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ABSTRACT

The pressure-induced fundamental vibration-rotation absorption
band of deuterium was studied in the pure gas for gas densities up to
175 Amagat at ice, alcohol-dry ice and liquid nitrogen temperatures
respectively, and in deuterium-helium and deuterium-neon mixtures for
partial foreign gas densities up to 647 Amagat at 77.39K. The shapes
of the absorption contours obtained in each case were discussed. The
contours of pure deuterium exhibited sharper individual branches of the
fundamental band with the decreasing temperature as expected. The
magnitude of the splitting of the Q branch at a constant density decreased
as the temperature was lowered, disappearing at 77.3°K in the low density
region while indicating a gradual re-appearance with higher demnsity. The
enhancement absorption profiles of the band in deuterium-helium and
deuterium-neon mixtures showed a marked splitting of the Q branch at
77.3°K. The distinct indication of the S(0), S(1) and S(2) lines and the
density-dependence of the minima of the Q branch observed in deuterium-
neon mixtures was found to be absent in deuterium-helium mixtures.
Binary and ternary absorption coefficients were determined for pure
deuterium and deuterium-foreign gas mixtures. Applying the theory of
Van Kranendonk and using the known molecular parameters of deuterium, the
binary absorption coefficients of the individual lines of the O and S
branches and of the quadrupole part of the Q branch were calculated and
hence the overlap part was estimated. Van Kranendonk's theory was used

to calculate the theoretical values of the total binary absorption



II

coefficients, &1, of pure deuterium at various temperatures in the
region 300°%K - 40°K, for comparison with the available experimental
values obtained from various sources including the present investigation.
Theoretical variation curves of &l with temperature drawn for o/p = 10,00,

11.80 and 7.94 are discussed.
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CHAPTER 1

INTRODUCTION

1.1 The Pressure—Induceq_gundamental Bands of Hydrogen and Deuterium

The pressure-induced fundamental absorption band of hydrogen
was first observed by Welsh, Crawford and Locke (1949) in compressed gaseous
hydrogen. Chisholm and Welsh (1954) investigated this band in pure hydrogen
and in hydrogen-foreign gas mixtures at pressures up to 1500 atmospheres
at temperatures ranging from 376° to 78°K. Later, Hare and Welsh (1958)
extended these studies at room temperature at pressures up to 5000 atm.
Recently a detailed study of the absorption profilesof the fundamental
band of hydrogen in the pure gas as well as in hydrogen-foreign gas
binary mixtures at lower pressures in the temperature range 300°K to 789K
was made by Hunt and Welsh (1964). More recently the same band was studied
in pure hydrogen and in hydrogen-helium mixtures at low pressures in the
temperature range 18° to 779K by Watanabe and Welsh (1964, 1965) who
verified the theoretical prediction of bound states of the binary
complexes (Hp),.

The induced infrared fundamental band of hydrogen was also studied
quite extensively in the liquid and solid states with various ortho-para
ratios by Allin, Hare and Welsh(1955) Allin and Welsh(1955) and Gush,

Hare, Allin and Welsh(1960) and in hydrogen dissolved in liquid argon by
Ewing and Trajman (1964). While these studies at low temperatures revealed
a well-resolved rotational structure of the absorption band, additional

information about the collision-induced spectra was obtained.
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Deuterium, although an isotope of hydrogen,has not been studied
as extensively as hydrogen. A preliminary study of the induced fundamental
band of deuterium was first made by Chisholm (1952). Recently a detailed
investigation of this band was made at room temperature in our laboratory
by Reddy and Cho (1965a) in the pure gas and by Pai, Reddy and Cho (1966)
in deuterium-foreign gas mixtures. Previously a few studies on the
fundamental band of deuterium were made in the liquid and solid states
by Allin, Gush, Hare, Hunt and Welsh (1959) and in gaseous phase by
Watanabe and Welsh (1965) at low densities in the low temperature range
from 24.0°K “~ 77.39°K. As for hydrogen, Watanabe and Welsh have also
verified the existence of the three bound states of(D2)2 complex.

The general appearance of the pressure-induced fundamental band
of deuterium differs considerably from that of hydrogen. To illustrate
this, a schematic diagram of the rotational energy levels for the
fundamental vibration absorption band of deuterium is presented in Fig. 1,
where the possible rotational transitions in the induced fundamental band
of deuterium are indicated by vertical lines with arrowhead. The
approximate positions of *he rotational lines, calculated from the
molecular constants of the free molecule determined from the Raman spectrum
of gaseous deuterium (Stoicheff 1957), are marked under the corresponding
transitions. These transitions result from the selection rule AJ=0, + 2
giving rise to the Q, S and O branches respectively. This selection rule
is the same as that for the vibrational Raman spectra of diatomic molecules.
Here J is the rotational quantum number. The relative popuiation of the

molecules at room temperature in each rotational enerpy level, ac calculated

ir's
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from the Boltzmann distribution law and the statistical weights of the
level, arisimg from the (2J + 1) - fold degeneracy and the nuclear spin
(I = 1), is also shown in Fig. 1.

Since the rotational constant of deuterium is half that of
hydrogen, the rotational levels of the lowest vibrational state of
deuterium will have relatively higher population thaﬁ that of hydrogen
at the same temperature. Moreover the nuclear spin angular momentum
of a deuterium atom is h units giving a statistical weight ratio of
2:1 for states of even and odd J values respectively, for deuterium
molecules, whereas this ratio is 1:3 for hydrogen molecules because
the nruclear spin angular momerntum for a hydrogen atom is h/2. Thus,
it is possible to expect more rotational lines in each branch of the
fundamental band of deuterium than in the corresponding branch of
hydrogen. In Fig. 1, each rotational energy level was indicated as

0 or P corresponding to ortho or para modification respectively.

1.2 Other Infrared Absorptions of Hydrosen.

The induced first overtone band of hydrogen was investigated
by Welsh, Crawford, MacDonald and Chisholm (1951), and later by Hare
and Welsh (1958). The pure rotational spectrum of hydrogen was observed
for the first time by Ketelaar, Colpa and Hooge (1955). A more detailed
study was made by Colpa and Ketelaar (1958), Kiss, Gush and Welsh (1959)
and Kiss and Welsh (1959). The latter authors found that the rotatiomal
spectrum appeared to be superimposed on a continuum which was assumed
to arise from translational absorption. These authors made a detailed

analysis of the shape of rotational lines and found that an individual
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line in the pure rotational spectrum ¢f hydrogen at 80°K could be well
represented by a dispersion line shape for the high frequency wing of
the line and by a dispersion line shape modified by the' Boltzman factor
for its low frequency wing. By assuming a similar shape for the lines,
Hunt and Welsh (1964) made an analysis of the absorption contours of the

induced fundamental band of hydrogen.

1.3 The Origin and Theory of Pressure-Induced Infrared Absorption Spectra.

Pressure-induced infrared absorption spectra of homonuclear diatomic
molecules correspond to transitions, forbidden in isolated molecules, which
appear when the molecules are in the form of a compressed gas, liquid or
solid. The reason for the homonuclear molecules such as hydrogen, deuterium,
nitrogen, oxygen, etc., to have forbidden transitions is that they do not
possess a permanent electric dipole moment. Infrared absorption is observed
in these molecules as a result of dipble moments induced in colliding pairs
of molecules by intermolecular forces which produce a distortion of the
charge configuration in the molecules. The induced dipole moment depends,
in magnitude, on the intermolecular distance and the internuclear distance
and, in direction, on the relative orientations of the colliding molecules.
Consequently, the colliding pair of molecules gives rise to transitions
in absorption at its vibrational and rotational frequencies. The intensity
of the induced absorption depends on the magnitude of the induced dipole
moment which in turn depends on several molecular parameters of the

colliding pairs.
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The theory of the induced fundamental band of homonuclear diatomic
molecules has been given by Van Kranendonk and Bird (1951), Van Kranmendonk,
(1952, 1957, 1958) and Britton and Crawford (1958) who have shown that the
absorption due to binary collisions must be explained in terms of electron
overlap interaction and molecular quadrupole interaction. Based on the
assumption of an "exp-4" model, the electric dipole moment, induced by
the short-range overlap forces, decreases exponentially with the inter-
molecular distance R and is, in the first-order approximation, spherically
symmetric, i.e., almost independent of the relative orientations of the
molecules in a colliding pair. This produces mainly transitions for which
AJ = 0 (Q-branch). On the other hand the electric dipole moment, induced
by long-range quadrupole interaction, varies as R4 and is strongly
dependent on the mutual-orientation of the colliding pair and produces

transitions for which AJ = #2 (S and O branches) and in addition, some

contribution to the intensity of the Q-branch.

The above theory has been frequently applied to the experimental
results obtained in the studies of pressure-induced fundamental bands of
homonuclear diatomic molecules. While the theory was found satisfactory
i in the higher temperature region, the disagreement between the theoretical
and experimental values of the binary absorption coefficients becomes
pronounced in the low temperature region below 80PK for both hydrogen and

deuterium.

1.4 Present Investigation.

In the present investigation, a detailed study of the fundamental

band of deuterium was made in the pure gas at ice point (273.19K), ethyl
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alcohol-dry ice mixture temperature (201.29K), and liquid nitrogen
temperature (77.3°K) up to a maximum density of 175 Amgt. The study of
the same band was extended, at liquid nitrogen temperature, to deuterium-
helium mixtures at densities up to 650 Amgt and to deuterium-neon mixtures
up to 390 Amgt. Several interesting features of the absorption profiles
obtained in each case were qualitatively discussed. Binary and ternary
absorption coefficients were determined for the fundamental band of
deuterium in pure deuterium and in deuterium-helium and deuterium-neon
mixtures at the temperatures studied.

Prior to the present work, the binary absorption coefficients of
the fundamental band of deuterium in the pure gas were determined by
Reddy and Cho (1965) and Chisholm (1952) at 3009K and by Watanabe and
Welsh (1965) in the temperature range from 20°K to 80°K. The present
study now supplies their values at the three temperatures
mentioned above. The fundamental band of deuterium was studied in
deuterium-neon mixtures for the first time.

