic end cap by a Plexiglas ring P. Heating
tape H was wound around the end of the cell near flange F} so that the O-ring seal
would not freeze. Chamber I was normally evacuated through a vacuum port V.
Chamber II was filled with a coolant, either liquid nitrogen (77 K), or a mixture of
ethanol (G, HsOH) and crushed dry ice (201 K), through an opening O in the central
section of the jacket. The experimental gas was admitted into the cell through a 1.27
cm Aminco fitting A, attached to a stainless steel capillary tube CT. Figure 2.2 gives
the photographs of (a) the assembled cell, (b) a view of one end of the cell, window
seat and the retaining block before assembly, and (c) assembled end of the cell to

which a vacuumn chamber is attached to prevent condensation on the window.

2.2 The Gas Handling System

Matheson ultra-high-purity grade hydrogen gas with a stated purity of 99.999%

was used in all experiments. The gas handling system for developing the required
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Figure 2.2: Photographs of the 2 m low-temperature, high-pressure
absorption cell used in the experiments.

(a)
(b)

(e)

An overall view of the cell.

An view of the one end of the cell (under construction)
showing the inner jacket and the window mount.

One end of the completed cell showing the Delrin end
cap and the heating tapes.

20






pressures in the absorption cell is shown schematically in Figure 2.3. A series of Am-
inco valves, fittings and capillary tubing, all made of stainless steel, copper tubing T
(0.62 cm in diameter), stainless steel thermal compressors T, Ty and Ty and Asheroft

Bourdon tube pressure gauges Gy (range: 0 - 5,000 p.s.

G (0 - 20,000 p.s.i.) and
G5 (0 - 30,000 p.s.i.) form the gas handling system between the Matheson hydrogen
cylinder and the 2 m absorption cell as shown. All the Aminco components are rated
for pressures up to 60,000 p.s.i. Before the H, gas was released from the cylinder, the

gas handling system including the 2 m ion cell was ) Hy-

drogen gas from the cylinder was then passed through T immersed in liquid nitrogen
to remove any impurities, then admitted into T;. After closing the valve between the
H; cylinder and T, cold H, from T; was admitted into high-pressure compressors Ty
and T4 (each having a volume of 500 c.c) which were also immersed in liquid nitrogen.
This process was repeated until sufficient gas was collected in T3 and T4. The gas in
T was then warmed to room temperature and admitted into T4, which was still kept
at 77 K. Finally T4 was used as a high-pressure gas reservoir when it was warmed up
to room temperature. In developing high pressures, the technique described here is

simple in principle and avoids ination of the i 1 gas with i itie

associated with instruments such as an oil gas compressor. By the present method,
pressures up to ~ 30,000 p.s.i. can be developed from a hydrogen cylinder with an
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initial pressure of ~ 2,000 p.s.i. of Hp. Oil filled Bourbon tube test gauges which were
calibrated against an Ashcroft dead weight pressure tester were used as calibration

standards for the pressure gauges used in the gas handling system.

2.3 The Spectrometer and Optical Arrangement

The overall optical arrangement including the absorption cell is shown schemati-
cally in Figure 2.4. The source of continuous infrared radiation was a General Electric
FFJ 600 W Quartzline projection lamp L housed in a water cooled brass jacket of
special design and positioned close to the end of the absorption cell. The voltage
across the lamp was adjusted between 60 - 90 volts to bring the signal to noise ratio
to a satisfactory level. The voltage applied to the lamp was controlled by a Variac
W10MT3A autotransformer which was fed by an a.c. voltage regulator. An (/4 alu-
minized concave spherical mirror M; with 15 cm diameter focused the radiation from
the source on the entrance window of the absorption cell. Light passing through the
absorption cell was then focused by a similar mirror M, onto the entrance slit §y of
the spectrometer. The spectrometer was inclined at an angle of approximately 30"

to the axis of the cell.
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A Perkin-Elmer model 112G double pass grating spectrometer whose optical lay-
out is shown in Figure 2.4 (b) was used to record the spectra. This instrument
contained a grating G ruled with 300 lines/mm, blazed at 3.0 um in the first order.

A H: type R758 ph ltiplier tube (PMT) P was housed dircctly behind

the exit slit S, of the h inside the box as shown. The
PMT was mounted in a magnetic shield supplied by Hamamatsu and modified to fit
inside the spectrometer. A light-tight box constructed of brass shimstock was fitted
around the exit slit of the monochromator and the PMT housing to keep stray light
to a minimum. To reduce scattered light in the spectrometer, the objects placed
inside spectrometer housing were painted black. A Corning CS 2-64 filter F was used
to eliminate unwanted radiation. The entrance slit width was maintained at 10 um
and gave a spectral resolution of about 2 cm™" at 11782 cm™!, the position of the

Q3(0) transition.

2.4 The Signal Recording System

The radiation entering the spectrometer entrance slit S; from the absorption cell

was dispersed by a grating. It was then chopped by a 260 Hz tuning fork chopper
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CH between flat mirrors M5 and Ms where it was brought to a focus. The chopped
radiation was reflected back to the grating by Ms, and was finally focused on the
exit slit S, of the spectrometer (sec Figure 2.4 (b)). The radiation passing through
the exit slit was brought directly onto the PMT which consists of a photoemissive
cathode (photocathode) followed by an electron multiplier section and a photoelec-

tron collector (anode) in a vacuum tube. The electron multiplier section (called the

dynode-string) has fast ti lution, high lification, and low noise. A con-
stant voltage of 900 V was applied across the PMT, so that its output current was
proportional to the intensity of the radiation incident upon it.

The signal from the PMT was directly connected to a model SR510 lock-in ampli-
fier supplied by Stanford Research Systems. As the full scale current sensitivities of
this lock-in amplifier range from 100 £A to 500 nA, no current sensitive preamplifier
was needed. A reference signal was supplied to the lock-in amplifier from the power
supply unit for the tuning fork chopper and the phasing adjustment is inherent in
the lock-in amplifier. The output signal of the lock-in amplifier was recorded on a

Hewlett-Packard model 7132A strip chart recorder.
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2.5 Calibration of the Spectral Region and Re-

duction of Recorder Traces of the Spectra

The absorption spectra of Hy in its second overtone region were recorded as inten-
sity versus time by the chart recorder. However time was converted to wavenumbers
(cm~?) using the standard emission lines of neon and argon (Zaidel et al., 1970 and
C.R.C. Handbook of Chemistry and Physics, 1985). The procedure of calibration is
as follows: The distances d(v) of the standard neon and argon emission peaks on the
recorder charts were accurately measured. A second order polynomial function of
wavenumber v (cm™)

d(v)= A+ Bv+C»*
was found to represent the dependence of d{v) on v satisfactorily. A least-squares fit
was performed to obtain the constants A, B and C, and these constans were in turn
used to obtain wavenumbers against positions on a recorder trace al intervals of 10
cm™. A calibration chart was then drawn on tracing paper giving the position along
the recorder trace at these intervals.

The absorption coefficient a(v) at a given wavenumber v (in cm™1) of an absorbing
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gas is given by
a(v) = (2.303/1)log;o{Io(v)/1(v)]

where Io(v) and I(v) are the intensities of radiati itted by the d

cell of sample path length 1, and by the cellfilled with the absorbing gas at density p,

ly. The i ities are d from the infinite absorption line. A proper

matching of chart recorder traces taken with evacuated cell at the beginning and end
of an experiment ensures the stability of the source of radiation and the signal record-
ing system during the experiment. At each gas pressure, two or mote recorder traces
were taken until they matched well with each other. The wavenumber calibration
chart was positioned on the recorder traces and the quantity logio[lo(v)/I(v)] was
measured at the marked intervals on the chart with the help of a standard logarithmic

scale. Absorption profiles were obtained by plotting log,o(Zo(v)/1(v)] against v. The

areas under the ab profiles the i d absorption coeffici

[ a(v)dv.

2.6 Isothermal Data

In this thesis, the densities of the gases are expressed in amagat units. An amagat
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unit is defined as the ratio of the density of a gas at a given temperature and pressure
toits density at the standard temperature and pressure (.T.P.). Recorded pressurcs

of hydrogen at the three experimental were d to the density

using its pressure-density data. Densities of hydrogen at 77 K, 201 K and 298 K werc
first obtained by linear interpolation of the data given by McCarty et al. (1981) at
temperature 75 K and 80 K, 200 K and 220 K, and 280 K and 300 K, respectively.
These data were least-squares fitted to a polynomial of degree 5 to allow interpolation
of the densities for the experimental pressures of the gas. The densities of hydrogen
for pressures above the available data were obtained by the method of extrapolation

using the coefficients of the polynomial.
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Chapter 3

ABSORPTION SPECTRA OF H,
IN THE SECOND OVERTONE

REGION

3.1 Introduction

A brief survey of the previous work on the collision-induced infrared ab

of Hj in the fundamental, first overtone and second overtone regions has been given
in Chapter 1. The high pressure absorption cell and the experimental procedure have
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been described in Chapter 2. In the present work, the collision-induced absorption
spectra of Hy in the second overtone region were recorded at 77, 201 and 298 K
with a 2 m absorption cell for a number of gas densities up to 1000 amagat. The
experimental conditions under which the spectra were recorded are summarized in
Table 3.1, The rest of this chapter is devoted to the absorption profiles of Hp and

their analysis.

Table 3.1: Summary of the experiments on the Hj second overtone band

Temperature Absorption Number of gas Maximum density
path length densities studied of the gas
(K) (cm) (amagat)
K4 194.2 8 1002
201 194.5 5 866
298 194.8 6 752

3.2 Experimental Absorption Profiles

Three typical absorption profiles of normal hydrogen in the pure gas at cach of the
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temperatures 77, 201 and 298 K in the second overtone region are shown in Figures
3.1,3.2 and 3.3, respectively, by plotting logyo[Io(v)/I(v)] against wavenumber v. The

d from the of the free hydrogen

positions of several
molecule (Foltz et al., 1966 for v = 3 and Bragg et al., 1982 for v=0, 1 and 2
) are marked along the wavenumber axis in these figures. The absorption peak

positions and the assj| of the iti ibuting to these peaks are listed

in Tables 3.2, 3.3 and 3.4. A characteristic dip in the Q branch with associated
maxima Qp and Qg in the 3-0 band of Hj is observed at the position of @a(1) at all

the three i 1 The of the dip has been interpreted

in terms of the density-ds dent i llisional i flect which arises from

the negative correlations existing between the short-range overlap dipole moments

induced in ive collisions (Van K donk, 1968; M: and Welsh, 1973;

and Reddy et al., 1977). The presence of the dip in the Q branch of the second
overtone band of hydrogen is a positive indication of the overlap contribution to
the intensity of the band. It is also apparent from the profiles in Figures 3.1, 3.2
and 3.3 that the separation Avpg between the @p and Qg maxima increases with
increasing density of the gas. For example, for the profiles presented in Figure 3.3,

Avpp has values 190, 220 and 256 cm™". It should be noted that the isotropic overlap

ibution is predomi in the collision-induced fund; 1 band of H, (see
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Collision-induced absorption profiles of H, at 77 K at three
different densities of the gas in the second overtone region. Calculated
positions of a few transitions marked along the vavenumber axis. The extents
of various transitions are marked in groups 1-9. See Table 3.2 for other details.