Applying the theory of Van Kranendomk (1958) and using the known
molecular constants of deuterium, helium and neon, the binary absorption
coefficients of the individual lines of the O and S branches and of the
quadrupole part of the Q branch of the band were calculated in each case.
The overlap parts of the binary absorption coefficients of the Q branch
were estimated by subtracting the calculated quadrupole binary absorption
coefficients from the experimental values of the corresponding total

binary absorption coefficients.
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Finally, an attempt was made to compare the variation with
temperature of the observed binary absorption coefficient of the
deuterium fundamental band in the pure gas with the corresponding

theoretical variation as predicted by the theory of Van Kranendonk.
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CHAPTER 2

EXPERIMENTAL TECHNIQUE

2.1 Design and Construction of a High Pressure Low Temperature Absorption

Cell.

The transmission-type absorption cell shown in Fig. 2 was specially
designed by the author for the present investigation. It was made of a
stainless steel (Type No. 303) cylinder, A, 15.5 in. long and 3.2 in. in
diameter, with a central bore of 3/4 in. A stainless steel light guide,
 f£ G, made in two sections, with a central rectangular cross section 3/8 in.

f} x 3/16 in. was inserted into the central bore. The inside surface of the

light guide was polished to ensure a good reflection of radiation. The

entrance and exit windows, W, were optically flat synthetic sapphire plates,
1 in. in diameter and 5 mm. thick. They were cemented on to the stainless

steel window plates, P, with a thin layer of General Electric Silicone

rubber cement.
The surfaces of the window plates, were also optically flat to

ensure a very good pressure seal. The windows were secured by steel caps,

C, with teflon washers occupying the rest of the spaces inside the caps.
The window plates had rectangular apertures, 3/8 in. x 3/16 in. The
apertures of the cell were designed to allow a £/4 cone of radiation to
focus the source and spectrometer slit on the entrance and exit ends of
the cell respectively. After several trials, a successful design for

the seats, SPD, for the invar rings, R, 1/8 in. thick, between the window
plates, P, and the body of the cell, was obtained. The details of the

design of the seats SPD are shown separately in Fig. 3. The invar rings,
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R, (Fig. 2) were made to fit exactly into these seats. This design
maintained the pressure seal even at liquid nitrogen temperature. The
portion, S, of the window plates with a thickness of 0.35 in. was square
in shape and fitted into a matched square recess in the cell body, so as
to prevent the non-alignment of the light guide and the apertures of the
window plates when the hexagonal stainless steel closing nuts, N, (Fig. 2)
were tightened to hold the cell "pressure-tight". A 1/4 in. diameter steel
capillary tube, H, (Fig. 2) served as the gas inlet to the cell and was
connected by means of an Aminco-fitting, F. The cell was tested for
pressures up to 1200 atm at room temperature and up to 400 atm at liquid
nitrogen temperature.

The design of this high pressure low temperature absorption cell
differs to . some extent from that of Kiss, Gush and Welsh (1959).

The outer system of the gas absorption cell consisting of outer
jacket and end pieces is shown schematically in Fig. 4, The cell body
was surrounded by an outer jacket, J (Fig. 4), to hold the coolant for
low temperature experiments. This jacket, J, consisted of a thin
galvanized iron sheet detachable into two separate parts which are
supported at the ends by brass pieces, B (Fig. 4), and was held tight
to the cell body by means of rubber "0" rings and steel nuts, T (Fig. 4).
It was insulated by means of styrofoam, I (Fig. 4).

The condensing system used in the end pieces of the cell served
to protect the inner windows of the cell agalrsi fogging at low temperatures.

A steel extension tube, E, cemented into the hexagonal nut, N, by a thin
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layer of General Electric Silicone rubber cement, had a groove in its
outer surface to fit a rubber O ring, ROR (Fig. 4). A plastic extension
tube, D, with incorporated heating coils, HC (Fig. 4) at the end side
close to the outer window, OW, was pushed in over a rubber ring, ROR,
to hold it air-tight. Another rubber ring, RR, which was used to close
the opening of the plstic tube, D, ensured air-tightness against the
walls of the two tubes, D and E. An outlet, OT, was used to evacuate
the condensing system. The outer windows, OW, were optically flat
synthetic sapphire plates, 1 in. in diameter and 2 mm thick, and were
;% cemented on to the plastic tube, D, with General Electric Glyptal cement.
An electric current varying from 0.2 amp. to 0.7 amp. was maintained in
«ﬁg. the heating coils, HC, to prevent fogging at the outer window, 0¥, at
: different stages of the low temperatures. For liquid nitrogen temperature
experiments, aluminium foils, AF, of concave shutter type were used to
protect the outer windows against the rushing cold draft of nitrogen
vapours,
The optical path length of the absorption cell was noted after
taking into consideration the contraction of the cell body at low

temperature. It was 25.8 cm at the ice point and 25.7 cm at both dry

ice-alcohol temperature and at liquid nitrogen temperature. The figures

are correct up to one decimal place only.

2.2 Optical Arrangement,

The optical arrangement used with the transmission cell is shown
in fig. 5. Infrared radiation from the source, S, was focussed through
the outer window on the entrance window of the cell, H, by means of a

spherical mirror, M1, whose front surface is aluminized. The radiation

*Pai, S. T., 1965, M.Sc. Thesis, Memorial University of Newfoundland.
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emerging through the second outer window from the exit window of the
cell was focussed on the slit, S1, of the spectrometer, A, by a second
aluminized spherical mirror, Ml. To match the internal optics of the
spectrometer, a f/4 light cone was used throughout the external arrangement.
A Perkin-Elmer 12C Spectrometer with LiF prism and a Unicam Pneumatic
Golay Detector, G, were used to record the spectra. A water-cooled globar
operated at 150 watts from a Sorenson voltage regulator was used as the
source of the infrared continuum. The spectrometer slit width was maintained
at 200u which gave a spectral resolution of approximately 11 em~l at 2992 cml
the origin of the fundamental vibrational band of deuterium. The spectral
region from 2,400 em~l - 4,000 cm~! was calibrated using water bands and

liquid indene bands of known frequencies (Thomson, I.U.P.A.C. 1961).

2.3 Pure Deuterium Experiments at Ice, Alcohol-Dry Ice and Liquid Nitrogen

Temperatures.

A high pressure gas system, shown schematically in*Fig. 6, comprised
of a mercury-column gas compressor, pressure gauges, needle valves, etc.,
was used for the introduction of gases in the absorption cell.

Prior to each experiment with pure deuterium gas at three different
low temperatures, namely ice fixed point, ethyl alcohol dry ice temperature
and liquid nitrogen temperature, the following initial steps were taken,
in order:

1) The entire system was evacuated to a pressure of 0.1 mm of

of Hg for several hours.

*Pai, S.T., 1965, M.Sc. Thesis, Memorial University of Newfoundland.
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2) The absorption tube was cooled down to the desired
temperature by means of a suitable coolant and current
was passed in the heating coils to prevent fogging on the
outer windows.

3) The background spectrum was recorded repeatedly until a good

reproduction was obtained.

In each experiment deuterium gas from a commercial cylinder,
supplied by Matheson Company of Canada, at an initial pressure of 1400 psi,
was admitted into the absorption cell through a system of two liquid~nitrogen
traps A, and needle valves V4 and V5. Prior to this, the valve V; was
closed to isolate the gas compressor G, which was found unnecessary for
pure deuterium experiments. After admitting deuterium into the absorption
cell at the required pressure as read by both Bourdon-type gauges M and Mis
the valve V, was closed.

The ice temperature was obtained and maintained by precooling the
absorption cell by liquid nitrogen and keeping the cell covered with
powdered ice in the outer jacket. A thermometer dipped in the ice touching
the body of the cell read the temperature of the cell.

The alcohol-dry ice temperature was obtained and maintained by
precooling the cell and filling in the outer jacket with alcohol-solid
carbon dioxide mixture coolant. Dry ice was added frequently after brief
intervals. A low temperature thermometer made by Fisher & Co. was dipped

in the coolant to ensure the consistency of the temperature.
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The iiquid-nitrogen temperature was obtained and maintained by
filling in the outer jacket with liquid nitrogen to keep the absorption
cell always dipped in the coolant.

The ice fixed point is taken as 273.16°K (0°C), alcohol-dry ice
temperature as 201.16%K (-729C) and liquid nitrogen temperature as 77.3°K
(-195.8°C) from the tables given in the Handbook of Chemistry and Physics
(1960) by the Chemical Rubber Publishing Co.

The pressure gauge, M, was calibrated against a dead-weight
pressure balance up to a maximum of 20,000 psi, while, M;, called Master

gauge was calibrated up to 3,000 psi.

2.4 Deuterium-Foreign Gas Mixture Experiments at Liquid Nitrogen Temperature.

Here the initial steps were similar to those described above. The
gases used in this investigation were introduced into the absorption cell
by the high pressure gas system shown in Fig. 6. 1In each experiment,
deuterium gas at a given base pressure was first admitted into the cell,
C, from a commercial cylinder, supplied by Matheson Co. of Canada Ltd.,
through two liquid nitrogen traps, A, and needle valves, V; and Vg, after
closing the valve, V,. Valves, V, and Vg5 were then closed. Absorption
spectrum of the pure D, gas was then recorded until a good reproduction
of the traces was obtained. Then the part between the needle valves, Vj,
VS’ and V4, was re-evacuated. Traces for the absorption of deuterium gas
in the cell were taken again to ensure the perfect functioning of the

controlling valve, Vg. The component foreign gas was then introduced
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into the gas compressor, G, through two liquid nitrogen traps, B.

The gas compressor was of mercury column type and the compression was
achieved by means of a column of mercury driven by a hand-operated Aminco
0il pump in conjunction with a pressure intensifier (although the
intensifier part was not used in the present investigations to achieve
the desired pressure range). The first dose of the foreign gas was
admitted into the absorption cell, containing pure deuterium gas at a
fixed base density by the so-called "pulsating technique'. This consisted

of opening the needle valve, Vg, momentarily three or four times at proper

intervals, so that the foreign gas attained the temperature of the cell
which was ensured by observing no indication of any drop in pressure as read
by the pressure gauge, M. The length of the steel capillary tubing

connecting the valve, Vg and the cell was made very short so that the

" R B e LN B W

probable experimental error caused by the imperfect mixing of gases inside

the capillary tubing would become negligible. This method of "short- pulses"
employed- in the introduction of foreign gases prevented the possible back .
diffusion of deuterium gas from the cell to a great extent. Previous

workers in this field also used this method extensively.