Table 3.2: Assignment of the obscrved absorption peaks of the H; second overtone

region at 77 K

Peak Wavenumber of Assignment
number observed peak
(em™)

1 1773 Qs(J) + Qo(J)
2 11798 Qs(J)overtep  dip
3 12120 53(0) + Qo(V), Qa(J) + So(0)
4 12226 Sa(1) + Qo(J), Qa(V) + Qs(J)
5 12345 Qa(J) + So(1)
6 12560 52(0) + @), Qa(J) + 5:(0)
7 12762 $:(1)+ Qu(J), Qu(J) + Si(1)
8 13107 5,(1) + 51(0), S2(0) + Si(1)
9 13310 S(1) +$i(1)
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Table 3.3: Assi
region at 201 K

of the observed ab

peaks of the H, second overtone

Peak Wavenumber of Assignment
number observed peak
(em™)

1 11732 Qa(J) + Qo(J),Q3(J)overlap
2 B 53(0) + Qo)
3 12255 53(1) + Qo(J), Q2(J) + Qu(V)
4 - Qs(1) + S(1)
5 12572 52(0) + @u(V), Q2(J) + 51(0)
6 12786 Sa(1) + @1(J), @) + 5i(1)

36



L8

L(ZBw(I° /1)

o.
NORMAL H 3
2 -
PATH LENGTH: 194.8 cm  (R)
T: 298 K

o:ns‘nvo-uz

(R} 752 AMAGAT
® 678 AMAGAT
(© S97 AMAGAT

1=

ry L L f L L L L
11500. 0 3 12000. 0 500 1 o 13000. 13500.0
) 5(0) A51) 5(2) 503) A@)+5(1) L
QM)+ Qi) S(1)+ Q1) S5(3) + Q1)

WAVENUMBER ( em™ )
Figure 3.3: Collision-induced absorption profiles of H; at 298 K at three
different densities of the gas in the second overtone region. Calculated
positions of a few cransicions are marked along the wavenumber axis. The extents
of various transitions are marked in groups 1-7. See Table 3.4 for other details.



Table 3.4: Assij

of the observed ab

region at 298 K

peaks of the H, second overtone

Peak Wavenumber of Assignment
number observed peak
1 11740 Qa(J) + Qo(7),Q3()overtap
2 & 53(0) + Qo(J),
3 12255 S3(1) + QolV), Qa(J) + @u(J)
4 - Qs(1) + So(1)
5 - $5(2) + Qo(J)
6 12571 53(0) + Qu(J), Q=(J) + 51(0)
S5(3) + Qo(J)
7 12780 5:(1) + Qu(J), Qa(J) + 5:(1)
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Reddy et al., 1977) but is absent in its 2-0 band (see van Nostrand, 1983, and Varghese
et al., 1987). It may be noted that the absorption profiles of Hy in its second overtone
region at 85 K presented by McKellar and Welsh (1971) show no dip in the Q branch
because of the low gas densities used and have five peaks. But in the present work we
have observed three more additional peaks at 12,345, 13,107 and 13,310 em™" in the
second overtone region of the hydrogen at 77 K (see also Gillard, 1983). For each of
the profiles at 201 K and 208 K, in addition to the dip in the @ branch with associated
Qr and Qr maxima, three absorption peaks are observed. For the collision-induced
absorption in the second overtone region resulting from the quadrupolar contribution,
theisotropic part of the polarizability contributes to the intensity of the purc overtone
single transitions Q(J) (=Qa(J)+Qo(J)) and S3(J) (=S3(J)+Qa(J)), pure overtone
double transitions Qs(J)+So(J) and S5(J)+50(J), and double vibrational transitions
Qa(J) + @1(J), S2(J)+ Q1(J), and Qa(J) + 51(J), whereas the anisotropic part of
the polarizability contributes to the double § transitions S5(J) + $1(J) which were
observed clearly at the high wavenumber wing of the absorption profiles of M, at 77
K; the absorption peak at 13,107 cm™! is assigned to the transitions Sy(1) + 5)(0)

and S,(0) + 5;(1) and the one at 13,310 cm™ is assigned to Sy(1) + Si(1).
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3.3 The Absorption Coefficients

The absorption coefficient a(v) at ber v (in cm™!) was obtained from
the relation

a(v) = (1/)n{le(v)/ 1)) (3.1)

where Lis the sample pathlength, Io(») is the intensity of radiation incident on the

sample, and J(v) is the intensity of radiation transmitted through the sample. The in-

tegrated absorption coefficients [(a(v)/v)dv etc., and higher moments are of great in-

ind ds and as such are much more

terest as they are ti

theoretically tractable than the fi ds dent absorption i (a(v))

themselves. Over a limited range of low gas densities, only binary collisions account
for almost all the absorption of the band, and the integrated absorption coefficient
of the band varies quadratically with the gas density. However, at higher gas den-
sities the effects of ternary and higher-order collisions must be taken into account.
-

More generally, the i d absorption of a given ition or a set of

transitions can be expanded as a power series in density as
/ a(V)dv = arap® + crap® + -0, (32)

where the temperature-dependent quantities a1 (in cm™? amagat=?) and azq (in
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cm™? amagat™?) are the binary and ternary absorption coefficients, respectively, and

pis the density of the gas.

The i d ab i fici can also be by the relation
o [ alu)dy = Graptnd + rapnd 4 (33)

where c is the speed of light, &(v) = a(v)/v, and ne is Loschmidt's number (2.687 x
10-' cm~3). The new binary and ternary absorption coefficients & (in cm®~") and
Gizq (in cm®?) are related to a1q and az, respectively, by the relations

@q = (c/nd)ena/P (3.4)
and

890 = (c/n3)aza/? - (35)
The quantity 7 in the above equations is the band center, given by the relation

- Jat)av
Ta(vyds *

(3.6)

The integrated absorption coefficients [ a(v)dv of the band were determined by in-
tegrating the areas under the experimental profiles, and these can be expressed in
terms of density by Eq. (3.2). Plots of (1/%) [ a(v)dv versus p for the profiles at

three experimental temperatures are shown in Figure 3.4 and are found to be straight
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lines. The intercepts and the slopes of the straight lines, which give the binary and

the ternary absorption

pectively, are d by a least-squares it
of the experimental data and their values are listed in Table 3.5 The experimental
errors in the integrated absorption coefficients (i.c., the areas under the absorption

profiles) are believed to be around 1 to 2 % and these are too small to be shown in

Figure 3.4.

3.4 Absorption Coefficients of Individual Lines

For comparison with theory, it is more convenient to calculate a quantity pro-

portional to the i bability than the i 1 absorption
coefficient. The theory of collision-induced absorption of Van Kranendonk (1957,
1958) allows the relative intensities of the various Hj transitions to be specified for

the overlap-induced it The relative i ities for the overlap

Qovertap(J), are given by

& Py, (3.7)

where Py is the normalized Boltzmann factor, which satisfies the relation ¥, Py = 1



W

Table 3.5: A fhci of the I, first overtone, and second overtone bands of normal Hy
Band  Temper Binary fici Ternary ab: i Ratio Reference
-ature ay, coefficient az, oa/aya(l - 0)

(K) (cm~%amagat~?) (cm~?amagat=?) atagiven T

1-0 m (1.42 £ 0.05) x 10~ 1.32 x 107> (1.5+1.5) x 10°* L0 Reddy et al.
196 (1.87 £0.05) x 10 1.74 x 107 (4.9£13)x 10" 1.0 “‘.?’s)
298 (2.46 £ 0.03) x 1072 2.30 x 107> (4.7+£0.7) x 10°¢ L0

20 g (4.31 £0.09) x 10~ 2.86 x 1077 (-0.3+0.3) x 10 3.0x 1077 Van Nostrand
201 (4.99 £0.08) x 10~% 2.44 x 107%7 (1.9£0.3) x 10~* 2.7 %1072 “m)
298 (5840.1) x10°% 2.1 %107 (1.2+£0.3) x 10°* 24 %1072

30 77 (135£0.04) x 10 453x10°®  (0.8+0.2) x 10~ 1.0% 10 Present work
201 (2.13 £0.02) x 10~ 711 x 107%° (0.4 £0.1) x 10-° 11x 1073
298 (2.33 £0.02) x 10~ 7.88 x 107 (0.9+£0.3) x 10-* 1.0 x 1073

*The errors indicated are standard deviations



and is expressed as
_ _on(2J + 1) exp(—=Es/kT)
= ¥ 91(2T + 1) exp(~ES/RT) '

where gr is the nuclear statistical weight of the molecule in a given rotational state

(3.8)

and Ey is the energy of the Jth rotational level. For hydrogen g7 is | and 3 for the
even and odd J rotational states, respectively. For normal Hj the conversion of the

ortho to para species or vice versa is forbidden and the relation
> P/ Y Pr=1f3 (39
cvenJ oddJ

is satisfied. Therefore Eq. (3.8) is written as

_ _(@J+)exp(-E,/kT) G,
Pt = § (3T H T exp(~ E, /FT) CotCs *

_ (2 +1)exp(-E, [kT)
Poaas = 30T+ 1) expl-E, [RT) fomio

where C,/(Cp+C,) = 1/4 and C,/(Cp+C,) = 3/4 are the para- H, (J even) and ortho-

(3.10)

H; (J odd) concentrations of normal Hy, respectively. The Bol
factors for H; at 77, 201 and 298 K are listed in Table 3.6.
For d lar induction, the i d binary absorption coefficient can be
expressed as (Poll, 1971, Karl et. al., 1975 and Reddy, 1985)
/n(v)dTV = /&(u)du = 1qmp? + Gagmp® + o+ (a.11)

The new binary absorption coefficient (in cm™" amagat~?) for a given band due to
quadrupolar induction and arising from binary collisions is cxpressed as (Reddy, 1985)
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Table 3.6: Normalized Boltzmann factors for normal hydrogen

J P

7K ZOIJK 298 K
0 0.2483 0.1789 0.1292
1 0.7500 0.7247 0.6587
2 0.0017 0.0708 0.1167
3 - 0.0253 0.0903
4 - 0.0004 0.0041
5 - - 0.0010

(the subscript 1 is omitted)

= _ (L rem®
Gom = (p,)/—” v (3.12)
8% , ; a
S R (313)

where p is the density of the gas in amagat units, e is the electron charge, n is
the Loschmidt constant, ao is the Bohr radius, and the temperature-dependent di-
mensionless integral J,(T*) represents the average dependence of the square of the

induced dipole moment on the intermolecular separation R. This integral is given by
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Van Kranendonk (1958) as
Jy=12n /0 o %o(z)zdz . (3.14)

Here ¢ = R/o, where R denotes the separation between two interacting molecules

and o is the i lecul i ding to the i lecular potential

V(o) = 0; go(z) is the low density limit of the pair correlation function which in the
classical limit is given by exp(—V*(z)/T*) with V*(z) = V(z)/¢, where V() denotes
the Lennard-Jones potential V(z) = 4e(c~12 - 2-6); and the quantity T* = kT/c,
where ¢ is the depth of the potential well. Equation (3.14) gives classical values of J,

(=J¢!) which are applicable at high Butati iate |

quantum corrections have to be applied, and the quantity J, is expressed as
FAESIN LR (O R (O N (3.15)

where J(*) and J® are quantum corrections, A* (=h/(2uea?)'/2) is the reduced mean

de Broglie wave-length (De Boer, 1949). Here 4 is the reduced mass of the colliding

pair of molecules. J® and J@ jons for J() and J® are given by Van
Kranendonk (1958)) were evaluated by us and found to agree with the values given
by Gibbs et al. (1979). In our calculations of the absorption cocfficients of the

individual components, values of J, with the quantum corrections are used. The
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quantity X,m is given by

Xem =X Py Py, [C(J12J];00)°C(J2073;00)? < v Jy|@ulv}Jf >2< vaJalaalvy; >*
+ C(J2275;00)°C(J10J1;00)? < v2a|QalvyJy >2< vii|ea vy J] >

+ Yom] s (3.16)

where the subscripts 1 and 2 refer to the two colliding molecules and vJ and v'J' are
their initial and final vibrational and rotational quantum numbers; the summation
is taken over all individual transitions that contribute to the band. The quantities

Py are the ized Bol factors as in Eq. (3.8), and C(JAJ'; 00)

with A = 0 and 2 are Clebsch-Gord flici and are functions of J (Rose,
1957; also listed by Reddy, 1985). The quantities < vJ|Q[v'J' > and < vJ|afo'J’ >
(with v = 0 in the present case) are quadrupole moment and polarizability matrix
elements, respectively, of the hydrogen molecule and are expressed in atomic units.
The term Yym in Eq. (3.16) is included to account for the effects of the anisotropy of

the polarizability, and is given by

Yom = C(J12J45002C(J5274;00)°

X

(£ < 0AIQui >2< 0ahrablt >*

+ 2 <OnIQutd; >< O blutd: >*
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1"—5 <OLIQuLT! > < 0%2]Qaluld; >

X < 0h|mlvid] >< 0Jz|valvyd; >] 3.17)

where the < 0J}y|v'J" > are matrix elements of the anisotropy of the polarizability. In
general, Yym is small compared to the rest of expression for X; it not only contributes
a small amount to the transitions which mainly arise from the isotropic polarizability,
but exclusively gives rise to weak double transitions of the form S(J;)+S(Ja). A com-
puter program was written to calculate the integrated binary absorption coefficients
for all the individual quadrupolar transitions in terms of Eq. (3.13) and is listed in
Appendix A. The matrix elements' of the quadrupole, polarizability, and anisotropic

polarizability, of H, used in these calculations were ically calculated by Hunt et

al. (1984) and are listed in Appendix B. Tables 3.7, 3.8 and 3.9 present the transition
intensities of H; due to the quadrupolar induction in the second overtone region at

77, 201 and 298 K.