:'f;; It was observed that the introduction of a foreign gas into the

= cell caused the signal to fall off suddenly and then return gradually to
the original level. This duration was 15 to 20 minutes in case of

D,-He mixtu;es and 20 to 30 minutes for Dy-Ne  mixtures. It was found

that the time of recovery could be shortened a little if the signal was

shut off before introducing the foreign gas. Several trial traces were

- taken until a good reproduction was obtained, and this ensured a thorough
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mixing of the gases. This procedure was repeated for different deuterium-
foreign gas mixtures with fixed base densities of pure deuterium. Two
different base densities of deuterium (59.7 Amgt and 46.62 Amgt) were

used for Dy-He mixtures and two (61.0 Amgt and 53.2 Amgt) for Dy-Ne

mixture experiments at liquid nitrogen temperature.

2.5 Reductiou of Experimental Traces.

In reducing the traces of the absorption contours, the water
band at 3700 cm~l, which appeared in each trace, was used as a frequency
reference.

In pure deuterium experiments, the contours were reduced over the
background spectrum in vacuum. If I, is the signal transmitted by the
evacuated cell of optical path length, £ , and I is the signal with pure
deuterium gas in the cell, the reduction process by the standard logarithmic

1 across

scale gave log;4(I,/I), which was determined at intervals of 10 cm™
the entire fundamental band. The absorption coefficient, a(v), is given

by (1/2) loge (I,/I). The profiles of the band at different gas demsities
at each temperature were obtained by plotting logjg (I,/I) vs v (frequency
in cm 1.
In the deuterium-foreign gas mixture experiments it was required

to study the enhancement in absorption when a particular gas was added to
deuterium which was at a fixed base pressure in the absorption cell. Iian

mixture -experiments, if I; is the signal transmitted by the absorption

cell of length %, filled with a base density of deuterium, and I, is the

?
A
¢
)
)
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signal with the binary gas mixture in the cell, the enhancement in the
absorption coefficient, aeéﬁ) at a given frequency v in cm-l, is given
by (1/%) loge (11/12). The profiles of the enhancement absorption were
obtained by plotting loglo (11/12) vs v (frequency in em™1) at intervals
of 10 en™l across the band.

Unlike hydrogen, ortho-deuterium molecules exist in even rotational
levels (J = 0, 2, 4....) and para molecules in odd levels (J = 1, 3, 5....)
and the ratio of para- and ortho-deuterium concentrations is 1:2 in normal
deuterium. In experiments at liquid nitrogen temperature, one should
consider the possibility of para-ortho conversion of normal deuterium
contained in a steel abscrption cell. While no special precaution was taken
in the present investigation to prevent such conversiom, it was found that
no appreciable conversion had taken place within the period of any particular
experiment. This conclusion was arrived at in the following way: In the
low temperature experiments with pure deuterium, the trace obtained at a
particular pressure of the gas, while the pressure was increased in steps,
was compared with the one obtained at the same pressure after 4 or 5 hours,

while the pressure was decreased in steps, and it was found that the two

traces matched reasonably well with each other.
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CHAPTER 3

ISOTHERMAL CALCULATIONS

The number of molecules of a given gas is more directly related
to its density than to its pressure. It is therefore convenient to study
the absorption of molecules as a function of demsity. In the study of
the induced infrared absorption spectra of molecules, density is usually
expressed in Amagat units. An Amagat unit is defined as the ratio of the
density of a gas at a given pressure and temperature to its density at
normal temperature and pressure (i.e. at N.T.P.). Ir this Chapter a
brief account of the calculation of densitles of deuterium, helium and

neon at the experimental conditions of the present investigation is given.

3.1 Isothermal Calculations for Pure Deuterium at 0°C, -72°C and -195.8°C.

LBk ARy

The density of pure deuterium gas at ice temperature (0°C) was

™.

directly determined from the isothermal data of Michels and Goudeket (1941).

The maximum density used for ice temperature experiments was 150.5 Amagat.

L

The density of pure deuterium gas at alcohol - dry ice temperature

$

(-72°C) was calculated from the available isothermal data of Michels et al

(1959) for deuterium at -50°C and -75°C by the method of linear interpolation

between these two points. The calculated isothermal data for pure deuterium
gas at -72°C are summarized in Table I(a).

The density of pure deuterium at liquid nitrogen temperature
(~195.8°C) was derived up to 49 atmospheres directly from the data available
for hydrogen in NBS Technical Note 120 by Dean (1961) using the procedure

outlined on page 434 of NBS RP 1932 by Woolley, Scott and Brickwedde (1948).
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The compressibility factor, Zy, for hydrogen gas is given by
Zg = PV/RT = (1 + BP + CP2 + .......),
where B, C,....are.thesecond, third ..... virial coefficients and other
terms are the same as in the usual notation. The compressibility factors
for hydrogen at -195.8°C were calculated by linear interpolation mezthod,
up to 164 atmospheres from the compiled data of Woolley et al (1948).
Since the deuterium isotherms run parallel to those of hydrogen, the
difference between the second virial coefficient of hydrogen, By, and
Ilfﬁ_ that of deuterium, By, (i.e. By - BD) was calculated at liquid nitrogen
| temperature. The compressibility factor, Zp, for deuterium was then
calculated by subtracting (By - BD) from the corresponding Zy at a series

of pressures. The third virial coefficient C was neglected in calculating

the compressibility factor Zp from ZH‘ In adopting this procedure, the

LIRS I O 2 VW

following assumption was made and found justified. The second virial

™3

coefficient of hydrogen and deuterium at 0°C being 13.235 cm3/mole and

13.864 cm3/mole respectively, the ratio of the specific volume of hydrogen

Aﬁé at N.T.P. to that of deuterium at N.T.P. is found to be equal to

!

(1 + 0.0006185)/(1 + 0.0005904) = 1,0000281, which may be assumed to be
equal to 1, as the error involved will be only a few in 105. This
justifies the assumption that the specific volumes of hydrogen and
deuterium are almost the same within &h accuracy of 0.001 % to 0.0001Z%.
Let the actual density of hydrogen in Amgt units be HZp’ while

that of deuterium is sz. If the corresponding approximate densities

. . o
in Amgt units as calculated from the ideal gas equation are H 2p and

!

ﬁ
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D° respectively, then H® = Dp°_ . = 1° = p°
20 o) v, en 2 D 20 Now, H2p H 2p/ZH and sz D Zp/zD’
J so that
(1) sz = H2p x (ZH/ZD).
Thus, from a knowledge of Zps 2y and HZp’ which are accurate enough for

this purpose, the isothermal data of deuterium at liquid nitrogen

temperature were calculated and summarized in Table I(b)

3.2 Isothermal Calculations for D,-Foreign Gas Mixtures at -195.8°C.

The isotherms of deuterium gas at liquid nitrogen temperature
for higher pressures up to 165 Atm were determined by a method similar

to that described above from the available data for hydrogen given by

Woolley, Scott and Brickwedde (1948). Beyond 165 Atm, the isotherms E
were calculated from the best polynomial fit of the equation of state, ;
(2) PV = RT (1 + BP + CP?) %
in the high pressure regions of the available data. The most suitable 7

values of B and C were found to be as B = =817 x 10~ (At:m)'l and

| W

C = 4110 x 10~7 (Atm)_z. The calculated isotherms are summarized in

:

Table I(b).

The P - p relations of helium at liquid nitrogen temperature
were directly derived from the data of NBS Technical Note 154 by Mann
(1962) up to 110 Atm. Beyond 100 Atm the isotherms for helium were
calculated again by the best polynomizl fit of the equation of state (2)
as explained above. The most suitable values for B and C for helium gas

-~ -6 -2
were found to be as B = +1.803 x 10~3 (Atm)~!, and C = +0.5167 x 107°(Atm)™*.




i

TABLE I(b)

Isothermal data for deuterium at liquid nitrogen temperature

(Atmozphere) (Amggat) (Atmozphere) (Amggat) (Atmozphere) (Angat)
0.28 1.00 59.76 218.73 164.43 500.06
0.57 2.00 65.43 240.03 180.6 525.86
0.85 3.00 71.25 260,26 200.0 553.50
1.69 6.00 77.24 279.86 220.0 574.62
2,82 10.00 83.42 300.06 240.0 589.85
5.61 20.01 89.85 320.06 260.0 599.92

11.13 40.01 96.54 340.06 280.0 605.55
16.58 60,02 103.55 360.05 300.0 607.43
21.97 4 80.02 110.89 380.05 320.0 606,21
27.37 100.09 118.59 400,05 340.0 602.47
32.66 120.02 126.71 420,05 - -
37.99 139.96 135.33 440.05 - -
43.34 159.96 144,45 460,05 - -
48.79 180.15 154.13 480,06 - -
54,20 200.03 160.0 491.17 - -

AL U, NN, LIBAKY
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The calculated isotherms of helium gas at liquid nitrogen temperature
are summarized in Table II.

As a result of cross-checking with the extensive data available
for helium gas at room temperature and 0°C, it was found that the method
of best polynomial fit of the equation of state (2) was accurate up to
400 Atm with a probable error of 1 to 1.5%.

The P-p relations for neon gas at liquid nitrogen temperature
were directly derived by the linear interpolation method between twa
close points from the available data of Timmerhaus (1963). The derived
isothermal data of neon are given in Table III,

To determine the partial density of a foreign gas, Pp»> the
following interpolation method was used: (i) Assuming that the pressures
of the component gases in a mixture were approximately additive, the
approximate partial pressure of the foreign gas. was obtained by subtracting
the partial pressure of D2 gas from the total pressure of the mixture.
(ii) The approximate partial density ogkgoreign gas, py. was then
oﬁtained from the isothermal data given in the Table, I(b) for deuterium,
and Tables II and III for helium and neon respectively. (iii) The

(1)

1
approximate mixture ratio 8 = pb/pa was calculated next. (iv) After

that, using the interpolation relation

1 1
c(> ) 1) ) [(Oa)P + B (pb)P],

(3) a+b

= (1/1 + 8

the mixture density, p(i;, correct to the first approximation was
a

determined. Here, (pa)P and (pb)P are the densities of deuterium and

LB A Y

™3
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TABLE II

Isothermal data for helium at liquid nitrogen temperature (-195.8°¢)

(Atmosghere) (Amagat) (Atmosghere) (Amagat) (Atmosghere) (Amagat)
1.0 3.53 100.0 298.07 280.0 690.24
5.0 17.52 110.0 322,67 300.0 667.79

10.0 34.75 120.0 346.48 320.0 693.75
20.0 68.31 130.0 369.52 340.0 718.22
30.0 100.69 140.0 391.82 - -
40.0 131.96 160.0 434,33 - -
50.0 164.08 180.0 474,20 - -
60.0 191.18 200.,0 511.64 - -
70.0 219.24 220.0 596.81 - -
80.0 246.44 240.0 579.87 - -
90.0 272.64 260.0 610,97 - -

_62_
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TABLE III

Isothermal data for neon at liquid nitrogen temperature

(Atmosghere) (Amagat) (Atmosghere) (Amagat)
1.0 3.56 100.0 396.06
10.0 36.18 110.0 433.72
20.0 73.72 120.0 469.69
30.0 112,51 130.0 503.82
40.0 152.40 - -
50.0 193.13 - -
60.0 234.35 - -
70.0 275.68 - -
80.0 316.69 - -
90.0 356.94 - -

A4 W
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foreign gas respectively at the total pressure of the mixture, P, which
may be obtained from the isothermal data given in the Tables. (v) Then,

using the relation,
(4) P, =0

the partial density of the foreign gas correct to the first approximation

(2)

was determined. (vi) Finally, using the ratio B = oél)lpa, and the

interpolation relation correct to the second approximation,

2)
p(2) (

- (2)
(5) aty (/1 +8 ) [(oa)P + B (pb)P 1,

(2)
b

approximation was found. It was usually found that the difference between

the partial demsity of the foreign gas, p » correct to tne second

the densities pél) and péz) was always within the probable experimental
error ( v 2%). Hence, for the present investigation the density pél)
was accurate enough within the limits of experimental error. This
method of calculating the partial densities of foreign gases is very

similar to the one used by Cho et al (1963), and Reddy and Cho (1965b).
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CHAPTER 4

RESULTS AND DISCUSSION

4,1 Pure Deuterium Gas.

(1) The Absorption Contours::

Figs. 7, 8, and 9 represent the observed absorption
profiles of the induced fundamental band of pure deuterium at ice-point,
alcohol - dry ice temperature and liquid nitrogen temperature respectively
at a series of densities. The positions of the band origin, Vgs and the
lines S(0), s(1), S(2), S(3), S(4), 0(2), and 0(3) were calculated from
the molecular constants of the free deuterium molecules obtained by
Stoicheff (1957) from the high resolution Raman spectra of gaseous
deuterium and were marked on the frequency axis. Table IV(a) below
summarizes the experimental conditions for which the absorption contours

of the fundamental band of deuterium were obtained in the pure gas.

TABLE IV(a)

Outline of the Experiments

Perturbing gas Temp Optical path Max density No. of
oK length, cm. Amgt experiments
Deuterium 273.16 25.8 150.5 2
" 201.16 25.7 174.8 2

" 77.3 25.7 171.8 2

[ B N - N
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It is not intended in the present work to carry out a
detailed contour-analysis of the induced fundamental band of deuterium.
However, it may be mentioned here that a detailed analysis of the contours
of the pressure-induced fundamental infrared absorption band of hydrogen
was first carried out by Hunt and Welsh (1964). When such an analysis is
T done for the deuterium fundamental band, it will be possible to estimate
the half-width of the Q branch, the half-widths of the S and O lines and
the contribution of the double transitions in the S branch to the total
absorption. In the following paragraphs, the main features of the contours

of the fundamental band of deuterium obtained in this investigation are

described qualitatively. ;

The main feature of the absorption contours at the ice- i
fixed point (273.160K) is the splitting of the Q branch into two well E
resolved components with the minima occurring at the band origin, v,. <
The higher and lower frequency components are often referred to as QR Z

and Qp respectively in accordance with the usual notation. A similar

.

splitting of the Q branch in the fundamental band of deuterium at room

S

temperature has been observed by Reddy and Cho (1965a). The separation

of the Qp and Qp maxima in the deuterium fundamental band is observed

to increase with denmsity. The contours at the ice temperature also

show pronounced S(0) and S(2) components with an indication of S(1) and
0(2) components. It is seen from Fig. 7 that as the density of the gas

is increased, the minima of the Q branch and the maxima of the QR component

do not show appreciable shift in frequency while the maxima of the Qp
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The observed pressure-induced fundamental vibration- -

Fig.7.

-

ption band of pure deuterium at ice temp.

at a series of gas densities.-

rotation absor
(0%c)

PostrrnicalTE TIND TOY TVAYS

(1-w9) Aouanbau 4

(v)s (eis (2)s (s (0)s A )0 (€)o
. . oose oozg 00672 00¢g2
’,./n,lql\l\lr L4 L v T W T A4 == 10
20
—
o
«
Hp-0°_
N
21t Z
, 0:26 .
. 0.89
. L8 .
. 8.68 1°
0-20l
n 9
. ebll 0 ]
, SbEl Qom_%we uwo
tbwy G.0G| wd 8.G2 Yibua Yibd
saljisuag wnilhag 84nd _




- 35 —

component does show a shift of 5 to 8 em~l towards lower frequency at

higher densities.

The absorption profiles of the deuterium fundamental band

at alcohol - dry ice temperature (Fig. 8) show the splitting of the Q branch

into the Qp and Qg components just as those agkgce—point. But the S5{0) and
S(1) components in these contours are more pronounced than the corresponding
components at 0°C.

The absorption contours at liquid nitrogen temperature are
distinct enough to show the marked effect of low temperature. The
interesting features of these contours are described below:

(a) The splitting of the Q branch into higher and lower
frequency components about the band origin, v,, is not observed at lower
densities. This was also reported recently by Watanabe and Welsh (1965)
for deuterium contours at 68°K. But at higher densities, as seen in Fig. 9,
the Qg and Qp components appear distinctly.

(b) The S(0) line is the most pronounced in these contours
(Fig. 9). The width of this line at half the intensity is found to be
almost constant. Unlike in the contours at 0°C and -72°9C, the peak of the
S(0) line in the contours at -195.8°C is much more intense than that of Qp.

(c) With increasing density the S(1) component becomes
more pronounced and its maxima does not show any appreciable shift. Though
the S(2) component is feeble at low demsities, it becomes distinct at

higher densities. The 0(2) component is found to be almost disappearing.

| I IR B N W
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pure deuterium at alcohol-dry ice temperature (-72°0C)

The pressure-induced fundamental absorption band of
at a series of gas densities.

Fig.8.
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(ii) The Absorption Coefficients:

The values of the integrated absorption coefficient per
unit path length, Sfo(v)dv in cm~l/em, were calculated from the areas under
the absorption profiles. They are summarized in Tables V(a), V(b) and V(c¢)
for ice, alcohol -~ dry ice and liquid nitrogen temperatures respectively.
The dependence of fadv on the density of deuterium, in Amagat units has
been ascertained by plotting the quantity (l/pa?) (fa(v)dv vs p,, where
po is the density of pure deuterium gas, i.e. pp. These plots represent
almost straight lines with positive slopes.

The straight lines shown in Fig. 10 at various low
temperatures have been obtained by the least squares fit. Thus, it may
be concluded thafffntegrated absorption coefficient in the density range

used in the present investigation can be represented by the equation,

2

(6) fa(v)dv = z

2 +
c"la pD %2a P

where a4 and a,, are the binary and ternary absorption coefficients of the
1] . 11 the
gas component "a" respectively. Here, "a refers toapure deuterium gas
component. The observed binary and ternary absorption coefficients, aj,
and ayas of deuterium gas at ice, alcohol ~ dry ice and liquid nitrogen
temperatures, obtained by the least squares fit are summarized in Table IV,
and the ranges of errors given are the standard deviations. For the purpose
of comparison, oy and % for deuterium at room temperature obtained by
a

Reddy and Cho (1965) and aj, at room temperature obtained by Chisholm (1952)

are also presented in Table VI.

2
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TABLE V(a)

Summary of results

Pure deuterium at ice temperature (0°C)

op Jadv op Sadv
lﬁmgt) (em~1/cm) (Amgt) Yem—1/cm)
41.10 1.92 73.40 6.50
51.70 3.11 87.60 9.50
68.00 5.55 97.60 11.93
81.65 8.23 106.50 14,63
89.80 10.10 119.50 18,82
102,80 13.61 125.00 20.79
114.15 17.10 130.50 22,85
134.30 24,39 139.00 26.19
150.45 31.52 - -
42,70 2,06 - -
57.70 3.89 - -

.—68-.
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TABLE V(b)

Summary of results

Pure deuterium at alcohol - dry ice temperature (-72°C)

Pp Jadv Pp Sadv
(Angt) (em~1/cm) (Amgt) (em~1/cm)
38.06 1.42 36.36 1.28
56 .60 3.24 53.90 2.91
80.20 6.71 71.10 5.21
92.40 9.09 88.70 8.27
105.50 11.87 100.50 10.81
118.80 15.44 113.40 13.98
132.75 19.70 125.70 17.45
140.80 22.50 130.70 18.99
151.70 26.36 136.70 20.90
167.40 32.47 145.40 23.92
174.80 35.74 158.00 28.70
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TABLE VI

Observed absorption coefficients of the induced fundamental band

of deuterium in the pure gas at various temperatures+

Temperature Binary Absorption Coefficient Ter'nary Absorption Coefficient
oK (103 cm~2 Amgt—2) (10-35 cmb sec-1) (106 cm~2 Amgt—3)
273.16 oy, = 1.032 + 0,003 a1, = 1.365 a2a = 2.39 + 0,03
201.16 ay, = 0.926 + 0.003 g, = 1.225 aza = 1.42 * 0.03
77.3 a1, = 0.584 + 0.002 a1, = 0.765 agg = 1.21 % 0.02
298 *a1, = 1.06 % 0.02 %31, = 1.402 *a,, = 0.80  0.20
298 #kgp, = 1.10 Gy, = 1.455

*Value obtained by Reddy and Cho (1965)

#%Value obtained by Chisholm (1952)

tThe ranges of errors in the values of %, and %a quoted here are standard deviations.

do not include the experimental errors which may be up to 2%.
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For comparison with theory the binary absorption coefficient

is expressed in the form:

"
7 . = Cul
7 3
n2 9
(o]

where 31 and a, are the binary absorption coefficients in units cm®sec—1
and cm~2 Amgt:'2 respectively,v is the mean frequency of the band, c is
the velocity of light, and Ny is the Loschmidt's number, defined as
Ny = N/Vo, N, being Avogadro's number and V,, being the gram-molecular
volume at N.T.P. In equation (7), the absorption frequency factor is
removed, so that tl(in cm® sec'l) is actually the transition probability.
The values of % a (in cm™ -2 Amgt™ 2) and of the corresponding al (in cm® sec—1)
are presented in Table VI. v for deuterium at ice, alcohol - dry ice,
and liquid nitrogen temperatures are found to be 3140 em~1, 3141 em™l and
3171 em™1 respectively.
(iii) Discussion.