TOne-half of the numerical values of < Q > given by these authors arc used because of the
difference in the definition of < Q >.
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Table 3.7: Calculated i ities for Hy itions in the second overtone region at
K.

Transition ‘Wavenumber Absolute Relative “Improved”
Intensity Intensity Relative
Intensity
(ecm™!) (cm~'amagat~?)
Qs(1) + Qo) 11765.0 0.1678e-10 0.4683 0.5719
Q3(0) + QoY) 117824 0.1014e-11 0.0283 0.0611
55(0) + Qq(J) 12084.6 0.1628e-10 0.4544 0.4555
Q5(1) + £4(0) 12119.3 0.2853e-11 0079% 0.1664
Q5(0) + Su(0) 12136.7 0.8439¢-12 0.0236 0.0508
Q1) +Qu(1) 12230.6 0.1488e-10 0.4153 0.5836
Qs(1) +@:(0) 12236.5 0.3026e-11 0.0845 0.0843
Q4(0) + @y(1) 12242.3 0.1727e-11 0.0482 0.1040
53(1) + Qo(J) 12265.6 0.3583¢-10 1.0000 1.0000
Qs(1) + So(1) 12352.0 0.5216e-11 0.1456 0.3043
Qs(0) + So(1) 12369.4 0.1542e-11 0.0430 0.0929
53(0) + So(0) 12439.0 0.2200e-12 0.0061 0.0079
53(0) +Q4(1) 12561.6 0.8540e-11 0.2383 0.2369
55(0) + @:(0) 12567.5 0.2696e-11 0.0752 0.0751
Q1) + 51(0) 12573.2 0.3787e-11 0.1057 0.2166
Q:(0) + 5,(0) 12584.8 0.1135¢-11 0.0317 0.0684
S5(1) + So(0) 12619.9 0.3845e-12 0.0107 0.0125
55(0) + So{1) 12671.7 0.4038e-12 0.0113 0.0145
S5y(1) + @i(1) 12759.5 0.1592e-10 0.4443 0.4419
5:(1) + @,(0) 12765.4 0.5038e-11 0.1406 0.1403
Qa(1) + 5:(1) 12788.2 0.5850e-11 0.1633 0.3331
Q1(0) + 5(1) 12800.0 0.173%-11 0.0485 0.1048
S5(1) + 5o(1) 12852.6 0.7062¢-12 0.0197 0.0230
5,(0) + 5,(0) 12904.2 0.2731e-12 0.0076 0.0069
S3(1) + 51(0) 13102.1 0.4849e-12 0.0135 0.0123
53(0) + 8,(1) 13119.3 0.457de-12 0.0128 0.0116
Si(1) + 5(1) 13317.1 0.8127e-12 0.0227 0.0206
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Table 3.8: Calculated i ities for H, transitions in the second overtone region at

¢ 201 K.
. .
3 Transition Wavenumber Absolute Relative  “Improved”
Intensity Relative
Intensity
(em™) (cm™'amagat-?)
Q) + Qo(d) 116785 0.4686e-12 0.0176 0.0165
Qs(2) + Qo) 117303 0.1345¢-11 0.0362 0.0169
i Qs(1) + Qo) 11765.0 0.1760¢-10 0.4734 0.5821
" Q1(0) + Qo) 117824 0.8270c-12 0.0222 0.0480
55(0) + Qo(J) 12084.6 0.1259e-10 0.3386 0.3396
: Qs(2) + 56(0) 12084.6 0.2050e-12 0.0055 0.0116
: Qs(1) + 56(0) 121193 0.2131e-11 0.0573 0.1198
: Qs(0) + S4(0) 12136.7 0.4698c-12 0.0126 0.0273
Qa(3) + Qu(1) 12172.5 0.4215e-12 0.0113 0.0172
Q(2) + Qu(2) 12195.5 0.1024e-12 0.0028 0.0039
Q1) + Qu(3) 12201.2 0.4599e-12 0.0124 0.0162
Q:(2) + Qu(1) 12207.3 0.1202e-11 0.0323 0.0484
Q(2) + @i(0) 122132 0.1596e-12 0.0043 0.0043
Qu(1) + Qu(2) 122188 0.1303e-11 0.0350 0.0464
Qs(1) + @u(1) 12230.6 0.1491e-10 0.4010 0.5634
Q(1) + Qi(0) 12236.5 0.2260e-11 0.0608 0.0607
Q2(0) + Qu(1) 12242.3 0.1290e-11 0.0347 0.0749
i Qs(3) + Sof2) 12265.6 0.1824c.12 0.0049 0.0104
S53(1) + Qo(J) 12265.6 0.3718e-10 1.0000 1.0000
Qs(2) + Sof1) 12317.3 0.5027e-12 0.0135 0.0285
Qs(1) + Sof1) 12352.0 0.5226e-11 0.1406 0.2937
Qs(0) + Sof1) 12369.4 0.1182-11 0.0310 0.0669
53(2) + QolJ) 124245 0.3657e-11 0.0984 0.0982
Y 55(0) + So(0) 12439.0 0.1225¢-12 0.0033 0.0042
5,(0) + @:(3) 12532.2 0.2227e-12 0.0060 0.0060
5,(0) + Qi(2) 12549.8 0.6187¢-12 0.0166 0.0166
Q:(2) + 5(0) 12549.8 0.2726e-12 0.0073 0.0152
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Table 3.8: (continued)

$3(3) + Qu(J) 12560.0 0.1384e-11 0.0372 0.0371
5,(0) + Qi(1) 12561.6 0.6379-11 0.1716 0.1705
5,(0) + @(0) 12567 5 0.1501e-11 0.0404 0.0403
Qa(1) + 51(0) 12573.3 0.2528¢-11 0.0761 0.1558
Qs(1) + So(2) 12579.4 0.4434e-12 0.0119 0.0249
Qa(0) + 51(0) 12581.8 0.6318e-12 0.0170 0.0367
S3(1) + Sa(0) 12619.9 0.2872e-12 0.0077 0.0090
$3(0) + So(1) 12671.7 0.3016e-12 0.0081 0.0104
Q2(3) + 51(1) 12730.1 0.2044e-12 0.0055 0.0114
Sy(1)+Qi(3) 12i30.1 0.5573¢-12 0.0150 0.0149
Sp(1) -+ Qi(2) 12747.7 0.1548e-11 0.0416 0.0414
Sa(1) + Qu(1) 12759.5 0.1595¢-10 0.4290 0.4266
Qa2(2) + 5i(1) 12764.9 0.5637¢-12 0.0152 0.0314
$a(1) + @i(0) 12765.4 0.3762-11 0.1012 0.1010
Q1)+ S5i(1) 12788.2 0.5862e-11 0.1577 0.3216
Qs(1) + 54(3) 12799.6 0.1494e-12 0.0040 0.0084
Q2(0) + 5i(1) 12799.9 0.1299¢-11 0.0349 0.0754
Sa(1) + So(1) 12852.6 0.7076e-12 0.0190 0.0222
52(0) + 51(0) 1294.2 0.1520e-12 0.0041 0.0037
52(2) + Qi(2) 12929.0 0.1314e-12 0.0035 0.0035
5(2) + Qu(1) 12940.8 0.1353e-11 0.0364 0.0362
52(2) + @:(0) 12946.7 0.3197e-12 0.0086 0.0086
Q1) + 51(2) 12992.3 0.4141e-12 0.0111 0.0226
55(1) + $1(0) 13102.1 0.3622¢-12 0.0097 0.0089
52(3) + Qi(1) 13104.0 0.4483¢-12 0.0121 0.0120
5,(3) + @i(0) 13109.9 0.1060e-12 0.0029 0.0028
55(0) + Sy(1) 13119.3 0.3416e-12 0.0092 0.0084
Q1) + 51(3) 13183.7 0.1144e-12 0.0031 0.0062
Sa(1) + Si(1) 13317.1 0.8144e-12 0.0219 0.0199
Q1(3) + So(0) 12032.9 0.0042
Q2(0) + @:(2) 12230.5 0.0052
Qa(3) + 5,(0) 12515.0 0.0055
Qa(0) + So(2) 12596.8 0.0057
Q2(0) + 5(2) 13004.0 0.0053
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Table 3.9: Calculated intensities for H, transitions in the second overtone region at
298 K.

Transition Wavenumber Absolute Relative  “Improved”
Intensity Intensity Relative
Intensity
(cm™!) (em~lamagat )
Qa(3) + Qo(J) 11678.5  0.1816e-11 T0.0653
Q(2) +Qo(J) 11730.3 0.2407e-11 0.0659 0.0856
Qx(1) + Qo(J) 11765.0 0.1735e-10 04748 0.5858
Q3(0) + Qo(J) 11782.4 i 0.0180 0.0388
$3(0) + Qo(J) 12084.6 0.2691 0.2699
@3(2) + So(0) 12084.6 0.0072 0.0152
Q(3) + So(0) 12032. 0.0057 0.0120
Qs(1) + So(0) 121193 0.0114 0.0865
Q3(0) + So(0) 12136.7 0.0072 0.0156
Q2(3) +@:(3) 12143.1 0.1726e-12 0.0047 0.0067
Q:(3) + Qu(2) 12160.7 0.2272-12 0.0062 0.0089
Q2(3) + @u(1) 12172.5 0.1478e-11 0.0404 0.0614
Q2(2) + Qu(3) 12177.9 0.2289¢-12 0.0063 0.0087
Q2(3) + Q4(0) 12178.4 0.1513¢-12 0.0041 0.0041
Q2(2) +@(2) 12195.5 0.3009e-12 0.0082 0.0116
Qa(1) + @u(3) 12201.2 1.1613e-11 0.0441 0.0557
Q2(2) +@u(1) 12207.3 0.1947e-11 0.0533 0.0799
Q2(2) + @u(0) 12213.2 0.2055¢-12 0.0056 00056
Q1) + @u(2) 12218.8 0.2110e-11 0.0577 0.0764
Q2(0) + @u(2) 12230.5 0.1661e-12 0.0032 0.0060
Q1) + Qu(1) 12230.6 0.1331e-10 0.3613 0.5120
Q2(1) + @u(0) 12236.5 0.1604e-11 0.0439 0.0438
Q2(0) + @u(1) 12242.3 0.915%-12 0.0250 0.0541
Qs(3) + So(1) 12265.6 0.6395¢-12 0.0173 0.0369
Sx(1) + Qo(J) 12265.6 0.3654¢-10 10000 1.0000
Qa(2) + So(1) 12317.3 0.8144e-12 0.0223 0.0470
Qu(1) + Sof1) 12352.0 0.4667¢-11 0.1277 0.2670
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Table 3.9: (continued)