In Fig. 11 the absorption contours of the pure deuterium
gas at approximately equal densities at different temperatures have been
compared and the following points noted:

(a) Transitions with AJ = 0 (where J is the rotational
quantum number) induced by the overlap interaction account for the major
part of the intensity of the Q branch in the induced fundamental bands.
The splitting of the Q branch into Qg and Qp components has been

interpreted as due to the summation and difference tones respectively,

of the vibrational frequency, Vo, of the deuterium molecule with the

continuum of frequencies due to the kinetic motions of the molecules

during the collision.
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(b) The intensity of the Q branch at constant density
is seen to be decreasing with decreasing temperature.

(c) The magnitude of the splitting of the Q branch at
constant density decreases as the temperature is lowered. The
splitting disappears completely at liquid nitrogen temperature (77.3°K)
in the low density region, which has been also observed by Watanabe and
Welsh (1965) for deuterium gas at 68°K. Although the minima between
the Qp and QR components is-in all cases at the band origin, Vo, the
depth becomes smaller as the temperature is lowered. At low temperatures
and low densities, the gas molecules have less Kinetic energy. Therefore,
the difference and summation tones fall very close to the vibrational
frequency Vo and the Qp and Qp components are not resolved. (

(d) The reappearance of the splitting of the Q branch at )

. o

higher densities at liquid nitrogen temperature and also the increased
-
splitting in general at higher densities for all temperatures considered -

[ W N

here, are easily understood as a consequence of the participation of the

increased kinetic energy in the absorption process. Since the splitting

.
b

increases linearly with the density, it must involve ternary collisions,

the absorption itself is caused by a two-body collision and any feature

of absorption varying with density has to be ascribed to an interaction
with the third molecule. A similar interpretation has been made by

Chisholm and Welsh (1954).

(e) The transition with AJ = 0 induced by quadrupole

' th . .
= interaction has been designated a5n6Q component of the vibrational band,
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which has not been observed for deuterium gas in the present
investigation,

(f) AJ = +2 transitions due to quadrupolar interaction
contribute to the intensity of the S branch. Since the duration of
collision is greater at low temperature, the absorption lines are much
sharper in the low temperature range. Though there is not much difference
in the absorption peaks at room and ice temperatures, the S(0) and S(2)
lines are sharper at alcohol-dry ice temperature (201.2°K), whereas the
S(0) and S(1) lines become much sharper at liquid nitrogen temperature
(77.39K). Since the S(0) maxima become comparable to the Qg maxima at
alcohol-dry ice temperature, it is expected that as the temperatureis lowered
the S(0) maxima rise very rapidly while the Qp maxima and its extent
towards higher frequency decreases rapidly so that the intemsity ratio

S(0) = 2.38 approximately at 77.3%K compared to the corresponding

max /QRmax

ratio S(0) /Qle which is less than 1 at 201.2°K.

ax

ax
(g) Due to the depopulation of the higher rotational

levels at liquid nitrogen temperature, the S${2) lines become very feeble.

The transitions AJ = +2 due to interaction in the region of overlap forceé

contribute very little to the S-line intensity when the polarizability

of the perturbing molecule is small as pointed out by Kiss et al (1959).

(h) Because of the reason given in (g) above, the O branch

lines (i.e. AJ = -2) almost disappear at liquid nitrogen temperature.
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(i) In general, the overall width of the band decreases
with decreasing temperature, which is caused not only by the decreasing
line width but also by the depopulation of the higher rotational levels
at low temperature.

A survey of the observed binary absorption coefficients
at various temperatures, summarized in Table VI shows a decreasing trend
in the values of the binary absorption coefficients for deuterium as the
temperature is lowered. A qualitative comparison of the theoretical and
experimental variation of the binary absorption coefficient of deuterium

gas with temperature will appear in Chapter V of this thesis.

4.2 Deuterium-foreign gas mixtures at 77.39K.

(i) The Absorption Profiles:

Table IV(b) below summarizes the experimental conditions
for which enhancement absorption contours of the fundamental band of

deuterium in Dy-foreign gas mixtures have been studied.

TABLE IV(b)

Outline of the experiments

. Temperature  Optical path Max density No.-of
Perturbing gas oK length,cm Amgt. experiments
D, + Helium 77.3 25.7 697.3 2

D2 4+ Neon 77.3 25.7 453.3 2
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In Figs. 12 and 13, a set of enhancement profiles of
the induced fundamental band of deuterium in Do-He mixtures (at liguid
nitrogen temperature) with fixed base densities of deuterium as 59.7 Amgt
and 46,6 Amgt respectively are presented at a series of partial densities
of helium. The main feature of these contours is the splitting of the
Q branch into two well resolved components Qp and Qp with the minima
occurring at the band origin, v,. The minima between the Qp and Qp
components show no appreciable change with the density of the mixture
except at very low demsities, where the minima drops down a little.
The difference between the intensities of the (QP)max and the (QR)max
increases very rapidly with increasing demsity of the mixture. There
is no indication of the appearance of any absorption peaks corresponding
to the S and 0 lines. The contours for Dy-He mixtures at 77.3°K are
very similar to the corresponding contours at room temperature obtained
by Pai, Reddy and Cho (1966), except for the fact that the widths of the
Q branch peaks are narrower at low temperature.

Figs. 14 and 15 represent the sets of the observed
enhancement profiles of the fundamental band of deuterium in deurerium-
neon mixtures at liquid nitrogen temperature for the fixed base densities

of deuterium, 61.0 and 53.2 Amgt respectively. These contours show

markedly several absorption peaks agreeing well with the calculated

positions of the S limes, in addition to the most prominent Qp and Qg

. . . . he
peaks similar to those of the deuterium—helium mixtures. While t

itd i he
S(0) peak is well resolved at higher demsities of the mixture t
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Fig.1l2. The observed pressure-induced fundamental vibration-
rotation absorption band of deuterium in deuterium-—
helium mixture at liquid nitrogen temperature (77.3°)
at a series of foreign gas densities.
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S(1) peak is not resolved well buffauite distinct. There is an
indication of the S(2) line but not the 0 branch. The minima between
the (QP)max and the (QR)max occurring at the band origin, v,» show
much dependence on the density of the mixture and rise: higher with the

- increasing density, in contrast with the contours of D,~He mixtures.

(ii) The Absorption Coefficients:

The observed enhancements in the integrated absorption
coefficients of the fundamental band of deuterium in deuterium-foreign
= gas mixtures at liquid nitrogen temperature are summarized in Tables

;Q VII and VIII for D,~He and D,-Ne respectively. The quantity

(1/p404) x (J a(v)dv) vhen plotted against Py, gave almost straight
enh
lines with negative slopes as shown in Fig. 16 where the straight
lines were obtained by linear least squares fit. Here, "a" refers to the
base deuterium gas (D,) and "b" refers to the foreign gas. Thus, one

may conclude that enhancement integrated absorption coefficient can be

expressed (in the density region studied here) as,

2
(8) [ alv)dv = eqp0aPp + 02pP P
where %4 and G,y are the enhancement binary and ternary absorption

the . .
coefficients respectively ofjdeuterium fundamental band in Dg-foreign

gas mixtures. The observed ayy and a,y and the range of error obtained

3 by;iinear least squares method, are presented in Table IX. For the

i - e
purpose of comparison, the ajy value for D2 He at room temperature,

obtained by Pai, Reddy and Cho (1966), is also presented in the same
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TABLE VII

Summary of results

Dyg-He mixture at liquid nitrogen temperature

pDz pHe fagdv
(Amgt) (Amgt) (c::tlllcm)
59.70 85.87 2.16
" 149.11 3.68
" 195.53 4.67
. 271.36 6.35
. 319.43 7.25
" 368.60 8.27
" 424,29 9.36
" 501.61 10.59
" 592.96 12.12
" 647.28 13.16
46.62 90.02 1.76
" 171.07 3.26
" 235.92 4.38
" 274.53 4.97
" 345.02 6.05
" 415.68 6.92
.’ 449.43 7.56
. 531.64 8.4k
" 581.05 9.17
" 644 .26 9.95
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TABLE VIII

Summary of results

| T ey

- Dy-Ne mixture at liquid nitrogen temperature
pD2 pNg énﬁdv
(Amgt) (Amgt) (cm~1/cm)
61.00 74.31 2.39
" 142.24 4.37
" 191.56 5.76
" 235.34 7.23
" 278.22 8.45
" 320.56 9.39
" 363.17 10.47
" 389.74 11.22

% 53.20 80.57 2.28

‘ " 139.28 3.83
.u " 208.17 5.52
P " 245.57 6.51
E' " 294 .85 7.65
é " 341.71 8.69
: " 371.35 9.39
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The relations between the enhancement integrated

absorption coefficients of the fundamental band of deuterium

and the partial densities of foreign gases in deuterium-

foreign gas mixtures at liguid nitrogen temperature (77.3°K).
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TABLE IX

Observed enhancement absorption coefficient of the induced fundam:ntal

band of deuterium in deuterium-foreign gas mixturest

Temperature Binary Absorption Coefficilent Ternary Absorption Coefficient
Mixture
(9K) (10-3 em=2 Amgt=-2)  (10-35 cmb sec-1) (10-6 cm~2 Amgt—3)
77.3 D,-He ap = 0.434 + 0.002 O1p = 0.579 agy, = —0.159 * 0,006
K - = i = V. = =~U. i :
77.3 Dy-Ne o1 = 0.538 + 0,004 ayp = 0.722 %o, 0.171 = 0.15 .
298 *Dy~He ay = 0.82 = 0.01 oy = 1.08 agy, = +0.27 * 0.03 I

#Value obtained by Pai, Reddy and Cho (1966)
tThe ranges of errors in the values of a;, and &,  quoted here are standard deviations. They

do not include the experimental errors which may be up to 2%.

AUV, WS 2 L Lallfe o nr oon
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s
table. Again @14 1n cm® sec™l has been obtained from ¢y in cm™2

by relation (7). The v for D,-He and Dy-Ne at liquid nitrogen
temperature are found to be 3116 cm~l and 3095 em—l respectively.
(iii) Discussion:

For the purpose of comparison, the absorption contours
of D,- -He, D,-Ne and D2-D2 at 77.3% are presented collectively in
Fig. 17 together with the contour of D,-He at room temperature,
obtained by Pai, Reddy and Cho (1966). Contours in Fig. 17 were
chosen in such a way that the product of partial demsities PasPy
for deuterium-foreign gas mixtures and pg for pure deuterium are almost
equal to each contour. Also the contours of DZ—He and D2—Ne were
chosen to represent almost the same base density of deuterium (s, 60 Amgt).
The products of partial densities are kept almost constant as far as
practicable in order to make an overall comparison of absorptions
arising from the binary collisions between the molecules involved,
which is based on the assumption that induced absorption is due to the
dipole moment induced by the colliding pairs of molecules. It is
evident from Fig. 17 that the total absorption decreases in the
following order: D2-He at room temperature (298°K), D,-D, at 77.3°K,
D,~Ne and DZ—He at liquid nitrogen temperature. There is no appreciable
difference between the shapes of the absorption contours of DZ—He at
298°K and D,-He at 77.3°K except for the effect of low temperature in the
latter case. As the temperature is lowered, the line-widths of the
individual lines become narrower, the intensity of the Qp component:

- : 4 becomes larger.
drops rapidly and the intensity ratio, (QR)max/(QP)max

xS -

AV R
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The contours of the fundamental band of deuterium in
D2—He and Dy-Ne mixtures at the liquid nitrogen temperature differ
markedly from each other. In Dy-Ne contours the S(0),
S(1) .and S(2) lines also appear and the depth of the minima between
the Qp and Qp components increases with increasing density of the
mixture. These features are not found in the contours obtained for
Do-He mixtures. The Qp component is relatively more intense for
Dy-Ne than for Dy-He. This explains the shift of the wezn frequency -

of the fundamental band of deuterium in Do~Ne mixture towards
the lower frequency side (3095 cm™1).

There is not much difference between the shapes of the
contours for pure D2 and D2—Ne mixtures at liquid nitrogen temperature
except for the basic fact that the Q branch is more prominent in Dy-Ne
mixtures with well resolved splitting into the Qp and the Qg components,
whereas the S~branch is the most prominent in pure Djp.

Ternary collisions in which the third molecule is in the
region of Van der Waals forces are much more probable to give rise to the
effect observed, although ternary collisions in the region of the overlap
forces will not be significamt except at very high densities. Classically,
the presence of the third molecule makes large changes in the relative
kinetic energy of the absorbing pair of molecules, because more kinetic
energy is available for conserving the momentum readily. This effect
should be greatest when the perturbing molecule is large and the
Van der Waals forces have a long range. Thus, the splitting of

the Q branch with neon as a foreign gas should increase more rapidly
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with increasing density than the splittingwith helium as a foreign
gas. This 1s in accordance with the observations in the present

investigation and is very similar to the observations of Chisholm

and Welsh (1954).

A glance at the values of g for D, -D D2—Ne, D, -He

1 2 72 2
at liquid nitrogen temperature reveals that the transition probability
for absorption for D,-Ne and D,-He is approximately 94.4% and 75.7%
respectively of that for D2-Dzat liquid nitrogen temperature. In the
case of D,-He at room temperature, the transition probability is 71.17%
of that for pure Dy at the same temperature.

The empirical relation given by - equation (8) contains
second order and third order terms in Py and Ph- While the second order
term, 0y,04Pp has been interpreted as the contribution arising from the
binary collisions of the type a-b of the absorbing molecules a and the
perturbing molecules b, to the enhancement absorption, the third order
term, aszap%, has been interpreted by previous authors as due to three
ternary effects. These are (a) the finite volume effect (b) ternmary
collision and (c) the change of molecular polarizability with pressure.

Volume effect has been much discussed by Chisholm and
Welsh (1954). Qualitative considerations have shown that termary and
higher order collisions would annul to some extent the contribution of
the binary collisions to the absorption when a particular absorbing
molecule is surrounded by a symmetrical configuration of the perturbing

i ", The
molecules. This is often referred to as "the cancellation effect

decrease in molecular polarizabilities at high densities predicted by

CowT &

E)
<
»
»
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quantum mechanical considerations (Michel, DeBoer, and Bijl,(1937),
DeGroot and Tenseldom (1947) ), would lower the absorption coefficient
to some extent, but the magnitude of the effect (difficult to estimate)
is probably very small at least for hydrogen gas.

It may be pointed out that another possible term
a2ab°a2°b is missing in equation (8), which is probably due to the
limited experimental accuracy involved in the present results and also
due to the smallness of ternary coefficients, %ope

As seen in Table IX, the ternary coefficients for
mixtures Dy-He and D2~Ne have negative values (i.e. negative slopes) at
liquid nitrogen temperature, which indicate the predominance of the
so~called "cancellation effect'" over the other ternary collision effects,
which has been explained at length by Hare and Welsh (1958), Van Kranendonk :

and Bird (1951), Van Kranendonk (1957, 1959).

LI Y

The influence of the finite molecular volumes on the

LS

collision frequency and consequently on the coefficient of pressure-

LYY

induced absorption has been estimated by Chisholm and Welsh (1954). Based

=
x

on simple calculation they have derived the following expressions relating

the absorption coefficients and the molecular diameter, D.

Fofbﬁure gas, the expression is given by

(9 Gza/ala = (8/9)TTnODg

he .
where D_ is the molecular diameter oEApure gas. The corresponding
a
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expression for a mixture of two gases is,

(10) aoplagy = (4/3)nnng

where Dy is the molecuiar diameter of the foreign gas molecule.

Using the observed values of a5, and % from Table VI
for pure deuterium gas at 0°C (ice temperature), the molecular diameter
of deuterium, Da’ was calculated and given in Table X. Similarly,
using the observed values of %ok and ®1p for Dz—He and DZ—Ne mixtures,
values of the molecular diameters of helium and neon are calculated and
presented in Table X. The corresponding values of o, the distance of
nearest approach of the two molecules colliding with zero initial kinetic
energy are also presented in Table X for comparisonm.

It is seen that the present value of D for helium is
better than that obtained by previous authors. Also the difference
between the calculated values of D anéfﬁinetic theory values increases
in the following order: D,-D,, D,-He and Dy-Ne. The probability of
three-body collisions for heavier molecules is greater than for deuterium
or helium since the range of the interaction forces is undoubtedly greater.

This will make the difference in the calculated values of D and o, larger

for neon, smaller for helium and still smaller for deuterium as observed

in the present investigation. A similar argument has been forwarded by

Chisholm and Welsh (1954).

A better value obtained in this investigation is probably

tures
due to the fact that the experiments have been done at low tempera

2K

N

>
.«




TABLE X

Molecular diameter of perturbing gas

Molecular Diameter Pai** Chisholm and Welsh###*
4

Perturbing gas D o D D
(o] [o] o] [o]

(a) (a) (a) (4)

Deuterium 3.13 2,928 - -
Helium 2.26 2.3556 1.44 1.8
Neon 2.16 2,75 - -

*Value obtained from '"Molecular Theory of Gases and Liquids" by Hirschfelder, Curtis

and Bird (1954).

*%*Value obtained by Pail.(1965)

#%*%Value obtained by Chisholm and Welsh (1954).
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which decrease the kinetic energy effect, so that the probability

of three-body collisions is relatively smaller when compared to that

at higher temperatures. A little higher value of D for deuterium than

the corresponding o-value indicates the limited accuracy obtained in

evaluating the slope of the straight line and extrapolating the straight

line to zero demnsity.

P

Taw 3 13T
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CHAPTER 5

THEORY' AND CALCULATIONS

5.1 The Theory of the Binary Absorption Coefficients:

The theory of the pressure-induced fundamental infrared
absorption bands of homonuclear diatomic gases has been given by
Van Kranendonk and Bird (1951), Van Kranendonk (1952, 57, 58) and
Britton wund Crawford (1958).

(i) Van Kranendonk's Expression for Binary Absorption Coefficients

ofﬁPure Gas:

According to the "eip-4 model" of Van Kranendonk (1957, 1958),
the moment induced in a binary molecular collision can be separated into
two additive parts: a short-range angle-independent overlap moment, of
strength £ and range p, which decreases exponentially with increasing

intermolecular distance R; and a long-range angle-dependent moment which

is proportional to R-4. The long-range moment is assumed to be dependent

on the derivatives of the quadrupole moment and the average polarizability

1]
of the absorbing molecule, Qi and al respectively, and the quadrupole

moment and the average polarizability of the perturbing molecule, Q and

£ i i les
a, respectively. For a pure gas both the absorbing and perturbing molecu

are the same molecules. Here,

!

Q; = (BQl/Brl)o and a; = (3a;/317),

being the internuclear distance of the absorbing molecule. Based on

1

*The theory of Van Kranendonk has been summarized by Reddy and Cho (1965)

and Pai et al (1966).

Eaad vt
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the above assumptions, Van Kranendonk (1958) has derived the following
expressions for the binary absorption coefficients of the individual
lines, with the rotational quantum number J, of the 0, Q and S branches

in an induced fundamental band:

(11) G D1 = 2+ DT ¥ 2 - 1, @, 5-2),
(12) S QDI =22T¥ - 2Q) * L, (3, D) + u2F Y-2(2) x
X L,(J,J) + u%g‘ Y- P(I) L (J,0) x
{Z;0 P * 1, (37, IV},
h" 2 2 N . .
(13) o (s(] = (ul + uz);V Y P "L, (3, T+ 2).

Here, the dimensionless parameters A, Mis My are defined as
(14) A = (E/e) exp (~a/p),

A} 1 4
(15) ul=Q132/e04’ UZ = al Qz/eo >

where ¢ is the intermolecular distance R for which the intermolecular
potential is zero and e is the absolute value of the electronic charge.