Qs(0)+ So(1) 12369.4 0.8173e-12 0.0224 0.0483
$3(2) + Qul) 12424.5 0.6520e-11 0.1784 0.1782
Qa3) + 5,(0) 12515.0 0.2735€-12 0.0075 0.0157
53(0) +Qu(3) 12532.2 0.6203e-12 0.0170 0.0169
Q4(2) + Sal2) 12544.7 0.1253¢-12 0.0034 0.0072
53(0) + Qi(2) 12519.8 0.7963¢-12 0.0218 0.0217
Qa2) + 5i(0) 12549.8 0.3508e-12 0.0096 0.0200
53(3) + QulJ) 12560.0 0.5338e-11 0.1461 0.1458
S:(0) + Qu(1) 12561.6 0.4526e-11 0.1239 01231
S3(0) + Qi(0) 12567.5 0.8161e-12 0.0232 0.0231
Qa1) +5:{0) 12573.2 0.2007e-11 0.0549 0.1125
Qu(1) + Su(2) 12579.4 0.7184e-12 0.0197 0.0141
Qa(0) + 51(0) 12584.8 0.0097 0.0210
Qa(0) + So(2) 12596.8 0.1257¢-12 0.0034 0.0074
8(1) + So(0) 12619.9 0.2037e-12 0.0056 0.0065
54(0) + Sa(1) 12671.7 0.2140e-12 0.0059 0.0075
Q:(3) + $i(1) 12730.1 0.7169e-12 0.0196 0.0408
S(1) + Qi(3) 12730.1 0.1954e-11 0.0535 0.0532
S(1) +Qi(2) 12147.7 0.2508e-11 0.0686 0.0683
S3(1) + Qi(1) 12759.5 0.1425¢-10 0.3900 0.3877
Qa(2) + Si(1) 12764.9 0.9132¢-12 0.0250 0.0518
S(1) +Qi(0) 12765.4 0.2669e-11 0.0730 0.0729
Qa1) + 5:(1) 12788.2 0.5235e-11 0.1433 0.2923
Qa(1) + Su(3) 12799.6 0.5240e-12 0.0143 0.0300
Qs(0) + 5(1) 12799.9 0.9217e-12 0.0252 0.0544
S3(1) + Sa(1) 12852.6 0.6319e-12 0.0173 0.0202
5(2) +@i(3) 12911.4 0.3009e-12 0.0082 (.0082
S5(2) +Qu(2) 12929.0 0.3862¢-12 0.0106 0.0105
52(2) + @u(1) 12940.8 0.2193e-11 0.0600 0.0597
53(2) + Qu(0) 12946.7 0.4116e-12 00113 0.0112
Qa(2) + 5:(2) 12969.0 0.1167e-12 0.0032 0.0066
Qa(1) +5:(2) 12992.3 0.6708¢-12 00184 0.0373
Qa(0) + 5:(2) 13004.0 0.1169e-12 0.0032 0.0069
52(3) + Qi(3) 13074.6 0.2158e-12 0.0059 0.0059
S3(8) +Qu(2) 13092.2 0.2770e-12 0.0076 0.0076
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53(1) +5:(0)
53(3) +Qu(1)
52(3) +Qi(0)
52(0) + 5i(1)
Qa(1) = 5i(3)
Sy(1) +5i(1)
52(2) +5y(1)
Sy(1) +51(2)
Q2(0) +Q:(3)
Q3(3) + So(2)
Q3(2) + So(3)
Qa(0) + So(3)
Q2(3) - 51(2)

13102.1
13104.0
13109.9
13119.3
13183.7
13317.1
13498.5
13521.2
12212.9
12493.0
12765.0
12817.0
12934.2

0.1572e-11

0.295e-

00110
0.0200
0.0029
0.0028

0.0429
0.0081
0.0060
022t
0.0181

0.0050
0.0057
0.0053
0.0054
0.0052



3.5 Lineshape Functions

It is clear from Section 3.2 that the Hj collision-induced second overtone band
consists of the superposition of several overlapping transitions, namely, the overlap-
induced Q lines and the quadrupole-induced Q and § lines, including many double
transitions. To effect a full analysis of the absorption spectra it is necessary to

ding di into a ient form that can

transform the results of the

be applied Lo the i I profiles. For i purposes it is convenient

Lo express the d absorption coefficient &(v)(= a(v)/v), following Van

Kranendonk (1968), Mactaggart and Welsh (1973) and Reddy (1985), in the form

i a0, Wa(Av)
)= 2 T e hoAu AT

(3.18)

where Av = v~ Uy, m represents a particular transition of the H, molecule, n stands

for the overlap (ov), quadrupolar (g), or hexadecpolar (hexa) inducti }

o, is twice the maximum absorption coefficient at molecular f Vi (in cm™1)
and the term 1 + exp(—hcAv/kT) in the denominator satisfies the detailed balance
condition and converts the ‘symmetric’ line form W,(Av) into the observed asym-

metric line-shape. It was shown by Poll (1960) that transitions arising from the same

have the same line-shap
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The line-shape function in Eq. (3.18) for the overlap transitions is cxpressed as
Wo(Av) = W5,(Av)D(Av) . (3.19)

Here the intracollisional line-shape function WY, which is the Fourier transform of the

autocorrelation function of the induced dipole moment for a single binary collision,

is d by the Levine-Bi (1967) ion as
W2, = (28v/64)*K2(2A0/84) , (3.20)

where K is the modified Bessel function of the second kind and §; is the intracol-
lisional half-width at half-height. The intercollisional line form D(Av), which takes
into account of the negative correlations existing between the dipole moments induced

in successive collisions, is represented by Van Kranendonk (1968) as
D(Av)=1-7[1+(bv/e)™", (3.21)

where  is a constant which is normally assumed to be unity Lo give zero absorption
at the dip occurring at the molecular frequency vy, and §, = 1/2mer, is the intercolli-
sional half-width at half-height, where . is the mean time between collisions. Lewis
(1985) discussed the asymmetry in Wo, resulting from phase shifts.

The line-shape function in Bq. (3.18) for the quadrupolar Lransitions is repre-
sented by the dispersion-type function, also known as the Lorents line-shape function,
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as (see Sen et al., 1980)
Wi (Bw) = 1/[L+ (Aw/&), (3.22)

where & is the quadrupolar half-width at half-height. Reddy et al. (1980) included a
(Av/6,,)* term in the denominator of the dispersion-type function to account satisfac-
torily for the contribution of the quadrupolar wing in the region of the hexadecapolar
U transitions in the fundamental band of H,. Gillard et al. (1984) used the same
todel in the analysis of S + §$ transitions of the fundamental band of D, at 77 K.
The (Av/é,,)* term is particularly useful when analysing the weaker transitions in
the high wavenumber wings of the spectra at high gas densities. In the present profile
analysis, the dispersion type function given by Eq. (3.22) was shown to adequately
describe the quadrupolar contribution to the hydrogen second overtone band.
Another line-shape function for the quadrupolar induced lines in Eq. (3.18) is due
to Birnbaum and Cohen (1976). This line-shape function (hereafter to be denoted as

BC line-shape function), W27, can be expressed as

Boa T Try  heBv.  2Ky(z)
W) = Texe( ) X G N areAvny * (3.23)
where the quantity z is given by
ot 271/21 722 h_onp
z=[1+ (2rcAvn )] [(ﬂ) +( rﬂ—Tﬁ)] ) (3.24)
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where K(z) is the modified Bessel function of the sccond kind, and 7, and 75 are
the characteristic time parameters for the collisions. One can also use half-width
parameters § and & instead of 7, and 7, in the WBC(Av) expression as these are
related by the equations &, = 1/2mcr, and 6; = 1/2wcr. Hence WJ¢(Av) and = can

also be expressed as

WES(Av) = Ww —exp( 5,)“"1’( ";kATV)l 1Z(KAZ,(,/1',)Z (3.25)
and
2=l (GG + . )

Goorvitch et al. (1981) compared this line-shape function with the Lorentz line-shape
function in the analysis of the fundamental band of Hy and found that the observed
spectra were equally well fitted by both functions. Dore et al. (1983) and Silvagglo
et al. (1981) used the BC line-shape function in analysis of the 1-0 and 20 bands
of Hy, respectively. In the present work both the Lorents and the Birnbaum-Cohen

line-shape functions are used to fit the observed profiles.
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3.6 Method of Profile Analysis

The objective of the profile analysis is to obtain a satisfactory fit of the experimen-
tal absorption profiles with the synthetic profile computed from the superposition of

the individual with iate line-shape functions, and to derive cer-

tain characteristic molecular parameters from the analysis. The half-width parame-
ters &, and &, for the overlap components, and either 6, for the Lorentz line-shape
function or 6; and &, for the BC line-shape function for the quadrupolar components

o —— in the least-sq fitting program listed in Ap-

pendix A. For the best fit of the d profiles to the i I profiles, the

computations in present analysis included three independent intensity parameters

- one for each group of the overlap the quadrupolar single
and the quadrupolar double iti In addition, a shift
for the freq Vm was also introduced to account for any

possible perturbations in the energy levels. Thus, when Lorentz line-shape function

is used in the analysis of experimental profiles, there are seven adjustable parameters

- three relative intensity three half-width and one fr

shift parameter. When the BC line-shape function is used, there is an additional
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half-width parameter, making the total number of parameters eight. The synthetic
profile thus obtained was fitted to the experimental profile using the criterion that
the sum of the squares of the deviations between the calculated and observed values
of logyolTo(v)/I()] at equally spaced data points over the entire experimental profile
be a minimum. Visual verification of the quality of the fit was also made by plotting

the experimental and synthetic profiles on the same frequency scale on the computer.

3.7 Results of Profile Analysis

Initially, attempts were made to fit the observed profiles to the synthetic profiles
calculated from Eq. (3.18) by means of the Lorentz line shape function, consider-
ing only two independent intensity parameters, one for the overlap components, and
the other for all the quadrupolar components (i.c., considering the single and dou-
ble transitions as one group). However, the fit between the observed and synthetic
profiles was poor, as shown in Figure 3.5 for H, at 77 K. It was noticed that the syn-
thetic profile showed greater intensity than the observed profile in the region of the
quadrupolar single transition components Q(1), Sa(0) and Su(1) and less intensity

in the region of the quadrupolar double transition components. A similar trend was
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Figure 3.5: Initial analysis of an absorption profile of normal 3 in the pure gas at §91 amagat and
77 K in the second overtone region.



observed in the case of the absorption profiles of Hj at 201 and 298 K. Barlier, in the
analysis of the collision-induced absorption of H in the first-overtone region, similar
discrepancies were observed by Watanabe (1971). Tt was suggested by him that these
discrepancies could be explained in terms of different density dependences for the
single and double transitions. At low densities binary collisions are predominant,
whereas at higher densities the ternary and higher-order collisions must be taken
into account, so that the cancellation effect (Van Kranendonk, 1958, 1959) causes the

single transitions to have a negative ternary absorption coefficient, whereas the double

transitions have a positive ternary of nearly equal magnitude
Van Kranendonk calculated the ternary absorption coefficient for temperatures in the

range 200-350 K in terms of  hard sphere model (which is only approximate) for

the intermolecular potential, and found that the positive and negalive parts were of

exactly equal itude for the d lar inducti hani: On the basis of
this model, the relative intensities of the single and double quadrupolar Lransitions
were treated as independent parameters in the present analysis. An example of the
result of such an analysis for the absorption profile at 77 K is shown in Figure 3.6.
It is clear from this figure that the agreement between the observed and synthetic
profiles is better than in Figure 3.5. However, some discrepancics still exist around
the positions of Qa(J) + So(J), Qa(J) + Si(J), Qa(J) + @1(J) and S53(J) + @u(J).
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Figure 3.6: Analysis of an absorption profile of normal H, in the pure gas at 891 amagat and 77 K
in the second overtone region, considering the quadrupolar single and double transitions separately.