The significance of A is that Ae represents the amplitude of the oscillating

overlap dipole moment where the molecules are a distance ¢ apart. Similarly,

N . - d
uje and u,e represent the amplitude of the quadrupole moment. Y is define

as
")

(16) y = n1e2g3/3 myv, ,
the
where m. and v_. are the reduced mass of the molecule and the frequency of
(o) o

T anc
molecular oscillation respecively. The radial distribution integrals .Z

;
.
H
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éy' are given by

(17) I

and

(18) J

where x = R/o, and go(x) is the low-demsity limit of the pair distribution

47 7 exp { -2(x-1)g/p } go(x)xzdx
)

12nf x'8 go(x)xzdx ,
o

function. In the equations (11), (12), and (13), P(J) is the Boltzmann
factor for the rotational level J, normalized in such a way that

Iy (27 + 1) pQJ) = 1.
The quantities L, (J, J), Lp J, 3-2), L, (3, I, and Ly (J, J+2) are

Racah coefficients (1942, 1943) which are given by

(19) L, (3, 3) = 27 + 1, :
(20) Ly, (J, J-2) = 3(3-1) J/2(23-1),
(21) Ly (3, 1) = J (31 (23+1)/(23-1) (21+3), )
(22) Ly (3, J42) = 3 (J+1) (J+2)/2(23+3),

N . .
respectively. The total binary absorption coefficient, ay,, 18 obtained by

adding (11, (12) and (13), after the summation over J. Thus,

n " 2 2 v
(23) a3, = 2T Y+(u1°+ul)JY

Vi
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(ii) The Enhancement Binary Absorption Coefficients of Gas

Mixtures:

Considering the absorption by symmetrical diatomic molecules
"a" induced by symmetrical diatomic foreign molecules, b", Van Kranendonk
(1958) has derived the following expressions for the enhancement binary

absorption coefficients of the individual lines with the rotational quantum

number J , of the 0, Q, and S branches in the induced fundamental band:

N
(24) 410N = w2 F Y'Ba(d) Ly, 3-2),
n
(25) Sl = T +u J) TP, L3, D)
)
+ ul2 F Y R L2, W,
N N
(26) agp (ST = g ¥ "Py(N:ly (3, J42).
When the "b" molecules are monatomic, kz = u2 = 0. The corresponding

expressions are obtained as follows:

v
(27) Zlb[ou)] - plzg y P (3L, (3, I-2),
(28) alanl =2 2Z Y Pa( L, (3, D)
tu g ?'Pa(J)-LZ 3, 3,
1
"
(29) Yl = w2 g YRy O J42) .

i ti over J, one
Finally, by adding equations (27), (28) and after summation

will obtain the expression:

3 Y= 2F Y+uly Y.
(30) 1b 1
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5.2 Calculations

To calculate the overlap and quadrupolar parts of the absorption
coefficients, it is required to evaluate the radial distribution integrals
I and o« given by equations (17) and (18) respectively. For the high
temperature region, the classical pair distribution function g,(x) in (17)
and (18), which is equal to exp {-v(x)/kI} may be used. Here v(x) is the
Lennard-Jones intermolecular potential given by v(x) = 4e(x’12—x’6). For
the intermediate temperature region, the classical expression for go(x)
is not valid and can be expanded as an asymptotic series in powers of
Planck's constant. The resulting expressions of the integrals in equations

(17) and (18) on consideration of the quantum effects can be expressed as,

(31) I

L,-w2 T® + M IT® +o

T - 1 T® + ™ FH +

(32) J

where,

P

2.%
(33) £* = (h2/2mooe°) .

|

i i of the colliding pair of molecules of
in which m 4 is the reduced mass

the type a-a or a-b. The numerical evaluation of the integrals ]Z;l,

E(Z)’ I(l') and Jcl’ J(Z), J(A) with the relation p = 0.1260

have been done by Van Kranendonk and Kiss (1959) for reduced temperatures

* (= KL )= 1 to 10.
£

i e
As far as the integral o 1is concerned, it does not involve p

. s . les
and hence may be taken as the same for all kinds of diatomic molecu
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irrespective of any relation between p and ¢ . Thus, the quadrupolar

2 2y =~
part, (ul + Hoy Yo v, can be accurately calculated and consequently
the relative line intensity distribution of the quadrupolar part of the
binary absorption coefficients can ke found. This has been done in this
investigation by using the molecular parameters for deuterium given in
Table XI. Here Ql', Qz,a'l, a, of deuterium are assumed to be the same
as those of hydrogen. By using equations (11) and (13) for pure
deuterium gas and equations (27) and (29) for deuterium in deuterium-
foreign gas mixtures, the binary absorption coefficients of the individual
lines of the O and S branches, and the quadrupole part of the Q branch
have been calculated. The results have been summarized in Table XIII. By
fitting the experimental values of Zla and Zlb with the theoretical
expressions (23) and (30) respectively, the electron overlap and molecular
quadrupole percentage contributions have been also calculated and presented

in Table XII.

2.3 Variation of the Binary Absorption Coefficient with Temperature

To study the theoretical variation of the binary absorption
coefficient of pure deuterium gas with temperature, it is necessary to
evaluate both the radial integrals, JJ and d » siven by (31) and (32)
respectively. Van Kranendonk and Kiss (1959) have evaluated these
integrals numerically using the relation p = 0.1260. Though they assumed
the relation p = 0.1260 for hydrogen molecules, it is worthwhile to use

2
the same relation for deuterium also. The overlap parameter A“ must then

be determined empirically by fitting the theoretical expression (23) with

o

LY



TABLE XI

Molecular Constants and parameters for deuterium and deuterium-foreign gas

mixtures used in calculations.+ '

/e ' A v 8 ' P
°12 12 12 Y12 ! %1 % %
Mixture \ D)
(°K) (°A) (10-32cmbsec-1) ea ao2 ao3 ea 2
D-Dy 37.000  2.928 1.235 4.03 0.44 3.9 5.449 0.49"
D,-He 19.446 2,742 1.805 3.30 0.44 3.9 1.4 F 0
I
D, -Ne 36.293 2.839 0.987 3.679 0.44 3.9 2.7 S 0 <
W
!
+ %

2> m
A = (h2/2moo.c 62)? where Xorefers to the reduced mass of a(l) -b(2) pair of molecules;

agy= 0.5293, Bohr's radius; e = electronic charge; and a, and Qy refer only to the perturbing molecules,
1 Values for binary mixtures of gases are computed from thpse of the individual gases given by Hirschfelder,
. . . = (E 2 = 1
Curtis, and Bird (1954) using the relations (g9 ( 152) and 919 z(qI+02).
B:P+9 see Hunt and Welsh (1964), Reddy and Cho (1965) and Pai (1965).
T Stansbury, Crawford, and Welsh (1953).
$ Van Kranendonk (1958).
t po11 and Van Krankndonk (1962)
ud 243
Y19 = (e ¢g 12)/3m0 v
of deuterium.

° where m, and v, are the reduced mass and the frequency of the molecular oscillation




TABLE XII

Electron overlap and molecular quadrupole parts of the binary absorption coefficients

of the induced fundamental band of Dy and D,-foreign gas mixtures

(Observed) (Calculated) (Observed) P
Temperature Perturbing  ,, , 1035 Quadrupole part  Overlap part tercentage
o " n Overlap Quadrupole
K Gas 1 24,2 x 1035 A2 Y x 1035
(ue+ps) J1y Y X% . .
(cmb sec~l) 172 6 (%) (%)
(cmb sec-1) (cm® sec-1)
273.16 D,-Dy 1.365 0.555 0.810 59.34 40.66
201.2 Dy-Dy 1.225 0.525 0.700 57.14 42.86
77.3 Dy-D, 0.765 0.499 0.266 34,77 65.23
77.3 D,-He 0.579 0.027 0.552 95,34 4.66
77.3 Dp-Ne 0.722 0.089 0.633 87.66 12.34
*&1 is &la for DZ—D2 and glb for DZ-He and DZ—Ne.

— - ——.




o it o b el 10040 SO ol i AR i o o 1 e 8 e i ;

The calculated line intensity distribution of the quadrupolar part of the binary absorption coefficients

TABLE XIII

of the fundamental band of deuterium (10‘35cm68eC'1) at various temperatures

in pure D) and Dy-foreign gas mixtures

Temperature Perturbing Q Total
o 0(4) 0(3) 0(2) ‘quad $(0) S¢1)  s(2) S(3)  S(4) (quadrupolar

K Gas part})
273.16 Dy-D, 0.012 0.015 0.043 0.143 0.110 0.073 0.111 0.028 0.020 0.555 [
201.2 Dy-Dy 0.005 0.010 0.039 0.128 0.139 0.082 0.100 0.018 0.004 0.525 o
!

77.3 Dy -Dy - ~ 0.011 0.076  0.297 0.089 0.025 0.001 - 0.499

77.3 Dy-He - - 0.001 0.004 0.016 0.004 0.002 - - 0.027

77.3 Dy-Ne - - 0.002 0.015 0.053 0.014 0.005 ~ - 0.089




the experimental value of gla at a certain temperature. As already
described above,the quadrupole part, (ul2 + uzz)gj' $, has been
calculated first using the molecular parameters for deuterium and is
given in Table XII. By fitting the theoretical expression (23) with
the observed value of gla at 0°C, 12 was found to be 4.225 x 10-5
(using the value of T with p = 0.126q).

From the present investigation and from the work of Chisholm
(1952), Reddy and Cho (1965) and Watanabe and Welsh (1965) the
experimental values of Ela are known with sufficient accuracy between
the temperatures 209K and 300°K. An attempt has been made to calculate
the theoretical values of gla for deuterium at various temperatures (by
using the value of A% obtained as mentioned above) with or without the
consideration of quantum effects and to compare them with the available
observed values. Thus a variation of 31 (or gla) is shown in Fig. 18,
and the values are listed in Table XV(b), which were obtained with
p = 0.1260 aﬁd 22 = 4.225 x 10~5 as mentioned above. It is seen that
there is a fairly good agreement between the theoretical curve and the
observed values of 31 at temperatures above 200°K, but the agreement
seems to be poor below 200°K down to 20°K. Actually,to make a proper

he
comparison in the low temperature region, one has to make use oé}quantum

mechanical pair distribution function for go(x) to calculate the integrals

T and oJf (instead of applying quantum corrections to the classical

g (x) as is done here). But this has not been done in this investigation.
o]
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A quantum mechanical treatment in the low temperature region has been
used by Poll (1960) and the results for hydrogen have been summarized
in the form of a "curve" by Watanabe and Welsh (1965).

For the case of hydrogen, the values of the binary absorption
coefficients calculated by Poll (1960) by usingiﬁuantum mechanical pair
distribution function are on the average 127 higher than the experimental
values in thg region 80°K to 209K and 15% higher at 78°K. It is quali-
tatively estimated that the theoretical values of these coefficients
obtained by Van Kranendonk by considering quantum corrections to the
classical pair distribution function are about 25% higher than the
experimental values at 78°K. This indicates that the quantum mechanical
pair distribution function gives a better theoretical value than the
quantum-corrected pair distribution function by an order of 13%. Assuming
a similar situation for deuterium, it may be said that the quantum
mechanical treatment would give a theoretical value for the absorption
coefficient 15% higher than the experimental value at 78°K.

A qualitative study of the variation of the theoretical and

observed values of aj of deuterium gas with temperature is made below

fi itable
by assuming various ratios of p and o. The purpose is to find a suita

relation between p and ¢ , if there is any, which may possibly produce

. 0 &
a better agreement between the theoretical and experimental values of oy

o s ial
throughout the temperature region, 300°K to 20°K. Since the radia

i the
integral oJ is independent of p, the procedure is to make use of

integral values of ¢JJ given by Van Kranendonk and Kiss (1959) and to
<
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calculate the various classical values of the integrals ;Hél corresponding
to various ratios between p and o . This has been done using the computer
program for o/p = 2 to 16 and the results obtained with a/p = 10.00 and
11.80 and those with o/p = 7.94 (i.e. /7= 0.126®) as obtained by

Van Kranendonk and Kiss (1959) have been summarized in Table XIV. The
theoretical values of 31 for different ratios of ¢ and p have been given
in Table XV(a), XV(b) and XV(c).

No attempt has been done here either to consider the quantum
corrections to the :1;1 values or to use a quantum mechanical pair
distribution function for go(x). For a complete and thorough quantitative
investigation, these must be done. However, it is intended to limit the
scope of the present work to qualitative estimation only. Based on what has
been already discussed above, it is Eelieved that th;s qualitative estimation
would be good enough for our purpose to note some interesting features.

Figures 18 and 19 represent the semi-classical theoretical
variations of 31 against temperature along with various observed points
obtained by various authors including the present author. These curves

were obtained by making use of quantum corrected integral values of J

(from Van Kranendonk and Kiss 1959) and by JI;l values withg/pequal

to 10,00 and 11.80.

5.4 Conclusion

It is obvious from Figs. 18 and 19 that in all cases the theoretical

. . ed
value of 31 (for deuterium) decreases steadily as the temperature 1s lower

ich o i idly with
until a transition point is reached beyond which a; increases rapidly




Classical values of the radial (overlap) integral :ﬂ;l for different

TABLE XIV

ratios between p and o

Reduced p_= 0.08480 p = 0.1000 p= 0.1260
e T T, L e,

0.5 2.376 2.984 - -
1.0 1.630 1.837 2,26 2.09
1.5 1.747 1.833 2.09 2.03
2.0 2.000 1.989 2.14 2.12
2.5 2,305 2,196 2.25 2.25
3.0 2.6%1 2.426 2.39 2.40
3.5 2.995 2.670 2.54 2.55
4.0 3.369 2.923 2.70 2.71
5.0 4,155 3.441 3.02 3.04
6.0 4.978 3.975 3.34 3.36
7.0 5.840 4,512 3.66 3.68
8.0 6.725 5.060 3.98 4,00
9.0 7.644 5.612 4,29 4.31
10.0 6.587 6.162 4,60 4.62

+Values obtained from Van Kranendonk and Kiss (1959)
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TABLE XV(a)

L

n
Theoretical variation of binary absorption coefficient, &1(=a1a) with temperature

for deuterium with p = 0.1000 (i.e. o/p = 10.00)

Overlap part

Quadrupolar part

N
Temperature (W2ILY ) (2 + u2)TY) “1
(°r) (10-33cmbsec1) (10-35cmbsec—1) (10-35cmbsec—1)
T 40.0 0.3126 0.5907 0.903
50.0 0.3123 0.5477 0.860
60.0 0.3153 0.5142 0.830
70.0 0.3320 0.5030 0.885
77.4 0.3457 0.4991 0.845
80.0 0.3491 0.4980 0.847
90.0 0.3681 0.4955 0.864
100.0 0.3886 0.4948 0.883
120.0 0.4322 0.4974 0.930
150.0 0.5013 0.5064 1.008
180.0 0.5733 0.5171 1.090
201.2 0.6266 0.5253 1.152
240.0 0.7218 0.5409 1.263
£273.16 0.8105 0.5546 1.263
298.0 0.8670 0.5642 1.431

v
*Theoretical expression for oy is fitted to the observed value of &1 at 0°C to obtain

A2= 4.225x 10-5




TABLE XV(b)

Theoretical variation of binary absorption coefficient, 31, with temperature

for deuterium with p = 0.1260 (i.e., o/p = 7.94)

Temperature Overlap part Quadrupolar part 31
(°K) (10‘35cm65ec"1) (10‘35cm6sec"l) (10‘35cm6sec‘1)
40.0 0.4417 0.5907 1,032
50.0 0.4338 0.5477 0.982
60.0 0.4351 0.5142 0.949
70.0 0.4479 0.5030 0.951
77.4 0.4564 0.4991 0.956
80.0 0.4607 0.4980 0.959
100.0 0.4918 0.4948 0.987
120.0 0.5262 0.4974 1.024
150.0 0.5814 0.5064 1.088
180.0 0.6388 0.5171 1.156
201.2 0.6782 0.5253 1.204
240.0 0.7505 0.5409 1.291

%273.16 0.8105 0.5546 1.365
298.0 0.8567 0.5642 1.421

*The theoretical expression for &l is fitted to the observed value of &1 at 09C to obtain

A2 = 4,225 x 1072,




TABLE XV(c)

Theoretical variation of binary absorption coefficient, yla(=ala) with temperature

for deuterium with p =0.0848¢0 (d.e., o/p = 11.80)

Temperature Overlap part (Azj[?) Quadrupolar part [(u§+u§);9¢] &l
(°x) (10-35cmbsec™1) (10~35embsec-1) (10-35embsec1)
40.0 0.2151 0.5907 0.806
50.0 0.2216 0.5477 0.769
70.0 0.2518 0.5030 0.755
77.4 0.2701 0.4991 0.769
90.0 0.2966 0.4955 0.772
100.0 0.3199 0.4948 0.815
120.0 0.3685 0.4974 0.866
150.0 0.4471 0.5064 0.954
180.0 0.5306 0.5171 1.048
201.2 0.5914 0.5253 1.117
*273.16 0.8104 0.5546 1.365
298.0 0.8891 0.5642 1.453

& n
The theoretical expression for 31 is fitted to the observed value of a; at 0°C to obtain

A2 = 4.225 ¥ 105,

—38.-
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the lowering of temperature. This trend in variation is analogous to
the situation observed (experimentally) for deuterium (and also for
hydrogen). 1In all cases,theoretically investigated here, it seems that
El has a transition point around 60°K (for deuterium), while the observed
transition point appears to be around 78°K (which can be established
definitely only after bridging the gap between 80°K and 200°K from the
experimental points). While a definite conclusion (for deuterium) must
await the quantum mechanical treatment in the low temperature region

on the lines adopted by Poll (1960), it is known from the report of
Watanabe and Welsh (1965) that for hydrogen the quantum mechanical
transition point of Poll (1960) is in accord with their experimental
observation.

However, the fact that the observed rise in 31 for deuterium
begins at a higher temperature than that for hydrogen, and is more rapid
as the temperature is lowered, indicates simply a larger effect of bound
states for deuterium, since the complex (D7), possessing three bound states
will lie lower than the two bound states of the (H2)2 complex. This
explanation is similar to that of Watanabe and Welsh (19653).

Figs. 18 and 19 further reveal that as one goes from a higher to
a lower ratio of p/o, the disagreement between the theoretical and
experimental values of 31 becomes more pronounced at temperatures above
200°K, whereas there appears to be an apparent improvement in the situation
around 80°K. This improvement is spurious due to a number of reasons.

One should not forget that the quantum mechanical treatment in the lower
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temperature region on the lines suggested by Poll (1960) would simply
lower the theoretical values of &1 by an order of 10 to 15%, which
would result in a larger discrepancy. The fact that the semi-classical
value of &) at 779K for the ratio p/o = 0.0848 (Fig. 19) and that it
coincides better below 80°K for the ratio p/o =0.100 (Fig. 18), cannot
be taken seriously because this type of coincidence can be obtained
anyway at some temperature around 60°K by the choice of a suitable value
for o/o. But it must be said here that a guantum mechanical treatment
alone can throw more light on the problem of variation of &l with
1 temperature in the low temperature region and this has not yet been done
for deuterium.

Based on a simple reasoning, where one has to consider sufficient
j allowance for the most probable quantum correction up to 15%, it seems

that a ratio around p/o = 0.126 (probably, p/o = 0.130) may give a

Lo A

relatively better agreement between the observed and the theoretical
values of El for deuterium throughout the whole region, from 300°K to

20°K. But this obviously does not rule out the basic fact, that there

Ihikieny 4

remains on an average a discrepancy of 15 to 127 between the quantum

mechanical and observed values of &1 for hydrogen in the low temperature

region as given by Watanabe and Welsh (1965). Awaiting a quantitative

4 .
estimation of the theoretical value of a; based on the quantum mechanical

TN

treatment for the deuterium fundamental band, it may be assumed, for the
time being, that the same order of discrepancy (15 - 12%) may exist

between the quantum mechanical values and the observed values, of &1 for

deuterium.
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It seems that a single set of overlap parameters "A" and "p/o"
is not able to give a proper agreement between the observed and the
theoretical values of &1 in the region 300°K to 20°K. It looks apparent
that the set of overlap parameters, A and p » should be different at
least for two temperature ranges - one below 80°K and the other above
80°K. This may reflect to some extent a temperature dependence of the
overlap parameter A or p .

Alternatively, it appears reasonable that for a fixed set of
overlap parameters, A and p, the theoretical expression for the absorption
coefficient should include temperature dependent factors, which may produce
a betier agreement between the observed and calculated values of &l than
that existing at the present moment. The derivation of such factors must
be based on an appropriate 'model’.

While no "modified exp-—4" model involving the temperature
dependence of A or p has appeared as yet in the literature, a modified
expression for the integrated absorption coefficient based on the statistical
treatment of the absorption process has been reported recently by Sinha
(1966) .

Sinha (1966) has derived an expression for the collision-induced
integrated absorption coefficient, which differs from the corresponding

i i ici s i
conventional expression (based on the Einsteln coefficient of absorption)

by a factor which is temperature dependent This factor has been derived

therein for three distinct temperature ranges.
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