In the analysis of absorption profiles of Hj in the first overtone region, similar dis-
crepancies were observed by van Nostrand (1983) in our laboratory in the transitions
which involve the v = 2 vibrational state. The best fit between the observed and syn-
thetic profiles was obtained by him by reducing the values of the Av = 2 quadrupole
moment matrix elements by a factor of 0.68. Also, McKellar (1988) found that in
the first overton band of H, around 27 K, the standard theory of quadrupole-induced
absorption overestimates the strength of the Av=2 transitions. We now find that,
after several trials with different adjustment factors, the same adjustment factor of
0.68 for the both Av = 2 and Av = 3 quadrupole matrix elements gives the best
agreement between the observed and synthetic profiles of H> in the sccond overtone
region as well at all the three experimental temperatures. Result of such an analysis
for the experimental profile at 77 K (given also in Figures 3.5 and 3.6) is shown in
Figure 3.7. The final results of analyses of typical profiles at 201 and 298 K arc
shown in Figures 3.8 and 3.9, respectively. The improved relative intensities for the
transitions after application of the factor 0.68 to the quadrupolar matrix elements
are also listed in Tables 3.6, 3.7 and 3.8 for 77, 201 and 298 K, respectively. 1L is
seen from Figures 3.7, 3.8 and 3.9 that the experimental profiles have more intensity
than the calculated profiles in the region near 12,460 cm='. This excess absorption
is interpreted by us as arising from triple transitions Qy(J) 4 Qi(J) + Q:(J), which

65



Fignre 3.7: Analysis of an absorption profile of normal Hy in the pure gas at 891 am-
agat and 77 K in the second overtone region. The solid curves (a) is the experimental
profile. The dashed curve (b) represtnt the individual overlap and quadrupolar com-
puted components and the dots (c) represent the summation of these. An adjustment
factor of 0.68 is used for the Av = 2 and Av = 3 quadrupolar matrix elements (see
text for details). The curve represented by the open circle (d) around 12,460 cm™! is
the difference between the experimental and calculated profiles and is attributed to
the triple transitions of the type Qy(J) + Q1(J) + @u(J). The individual componcnts
for the: transitions of the type S3(J)+ S1(J) which are relatively weak are not shown
for the sake of clarity. (Note that the Lorentz line-shape function is used for the
quadrupolar components.)
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Figure 3.8: Analysis of an absorption profile of normal Hy in the pure gas at 785 am-
agat and 201 K in the sccond overtone region. Here the rotational quantum number
J takes the values 0 to 3. The solid curves (a) is the experimental profile. The dashed
curve (b) ts the d p-induced profile and quadrupolar-induced
profile. The dots (c) represent the sum of the computed overlap and quadrupolar
components. The difference between curve (a) and (c) represented by curve (d) is
the contribution due to triple transitions of the type Q(J) + Q1(J)+ @1(J). (Note
the Lorentz line-shape function is used for the quadrupolar components.)
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will be treated in Chapter 4.

In order to test the hypothesis of the cancellation effect, the ratio of the intensities
of the single and double transitions, R(p), was calculated from the following equation
(Watanabe, 1971)

R(p) = R(0) - ARp, (3.27)
where R(0) is the value of the ratio at zero density, and AR is a positive number

which is essentially the sum of the absolute itudes of the density d I

of the single and double transitions. The variation of the ratio of the intensities of
the single and double transitions with density p at 77, 201 and 298 K is plotted in
Figure 3.10. The values of the normalized slopes AR/R(0) are listed in Table 3.10.
‘The values 4.8 x 10~* and 4.5 x 10-* amagat=" oblained in the present work at 77
and 201 K, respectively, are close to 4 x 10~% amagat~' predicted by the theory of
Van Kranendonk as stated by Watanabe (1971).

The results obtained from the profile analysis are presented in Table 3.11. It can
be seen from this table that the overlap contribution increases from 11% to 19% as the

temperature increases from 77 to 298 K; equivalently, the quadrupolar contribution

decreases from 89% at 77 K to 81% at 298 K. From the values of the characteristic

half-widths & and &, the collision durations 74 and 7, were calculated from the rela-
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Figure 3.10: Variation of the ratio of the intensities of the quadrupolar single and
double transitions at 77, 201 and 298 K.



Table 3.10: Values of the normalized slope AR/R(0) (in amagat~") of Eq. 3.27

Temperature Hunt & Welsh Watanabe Present
(K) (1964) (1971) work
20.4 58 x 107
ki 4.8 x 101
8 3.9 x 107
195 6.0 x 1073
201 4.5 % 1071
298 8.6 x 101
300 8.8 x 1073

tions 74 = 1/2wcba and 7, = 1/27c6, and are also listed in the same table. The half-

widths 84 and &, have been plotted against the square root of absolute temperature

in Figure 3.11. In Table 3.11, the value of &, = 5041 cm~! for the profiles at 77 K

is for those recorded at the densities 651, 702 and 770 amagat. lowever, §, at 77

K decreases from 50 to 42 cm™ as the gas density increases to 1002 amagat. This

decrease can be attributed to diffusional narrowing (see, for example, De Remigis et

al., 1971). Narrowing of &, is not observed for the absorption profile at 201 K and

!
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Table 3.11: Results® of profile analysis of normal //; in the second overtone region

T Intracollisional Collision Quadrupolar Collision BC profile BC profile ~ Overlap  Quadrupolar
balf-width  duration  half-width  duration ibuti ibuti
& T 3 e A &
(K)  (em™)  (107sec) (em™)  (107Mse)  (em™')  (em™) (%) (%)
L 9843 54 5041 1.1 473 31544 n 89
201 1043 5.1 8241 65 1001 29743 15 85
208 11846 45 10643 50 13545 2644 19 81

“The errors indicated are standard deviations.
*The value is Laken from the lower density profiles.
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298 K. The quadrupolar half-widths & are found to satisfy the linear relation &, =
6.15V/T. The corresponding relations for the fundamental and first overtone bands

of I3 are 6, = 6.16V/T (Reddy ct al. 1977) and &, = 6.4/ (van Nostrand, 1983),

ly. The i llisional halfwidth &, which varies linearly with VT, when
extrapolated to T = 0 gives a value of 77 cm™", which means that even at T = 0
the duration of the collision is still small because the overlap induction occurs mainly
in the region of the strong repulsive forces between the molecules of the colliding
pairs. From the H, fundamental band in Hj-rare gas mixtures it was found that
the intercollisional half-width &, increases with increasing density of the perturbing
gas (Mactaggart and Welsh, 1973 and Prasad, 1976). As the present experiments
with pure H, gas were limited to densities up to 1000 amagat only, it was difficult to
derive a definite expression for the density dependence of &.. The values of & for the
maximum experimental densities of the gas at 77, 201 and 298 K were 125, 200 and
210 cm™?, respectively

The profile analyses as shown above were made by using the Lorentz line-shape

function for the quadrupol itions. The BC line-shape function, W2C in Eq.
(8.25), was also applied in analysis of these profiles. The results are presented in

IMigures 3.12, 3.13 and 3.14 for profiles at 77, 201 and 298 K. From these figures it
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was shown that the collision-induced spectra of Hj in its sccond avertone region can
be fitted very well with either the Birnbaum-Cohen line-shape function or the Lorentz

line-shape function. However, the Birnbaum-Cohen line-shape function gives better

fits of the caloulated profiles to the experimental ones in the high wavenumber tails
of the spectra.

As mentioned earlier, in the computer program for the profile analysis, provision
was made to adjust the molecular wavenumbers v of Hz. For the spectra of the
second overtone of Hy at 201 and 298 K, the best fits of the calculated profiles
to the observed profiles were obtained for an unshifted molecular frequency vy (in
cm=?). However, for the spectra at 77 K, a wavenumber shift of ~ -10 cm! for the
quadrupolar lines is required for the best fits withizi the range of the experimental

gas densities; no shift is required for the overlap lines.

3.8 Discussion

Very good agreement between the calculated absorption profiles and the exper-
imental profiles of the CIA spectra of H, in its second vertone region has been

obtained as seen in Section 3.7. One of the factors used in the analysis of the profiles

8



is the reduction of the matrix elements of the quadrupolar moment of H, for Av = 2

and 3 by a factor of 0.68, and it is essential to explain the physical basis for this

Private discussions with J.D. Poll (University of Guelph) and
A. Dalgarno (Harvard University) have indicated that such a direct reduction of the
quadrupolar matrix elements is not appropriate in the first instance and that there
must be a different mechanism for the reduced intensity of the quadrupolar lines
involving Av = 2 and 3. We give an account for this in the following paragraph.

According to Poll and Van Kranendonk (1961) and Poll and Hunt (1976) (see also

Reddy, 1985), a spherical component u, of the induced dipole moment f in a pair of

colliding mol 1 and 2 can be ded as a sum of with definite
angular dependence and is written as
2 o B (4"’):/2 A1 haAL,
mlfifa B) = i 3 AN Limima R (wnwn) (3.28)
A AAL
where the lecul: ion R = (R,Q), i 1 fons 7y = (r1,w1)

and 7, = (rz,ws), the functions W*A% transform like vectors under rotation and

involve Clebsch-Gord ficients and spherical b ics, and the on coef-
ficients Aa(M Az L; i R) characterize the possible contributions of a given symmetry
under rotation. The quantities ) take only even values, 0 for the uverlap induction,

and 2 for the quadrupolar induction, etc., and L takes odd values 1 and 3. The

9



ficients A, ( abbreviated as Ax(Ai)2L) ) are replaced by the matrix

elements Bya(R) by the relation
Bra(R) =< widiwadal An(M L)} Jivhds > . (3.29)

The By matrix elements can be explicitly written in terms of atomic units eay

as (see Poll et al., 1975)
Bio(R)/eao = Moexp[—(R - )/ pro] (3.30)

Biy(R)/eas = Maexp|—(R ~ )/ pa) (3.31)

Bsa(R)/eao = Mnexpl—(R—0)/pal)

+ V3 <ul|QWT >< vl > (Rfao)™ . (3.32)

Here p's are the ranges of the induced dipole. Of the three By terms, the Big term
refers to the short-range isotropic overlap contribution and the Bip term refers to
the short-range anisotropic overlap contribution. The Bs term in Eq. 3.32 evidently
consists of two terms. The first of these is expected to be considerably smaller than
the second. The intensity of absorption of the quadrupolar lines is proportional to the
square of By(R), i.e., it depends on two square terms, A3, exp[~2(R ~ 0)/pan] (which
is very small), and 3 < WJ|Q'J' >2< vllal'J >* (Rfao)™ (the major Lerm)
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and a mixed term 2v/3)gz exp[—(R — 0)/pz] < vI|Q'V' >< wJa'd’ > (R/ag)™*.
We interpret our results to indicate that the mixed term contributes negatively to

the intensity of ab ion of the quadrupol: itions involving Av = 2 and 3.

We now conclude that the apparent reduction factor of 0.68 applied to the matrix
clements of the quadrupolar moment used in the profile analysis presented in this
chapter is indirectly due to the negative contribution to the intensity of absorption
by the mixed term proposed here. Thus the reason for the apparent reduction of the
Av =2 and 3 quadrupole moment matrix elements is due to the limitations of the
“exponcntial-4” model for the induced-dipole moment. We are grateful to Professor

J.D. Poll of the University of Guelph for helpful discussions in this matter.
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Chapter 4

TRIPLE TRANSITIONS
Q1(J) +Q1(J) +Q1(J) of Hy
4.1 Introduction

Prior to the present work there has been no experimental observation of spectral

in collision-induced absorpti ding to simul

collisions
among three molecules. We now propose that the excess absorption around 12,460
em™ in the collision-induced absorption spectra of H, in the second overtone: region

(see Figures 3.7, 3.8 and 3.9) does arise from the transitions Q,(J) + Q1(J) + Qi(J)
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of Hp due to three-body collisions of Hp. The existing theories of collision-induced

absorption (see, for example, Van Kranendonk, 1957, 1958, 1959) assume the pair-

wise additivity of jals in calculating the total i lecular potential, i.c.,
Viotal = X2 Vij. However, when the density of the gas is high enough, triple-wise and
higher order potentials should also be taken into account, and Vistel can be expressed
as

Viotat = Y Vi + 3 Vige + 3 Vgt + -0+ (41)

where the terms Vj, etc., represent potentials due to triple collisions, etc. Thus

triple transitions in collision-induced absorption occur due to the contribution of
triple and possibly higher order dipole moment terms. The higher order interaction

terms depend simultaneously on the relative lational ional and vibrational

motions of the molecules in triple and higher order collisions.

For the positive ion of the of the triple-collisi
it is indeed necessary to establish (1) that the absorption intensity is proportional to
the cube of the gas density (i.e., [ a(v)dv o p*), (2) that the spectral region of the
excess absorption coincides with the calculated frequencies of the triple collisions, and
(3) that the excess absorption profile can be satisfactorily fitted with the calculated

profile of triple-collision transitions. The first two of these criteria are satisfactorily
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applied for all the excess absorption profiles of Hy at 77, 201 and 298 K in this
chapter. We also estimate here the relative intensities for the Qu(J) + Qu(J) + Qu(J)
transitions. Profile analysis of the excess absorption is then carried out using the
methods described in Chapter 3, thus satisfying the criterion 3. The rest of this

chapter is devoted to the presentation of the absorption profiles and their analyses.

4.2 Absorption Profiles and Absorption Coeffi-

cients

Typical absorption profiles of the triple-collision transitions obtained at 77, 201
and 298 K are presented in Figures 4.1, 4.2 and 4.3, respectively. Experimental details
for the profiles presented in these figures are summarized in Table 4.1.

As seen in Chapter 3, in normal H, at 77 K only the J = 0 and 1 levels of v = 0 of

the ground el ic state are lated iably. The calculated b

of the three possible @ type triple transitions, namely, @,(1) + Qi(1) + Qu(1) and

@1(1) + @1(1) + Q1(0) and Q1(1) + Q1(0) + Q1(0), from the constants of the free I,
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Figure 4.1: Absorption profiles of the triple transitions of the type @y(J) + Qu(J) +
Qi(J) of H; at 77 K at four different densities of the gas in the second overtone

region.
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Figure 4.3: Absorption profiles of the triple transitions of the type @1(J) + @:(J) +
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region.
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Table 4.1: Experimental details for the excess absorption

Figure Temperature Absorption Gas density
path length
(X) (cm) (amagat)
4.1 i 194.2 591, 770, 891, 1002
42 201 1945 552, 665, 785, 866
43 208 194.8 503, 579, 678, 752

molecule (Bragg et al., 1982) are 12,465.8, 12,4717 and 12,477.6 cm™'

and these are listed in Table 4.2. For the sake of information, calculated \

of four possible S type triple transitions of the type 5i(J) + Si(J) + Si(J) are also
given in the same table. We note here that the absorption in Figures 4.1, 4.2 and 4.3
occurs in the vicinity of the Q:(J) + Q:(J) + Q1(J) transitions.
The integrated absorption coefficients [ a()dv of the ezcess absorption profiles
can be expressed as
/ a(v)dv = asp® + aupt 4+ (a.2)
where p is the density of the gas and a; (in cm™2amagat~?) is the triple-collision

absorption coefficient and a4 (in cm~2amagat™*) is the four-body collision absorption
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coefficient. Plots of (1/p°) [ a(v)dv against p for the three cxperimental temperatures
are shown in Figure 4.4. The intercepts and slopes obtained from the least-squares

fit give the ternary and quaternary absorption coefficients and the values of these

are listed in Table 4.3. Figure 4.4 definitely establishes p* and p* dependence of the

integrated absorption coefficient.

Table 4.2: Wavenumbers and relative intensities for triple transitions in the second
overtone region of Hy at 77 K

Transition Wavenumber Relative Intensity

(em™)

Qi(1) + @:(1) + (1) 12465.8 1.000

Q1) + @u(1) + @:(0) 124717 0.331

Qu(1) + @1(0) + Q:(0) 124776 0.109

51(0) + 51(0) + 51(0) 13493.4

5i(1) + 5:(0) + 51(0) 137085

Si(1) + Si(1) + 51(0) 13923.6

Si1) +5(1) + 5(1) 14138.7
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Table 4.3: Absorption cocfficients® of the triple transitions in the second overtone
region of H,

Temperature  Ternary absorption coeffici Q y absorption
a3 ay
(K) (10-"'em~2amagat=2) (10-**em~?amagat=*)
L4 8.8:£0.1 —4.44 1.2
201 1.0 £0.3 -42414
298 1.0+ 0.6 -6.2.+ 1.6

icated are standard deviations.
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Figure 4.4: Plots of (1/4°) f a(v)dv versus p for the triple transition profiles of H; in

the pure gas at 77, 201 and 298 K in the second overtone region.
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4.3 Profile Analysis

A theoretical expression for the intensity of the triple transitions is not available in

the literature. However, since the relative intensities of the Lransitions depend mostly

on the lations, i.e. the Ji factor Pj, one can estimate the
relative intensities of the triple transitions from the values of P;. The estimated
relative intensities for the Q1(J) + Q1(J) + @1(J) transitions are also listed in Table
4.2,

The analysis of the absorption profiles of the Q1(J)+@Q:(J)+Q1(J) transitions at
77 K were performed using the Lorentz line-shape function as well as the Birnbaum-
Cohen line-shape function, as described in Chapter 3. A typical example of the
profile analysis at 77 K using the Lorentz line-shape function is given in Figure 4.5.
The analysis of the same profile using the BC line-shape function is shown in Figure

4.6. In each of these figures the calculated profile is in excellent agreement with the

I profile. The i &g, for the Lorentz line-shape function
is 49 cm™. The parameters, 6, and &, for the BC line-shape function are 48 and 316
cm-1, Thus it is concluded that the excess absorption is duc to @y(J)+@i(J)+Qu(J)

transitions of Hj.
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Figure 4.6: Re-analysis of the absorption profile shown in Figure 4.5 using the BC line-shape func-

tion.



Chapter 5

CONCLUSIONS

The research project for the present thesis consisted of a detailed experimental

of the collision-induced infrared at ion of normal Hj in its second

overtone region at 77, 201 and 298 K for gas densities up to 1000 amagat with a 2 m
stainless steel absorption cell.

The observed absorption profiles show a dip in the @ branch in the overlap-induced
transitions @s(J/) with characteristic low- and high- wavenumber components Qp and
Qr and several quadrupole-induced single transitions @a(J) (=Qa(J) + Qo(J)) and
85(J) (=85(J) + Qo(J)), and double transitions Qa(J) + So(J) and Sa(J)+ So(J) of
the pure 3-0 band, and many quadrupole-induced double transitions @x(J) + Q1(J),

95



S2(J)+Qu(J), Qo)+ 51(J) and Sa(J) + S1(J) of the combination 2:0 + 1-0 band.
The observation of the dip in the @ branch clearly indicates the contribution of the:
isotropic overlap interaction to the intensity of the band. The carlicr work on the:
fundamental and first overtone bands of H, and the present work on the second
overtone band of Hj show that < 0J|jte[ugad’ ># 0, but < 0J|es[ofynd’ >= 0.

This implies that the overlap contribution to the Q branch of the induced 4-0 baxd

of H, will be negligible. It is d that a th ical of this feature in
the CIA spectra will be interesting.

The line-shape function Wo(Av) for the overlap componenis and cither the
Lorentz line-shape function W(Av) or the Birnbaum-Cohen line-shape function
WBC(Av) for the quadrupolar components were used in the analyscs of the ab-
sorphioniprofiles;. Alao; 5 was/found necessncy U tredt Ehie:relativerthionsitios of e

groups of quadrupolar single and double transitions as independ, and

to reduce the quadrupole matrix elements of Hj, < 0J|Q[v'J" > for v' = 2 and 3 by a
factor 0.68. This apparent reduction is interpreted as due to the negative contribution
of the mixed term 2v/3\s; exp[—(R — 0)/paa] < vJ|Q'J’ >< vJlafv's’ > (R/an)™"

to the total absorption. Both line-shape functions WX(Av) and W%(Av) gave good

fits of the hetic profiles to the i 1 profiles. However, BC line-shape
function gave a better fit in the high wavenumber wing of the band. The reason
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for the apparent reduction in the values of the matrix elements of the quadrupole
moment of H; for Av = 2 and 3 is interpreted as being due to a negative interference
between the quadrupole-induced dipole moment and an anisotropic overlap-induced
dipole moment in the collision process.

To explain the triple transitions, potential terms such as V;jx and V;u are invoked.
The excess absorption around 12,460 cra~ in the absorption profiles is assigned to the
triple transitions Q1(J) + @1(J) + @1(J) of Hy, resulting from simultaneous collision
of three H, molecules. The absorption profiles due to these transitions were analyzed

using the line-shape functions WX(Av) and WEC(Av).
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Appendix A

FORTRAN PROGRAM FOR
PROFILE ANALYSIS

' A.1 Calculation of Absolute Intensities for H; in
the Second Overtone Band

c PROGRAM TO CALCULATE ABSOLUTE INTENSITIES FOR H2
c IN TERMS OF EQUATION (3.13)

implicit real *8 (a-h,0-2)

real*8 mat(3,3,6,6),0(8),e(8),pc,suml sum2,sum,jstar
real*8 x,,cq,05,c0

integer v,v1,v2,j1,j2

character*60 spec

t = 298.0

¢ = 2.9979246¢+10

h = 6.6260755¢-27

bolz = 1.380658¢-16

sigma = 2.95886

eps = 5.067e-15

pi = 3.14159265
c e = 4.80324e-10 (esu), a0 = 0.529177249 (angstrom)
c n0 = 2.686763e+19 (1/cm**3)
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aa

eaana

50
60
70
80
90

const = (B*pi**3*e**2*a0**54n0**2)*(a0/sigma)**5/(3*h*c)
const = 0.52632¢-07

read the matrix elements
specification of matrix elements mat(k,i,v,j)
k=1(quadrupole) k=2(polarizability),k=3(anisotropic polar)
i=1(Q branch),i=2($ branch),i=3(0 branch)
v=vibrational QN, j=rotational QN
open (unit = 8,file = *h2matrix’ status = ‘old’)
rewind (8)
do0k=1,3
read (8,*)
read (8,80) spec
do60i=1,3
read (8,*)
read (8,80) spec
do 50 v = 1,6
read (8,90) (mat(k,i,v,i),i = 1, 6)
continue
continue
continue
format (a60)
format (x,£9.6,5(2x,9.6))

calculate the Normalized Boltzmann factors p for molecule in
t. b, d, h1 are molecul ional constant

b = 59.334510
d = 0.45651E-1
hl = 0.456E-4

suml =
sum2
do100j=1,8

f=b(-1)% - d*((-1)%)**2 + hi¥((i-1)*)**3

.0
.0
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100

110

400

200
210

++

€(j) = exp(-h*c*f/bolz/t)
if ((-1)**(i-1) .gt. 0) then
suml = suml + (2%(j-1)+1)*e(j)

clse
sum? = sum? + H2*(j-1)+1)*e(j)
end if
continue
pe=0.0
dol10j=1,8

if ((-1)**(5-1) .gt. 0) then
lP(J') = (2*(-1)+1)*(j)/sum1/4
péj?f: 3*(2*(j-1)+1)*e(j) /sum2*3/4
end i
pe = pc + p(i)*j*(i-1)/(2%3-8)/(2*}+1)
continue

open (unit = 9,file = 'h2int’ status = 'new’)
calculate Q single transition

write(9,400) *Q transition’

format(a20)

do200j=1,4
x = p(j)*cq(j)*mat(1,1,4,))**2*mat(2,1,1,1)**2 + p(j)*pc*
mat(1,1,1,1)**2*mat(2,1,4,))**2
¥ = p(§)*ca(j)*pc*(2.0/9.0*mat(1,1,4,i)**2*mat(3,1,1,1)**2+
2.0/9.0%mat(3,1,4,j)**2*mat(1,1,1,1)**2 - 4.0/15.0%
mat(1,1,4,j)*mat(3,1,1,1)*mat(3,1,4,j)*mat(1,1,1,1))
QS = const*jstar(t,sigma,eps,pi,bolz)*(x-+y)
write(9,210) *Q3(-1,)=",QS

continue

format(2x,a3,i1,a2,g11.4)

calculate § single transition
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+4

220

++

230

++

write(9,*)

write(9,400) ’S transition’

do220j=1,4
x = p(j)*es(j)*mat(1,2,4,])**2*mat(2,1,1,1)**2
y = P(j)*cs(j)*pc*(2.0/9.0*mat(1,2,4,i)**2*mat(3,1,1,1)**2
+2.0/9.0*mat(1,1,1,1)**2*mat(3,2,4,)**2-4.0/15.0*
mat(1,2,4,§)*mat(3,1,1,1)*mat(1,1,1,1)*mat(3,2,4,i))
SS = const*jstar(t,sigma,eps,pi,bolz) *(x+y)
write(9,210) *S3(,j-1,")="85

continue
calculate O single transition

write(9,*)

write(9,400) *O transition’

do230=3,4
x = p(i)*co(j)*mat(1,3,4,)**2*mat(2,1,1,1)**2
y = p(i)*co(i)*pc*(2.0/9.0*mat(1,3,4,§)*2*mat(3,1,1,1)**2
+2.0/9.0*mat(3,3,4,))**2*mat(1,1,1,1)**2-4.0/15.0*
mat(1,3,4,i)*mat(3,1,1,1)*mat(3,3,4,])*mat(1,1,1,1))
0S = const*jstar(t,sigma,eps,pi,bolz)*(x+y)
write(9,210) *03(’,j-1,)=",08

continue

calculate Q+S double transition

write(9,%)
write(9,400) 'Q+S transition’
do 260 v1 = 2, 4

v2 = 5-vl

do250j1=1,6

do 2402 =1,4

(11)* p(i2)*cs(i2)*mat(2,1,v1,i1)¥*2*mat(1,2,v2,12) %2
¥ = p(11)*p(i2) cali1)es((2)*(2.0/9.0*mat(1,1,v1,j13*42*
mat(3,2,v2,i2)**2+2.0/9.0%mat(3,1,v1,j1)**2*
mat(1,2,v2,j2)*#2-4.0/15.0*mat(1,1,v1,j1)*mat(3,2,v2,j2)
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240
250
260
270

280
290

+++

*mat(3,1,v1,i1)*mat(1,2,v2,i2))
QSD = const*jstar(t,sigma,eps,pi,bolz)*(x-+y)
write(9,270) 'Q’,v1-1,(",j1-1,)+8",v2-1,(",j2-1,)=",QSD
continue
continue
continue
format(2x,al,i1,al,i1,a3,il,al,i1,a2,g11.4)

calculate Q+Q double transition

write(9,*)
write(9,400) *Q+Q transition’
v

v2=2
do290j1=1,6
do280j2=1,6
x = p(j1)*p(32)*(cq(i1)*mat(1,1,v1,j1)**2*mat(2,1,v2,j2)
*#¥2+cq(j2)*mat(2,1,v1,j1)**2*mat(1,1,v2,i2)**2)
y = p(i1)*p(j2)*ca(j1)*cq(j2)*(2.0/9.0*(mat(1,1,v1,j1)**2
*mat(3,1,v2,j2)**2+mat(3,1,v1,j1)**2*mat(1,1,v2,j2) ¥*2)
-4.0/15.0*mat(1,1,v1,j1)¥mat(3,1,v2,j2)*mat(3,1,v1,j1)
*mat(1,1,v2,j)
QQD = const*jstar(t,sigma,eps,pi,bolz)*(x+y)
write(9,270) *Q,v1-1,(’j1-1,)+Qv2-1,(’j2-1,)=",QQD
continue
continue

calculate S+§ double transition

write(9,%)
write(9,400) ’S+S transition’
do 330 vl =1,2
v2 =5yl
do320j1=1,4
do310j2=1,4
¥ = p(i1)*p(i2)*cs(i1)*cs(j2)*(2.0/9.0* (mat(1,2,v1,j1)
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+ 4+

310
320
330

feanaaaacaon

*+49*mat(3,2,v2,i2)**2+mat(3,2,v1,i1)**2*
mat(1,2,v2,12)**2)-4.0/15.0*mat(1,2,v1,j1)*
mat(3,2,v1,i1)*mat(1,2,v2,i2)*mat(3,2,v2,2))
SSD = const*jstar(t,sigma,eps,pi,bolz)*y
write(9,270) 8", v2-1,(",i2-1,")4+8%,v1-1, (" j1-1,")=",8SD
continue
continue

continue

close(9)

end

real function jstar(t,sigma,eps,pi,bolz)
function to evaluate the integral J* for h2

rmass is the reduced mass of the interacting pair (in
atomic mass unit)

sigma is the i lecul (in angstrom)
eps is the depth of the potential well (m ergs)
k=1.380658¢-16 erg/k

h=6.6260755¢-27 erg.s

N=6.0221367e+23 /mol
lambda=h**2*N*1.0¢-+16/(2.0*rmass*eps*sigma**2)

real *8 rmass,lambda,ts,jstar0,jstarl,jstar2
real *8 v0,v1,v2,v3,v4,20,g1,82

rmass = 1.00
lambda = 2.64409e-13/(2.0*rmass*eps*sigma**2)

ts = t*bolz/eps

jstar0 = 0.0
jstarl = 0.0
jstar2 = 0.0

do 300 x = 0.5, 20.0, 0.005
V0 = 4.04(x*¥(-12) - x**(-6))
v1 =-24.0%(2.0%x*¥(-13) - x**(-1,
V2 = 24.0%(26.0%x*(-14) - 7.0%*¥(-8))

13
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300

++ +

v3 =-672.0%(13.0%x*¥(-15) - 2.0%**(-9))
v4 = 2016.0%(65.0*x**(-16) - 6.0*x**(-10))
80 = exp(-v0/ts)
gl = g0/(24.0*pi**2*ts* *2)¥(-(v2+2.0%v1/x)+v1*2/(2.0Ms))
82 = g0/(192.0*pi**4*is**3)*(-(v4-+4.0*v3/x)/5.0+(9.0*v2**2
+12.0%v1*v3-+44.04v1*v2/x-+(2.0* v1/x)**2)/(30.0%ts)
-(11.0%v2*v1**2.410.0*v1**3/x)/(30.0*ts**2) + vI**4
/(24.0%t5*+3))
jstar0 = jstar0 + x**(-6)*g0*0.005
jstarl = jstarl + x**(-6)*g1*0.005
jstar2 = jstar2 + x**(-6)*g2¥0.005
continue
jstar = 12*pi*(jstar0+lambda*jstar] +lambda**2*jstar2)
return
end

calculate clebsch-gordan coefficients
real function cq(j)

s #(3-1.0)/(2.0%-3.0)/(2.0*+1.0)

real function cs(j)

cs = 3.0%j*(j+1.0)/2.0/(2.0%}-1.0)/(2.0%j+1.0)
end

real function cofj)

co = 3.0%(-1.0)*(-2.0)/2.0/(2.0%}-3.0)/(2.0*}-1.0)
end
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A.2 Non-Linear Least Squares Fit to Experimen-

aana

tal Profile

NON-LINEAR LEAST SQUARES FIT TO EXPERIMENTAL PROFILE
OF A SYNTHETIC QUADRUPOLAR AND OVERLAP SPECTRUM,
CONSIDER SINGLE AND DOUBLE TRANSITIONS INDIVIDUALLY

implicit real*8 (a-h,0-2)

integer nqs,nqd,no,n,np,i1,i2,i3,i4,i5,i6,i7,i8,ip,in

common rigs(50),fqs(50),riqd(100),fqd(100),rio(10),fo(10),a(10),
ngs,nqd,no,i1i2,i%,i4,i5,i6,i7,i8,t

real*8 x(300),y(300),dvp(10),dvn(10),vsep(10),vsen(10),
dvpm,dvnm,xx

character*20 calfil, obsfil

character*60 head

read the calculated data

write (6,*) ‘enter filename for calculated data’
read 15, calfil
format (A20)
open (unit = ,file = calfilstatus = old’)
rewind (8)
read the specification of the calculated data file
read (8,51) head
read (8,52) t
read freq.(fas) and relat. intn.(rigs) of quad. single trans.
read (8,53) ngs
do 601 = 1,ngs
read (8,*) fqs(i),rigs(i)
continue
read freq.(fqd) and relat. intn.(riqd) of quad. double trans.
read (8,54) nqd
do70i=1,nqd
read (8,*) fad(i),riqd(i)
continue
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80

52
53
54
55

90
56

100

read freq.(fo) and relat. intn.(rio) of overlap trans.
read (8,55) no
do 80i=1,1n0
read (8,*) fo(i),riofi)
continue
format (A60)
format (temperature =’, F'7.2)
format ("No. of quad. single tran. =, I3)
format ("No. of quad. double tran. =, I3)
format ("No. of overlap lines =, 13)

read intensities y and frequencies x of observed data

write (6,*) "enter filename for observed data’
read 15, obsfil

if ((obsfil .eq. 'none’) .or. (obsfil .eq. 'q’)) go to 990
open (unit = 9,file = obsfilstatus = "old")
rewind (9)

read the specification of the observed data file
do90i=1,2

read (9,51) head

continue

format ('No. of observed lines =’, I3)

read (9,56) n

do100i=1,n
read (9,%) x(i),y(i)
continue

here read all of adjustable parameters

np =0

write (6,*) "intracollisional half-width at half-height dd?’
read *, xx

np = np+1

il=np

a(il) = xx
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write (6,*) "intercollisional half.width at half-height dc?’
read *, xx

np = np+1
i2=np
a(i2) = xx

write (6,*) 'quadrupolar half-width at half-height dq?’
read ¥, xx

np = np+1
i3=np
a(i3) = xx

write (6,*) 'adjustable relative intensity of quad. single tran.?’
read *, xx

np = np+1
id = np
a(i4) = xx

write (6,*) 'adjustable relative intensity of quad. double tran.?”’
read ¥, xx

np = np+1
i5 =np
a(i5) = xx

write (6,*) 'adjustable relative intensity of over. tran.?’
read *, xx

write (6,*) "frequency shift of quad, tran.?’
read *, xx

np = np+1

iT=np

a(iT) == xx
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200

205
215
225

321

322

write (6,*) "frequency shift of overlap tran.?’
read ¥, xx

np = np+1
i8 = np
a(i8) = xx

calculate standard error

vse =0
do200i=1,n
xi = x(i
call cal(xi,af)
vse = vse-+(y(i)-af*x(i))**2
continue
aerr = vse/(n-np)
aerr = sqrt(aerr)
write (6,205) (a(i), i = 1, np)
write (6,225) aerr
format (3(2x,£7.3)/,5(2x,£10.3))
format (2(4(x,g10.3)/))
format (x,'standard error =", E14.7/)

adjust all of parameters to get the best fit

vsem = vse

write (6,*) ‘the i of the adjustabl
read *, h
h = 0.8d0*h
if (h .ge. 0.00001) then
go to 322
else
go to 990
end if
continue
do 300 j = 1, np
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310

300

320

410

400

ali) = a(i) (1.d0-+h)

call cal(xi,af)
vse = vse+(y(i)-af*x(i))**2
continue
dvp(j) = vse-vsem
a(3) = a(i)/(1.d0+h)
vsep(j) = vse
continue
write (6,215) (dvp(i), i = 1, np)
dvpm = dvp(1)
ip=1
do 320 k = 2, np
if (dvp(k) .1t. dvpm) then
dvpm = dvp(k)
ip=k
end if
continue
do 400 j = 1, np
a(j) = a(i)¥(L.d0-h)
vse =0
do410i=1,n
xi = x(i)
call cal(xi,af)
vse = vse+(y(i)-af*x(i))**2
continue
dvn(j) = vse-vsem
(i) = a(i)/(1.d0-5)
veen(j) = vse
continue
write (6,215) (dvn(j), j = 1, np)
dvnm = dvn(1)
in=1
do 420 k = 2, np
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420

990

if (dvn(k) .1t. dvam) then
dvam = dvn(k)
in=k
end if
continue
if (dvpm .le. dvam ) then
if (dvpm .1t 0. ) then
a(ip) = a(ip)*(1.d0+h)
write (6,205) (a(i), i = 1, np)
aerr = vsep(ip)/(n-np)
aerr = sqrt(aerr)
write (6,225) aerr
vsem = vsep(ip)
g0 to 322
else
go to 321
end if
else
if (dvom .It. 0.) then
a(in) = a(in)*(1.d0-h)
write (6,208) (a(i), i = 1, np)
aerr = vsen(in)/(n-np)
aerr = sqrt(aerr)
write (6,225) aerr
vsem = vsen(in)
go to 322
else
go to 321
end if
end if
stop
end

subroutine cal(xi,af)

implicit real*8 (a-h,0-2)
real *8 r,asqt,adqt,afqt,xt,rn,afot
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450

460

500

common riqs(50),qs(50),riqd(100),fqd(100),rio(10),f0(10),a(10),

ngs,nqd,no,i1,i2,i3,i4,i5,i6,i7,i8,t
© = 1.43883204d0/t
Quadrupolar contribution

asqt = 0.d0

do 450 j = 1, ngs
xt = xi-fqs(j)+a(i7)
rn = a(i4)*rigs(j)*quad(xt,r,a(i3))
asqt = asqt-+rn

continue

adqt = 0.d0

do 460 j = 1, nqd
xt = xi-fqd(j)+a(i7)
0 = a(i5)*riqd(j)*quad(xt,r,a(i3))
adqt = adqt+rn

continue

afqt = asqt+adqt

Overlap contribution

afot = 0.d0

do 500 j = 1, no
xt = xi-fo(j)+a(i8)
= a(i6)*rio(j)*over(xt,r,a(i1),a(i2))
afot = afot+rn

continue

af = afqt-+afot

end

for Lorentz line shape function
real*8 function quad(dv,r,a3)
implicit real*8 (a-h,0-2)

wq = 1.d0/(1.d0+(dv/a3)**2)
quad = wq/(1.d0+dexp(-r*dv))
end
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for Birnbaum-Cohen line shape function
real*8 function quad(dv,r,a3,a4)
implicit real*$ (a-h,0-z)

2a = 1.0d0+(dv/a3)**2

zb = (a3/ad)**2+(a3*r/2)**2

% = dsqrt(za%ab)

ra = 1.68986e-12/a3/za

tb = dexp(a3/at-+dv¥r/2)

quad = ra*rb*xK1(z)

end

real*8 function xK1(x)

implicit real*8 (a-h,0-2)

real*8 I1, K1

routine calculates modified bessel function of second kind
if (x le. 2) then

t1 = (x/3.75)¥*2

11 = 0.5+t1%(0.87890594-+t1*(0.51498869-+t1*(0.15084934
+£1#(0.02658733+£1%(0.00301532-+£1*(0.00032411))))))
11 =T1*x

t1 = x*x/4.0

K1 = x*dlog(x/2.0)*I1+1.0

xK1 = K1+£1%(0.15443144+t1%(-0.67278579-+t1*(-0.18156897
+41*(-0.01919402-+£1*(-0.00110404-+-£1#(-0.00004686))))))
else

t1 = (2.0/x)

K1 = 1.25331414-+£1%(0.23498619-+t1*(-0.03655620+t 1 *
(0.01504268+£1*(-0.00780353+t1#(0.00325614-+41*
(-0.00068245))))))

xK1 = K1*dsqrt(x)/dexp(x)

end if

end

real*8 function over(dv,r,al,a2)
implicit real*8 (a-h,0-z)
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600

800

850

o

S

xt = 2.d0*dv/al

routine calculates mod. bessel fn of the 2nd kind order 2
for intracollisional line shape function

xt = dabs(xt)

if (xt .gt. 0.0) go to 600

res = 2.d0

g0 to 850

if (xt .gt. 2.0) go to 800

u = (xt/3.75)**2

ai= 1.d0+u*(3.5156229-+u*(3.0899424-+u*(1.2067492
+u*(0.2650732-+u*(0.0360768+u*(0.0045813))))))

ail = 0.5d0-+u*(0.87890594+u*(0.51498869-+u*(0.15084934
+u*(0.02658733-+u*(0.00301532-+u*(0.00032411))))))

xr = (xt/2.d0)**2

abl = 1.d0+4xr*(0.15443144+xr*(-0.67278579+xr*(-0.18156897
+xr*(-0.01919402-+xr*(-0.00110404+xr*(-0.00004686))))))
+0.5d0*xt**2*dlog(xr)*ail

abl = ab1*2.d0

ab2 = -0.5d0*ai*dlog(xr)-0.57721566-+xr*(0.42278420
+xr¥(0.23069756-+xr*(0. +xr*(0
+xr%(0.00010750+x:%(0.00000740))))))

res = abl+ab2*xt**2

go to 850

xr=2.d0/xt

abl = 1,25331414+xr*(0.23498619-+xr*(-0.03655620-+xr*(0.01504268

+xr*(-0.00780353+xr*(0.00325614+xr*(-0.00068245))))))
abl = 2.d0*ab1*xt**0.5d0*dexp(-1.d0*xt)

ab2 = 1.25331414-+xr*(-0.07832358-+xr*(0.02189568-xr*(-0.01062446

+xr*(0.00587872+xr*(-0.00251540-+xr*(0.00053208))))))
ab2 = ab2*xt**1.5d0*dexp(-1.d0*xt)

res = abl+ab2

continue
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w=res
wov = w*(1.d0-(1.d0/(1.d0+(dv/a2)**2)))

over = wov/(1.d0+dexp(-dv*r))
end



Appendix B
MATRIX ELEMENTS OF

MOLECULAR HYDROGEN

vil o

o -

0.483600
0.087900
-0.011190
0.001597
-0.000308
0.000072

0.485200
0.078400
-0.011650
0.001932
-0.000433
0.000121

0.000000

1

2

3

quadrupole matrix elements

0.484700
0.088000
-0.011230
0.001605
-0.000310
0.000073

0.487300
0.072100
-0.011830
0.002133
-0.000513
0.000154

0.000000

Q branch
0.487000
0.088100
-0.011300
0.001620
-0.000314
0.000074

S branch
0.490500
0.065900

-0.011920
0.002315

-0.000591
0.000187

O branch
0.000000

0.490400
0.088400
-0.011410
0.001643
-0.000320
0.000076

0.494700
0.059800
-0.011930
0.002476
-0.000665
0.000219

0.000000
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0.495000
0.088600
-0.011550
0.001674
-0.000329
0.000079

0.000000
0.000000
0.000000
0.000000
0.000000
0.0000C0

0.000000

0.500600
0.089000
-0.011730
0.001712
-0.000339
0.000083

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000



o W o oo

s o

0.000000
0.000000
0.000000
0.000000
0.000000

5.413800
0.739230
-0.071270
0.009930
-0.002320
0.000740

5.427200
0.633760
-0.070180
0.010490
-0.002440
0.000740

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

2.023800

0.000000  0.097700  0.104300  0.111000
0.000000 -0.010530 -0.010070  -0.009500
0.000000  0.001239  0.000989  0.000734
0.000000 -0.000184 -0.000103 -0.000025
0.000000  0.000026 -0.000003 -0.000030
polarizability matrix elements
Q branch
5423400 5.442600 5471400  5.509500
0.740270  0.742340  0.745440  0.749530
-0.071500 -0.071960 -0.072660 -0.073580
0.009970  0.010040  0.010140  0.010290
-0.002330  -0.002350 -0.002380 -0.002410
0.000740  0.000740  0.000750  0.000760
S branch
5444500  5.470500  5.505100  0.000000
0.564950  0.497700  0.432110  0.000000
-0.068130 -0.065150 -0.061300  0.000000
0.010520  0.010270  0.009780  0.000000
-0.002420 -0.002310 -0.002110  0.000000
0.000700  0.000630  0.000520  0.000000
O branch
0.000000  0.000000  0.000000  0.000000
0.000000 0.848060  0.921530  0.995660
0.000000 -0.070190 -0.068110 -0.065030
0.000000 0.008830  0.007820  0.006610
0.000000 -0.002040  -0.001770  -0.001460
0.000000  0.000660  0.000580  0.000480
pic pol bility matrix el
Q branch
2.031600  2.047300  2.070800  2.102200
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0.117700
-0.008870
0.000477
0.000052
-0.000055

5.557000
0.754620
-0.074740
0.010460
-0.002460
0.000770

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
1070360
-0.061010
0.005240
-0.001110
0.000370

2.141500
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oa W o

0.610010
-0,012220
-0.005670

0.001970
-0.000760

2.035100
0.570810
-0.020970
-0.003720
0.001610
-0.000690

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.611750
-0.012430
-0.005680

0.001970
-0.000760

2.050000
0.546300
-0.026350
-0.002400
0.001340
-0.000630

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.615240
-0.012850
-0.005680

0.001980
-0.000770

S branch
2,072500
0.523230

-0.031430

-0.001090
0.001050

-0.000550

0 branch
0.000000
0.654360
-0.002890
-0.007610
0.002280
-0.000820

0.620490
-0.013490
-0.005670

0.001990
-0.000780

2.102500
0.501520
-0.036230
-0.000220
0.000750
-0.000480

0.000000
0.685910
0.003770
-0.008890
0.002450
-0.000850
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0.627410
-0.014370
-0.005680

0.001980
-0.000790

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.00000U
0.719310
0.010740
-0.010150
0.002610
-0.000870

0.636120
-0.015480
-0.005670

0.001990
-0.000800

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.754860
0.017970
-0.011410
0.002750
-0.000890
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