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Collisional broadening of rotational Raman lines has been investigated for the gases nHj, nD, and
HD between 20 and 300 K. For H; and D, the dependence of the linewidth on ortho—para composition
has been investigated. For a number of systems the pressure shift of the Raman lines has also been
determined. The experimental results are compared with theory.

1. Introduction

For many years the rotational Raman lines have been an abundant source of
information on the molecular properties of matter. The most intensively
investigated aspect, the differences between the frequencies of the Raman lines
and the frequency of the exciting light, is commonly used for the determination
of molecular structure parameters. Another important feature, the shape of the
line, is the main subject of this paper. The spectral line shape is dependent on the
density of the scattering medium and reflects the time evolution of the molecular
translational and rotational states. Because these states are perturbed by
molecular interactions, the line shape can be used to extract information about
the intermolecular collision processes'?).

In arotational Raman light scattering process, energy is exchanged between a
photon and a molecule. Such a molecule, designated here as radiating molecule
or radiator, undergoes an internal energy transition and the light, scattered out of
a usually monochromatic beam of light, is altered in frequency. The selection
rule for such a transition in linear molecules is J;—J;= +2, where J; and J;
indicate the final and initial rotational states of the spectroscopic transition. The
lines appear in the spectrum of the scattered light as two series of equidistant
lines at either side of the exciting frequency. In this study the lines corresponding
to the transition J; — J; = +2, the Stokes lines, are investigated. These are usually
denoted by Sy(J;), where the subscript 0 indicates that only the lowest vibrational
level is involved. The anti-Stokes lines (J; — J; = — 2) are theoretically known to
behave similarly to the Stokes lines?).
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In the absence of collisions, the spectral line shape is determined by natural
broadening and Doppler broadening. Since the natural linewidth is very small,
the spectral line shape of a Raman line of a gas in the low density limit reflects the
velocity distribution of the scattering molecules. When the density is slightly
increased, the molecular translational motion is no longer free, but becomes
affected by intermolecular collisions and the linewidth is thereby related to the
translational diffusional motion of the radiating molecules. The rotational
motion of the molecules is also influenced by collisions and, since the amplitude,
frequency and phase of the scattered light wave are dependent on the internal
molecular state, such collisions can, in general, disturb the radiation process and
thus give rise to collisional line broadening and a shift of the central line
frequency (collisional line shift). At higher densities, where the mean free path of
the molecules becomes considerably smaller than the wavelength of the light, the
collisional broadening dominates over the broadening that is due to the
diffusional motion. The spectral line shape can then be described by a Lorentzian
profile®”):

Iy Avip(p)
I0)=2 ' !
) = T = o)+ dvinlp? M
I(v)is the intensity at frequency v, Iis the integrated line intensity and Av,(p) is
the halfwidth*, which depends on the density p. vr(p), the central frequency of
the Raman line at density p, is, for Stokes rotational Raman lines, given by

vr(p) = vo— h™' (E,,— E;) + Avs(p), 2

where v, is the frequency of the exciting light and h~'(E;, — E;) is the Raman
frequency displacement corresponding to the energy difference between the
unperturbed final and initial levels of the spectroscopic transition. Avs(p) is the
(density dependent) collisional line shift, which is negative when the line shifts
away from »,.. When the broadening due to the translational motion can be
neglected, Av2(p) and Avs(p) are proportional to the density, provided that the
density is not so high that ternary or higher order collisions occur at an
appreciable rate. We shall restrict ourselves to that region of the binary collision
regime where the collisional broadening is predominant.

Usually, the line broadening process is governed by many different collision
processes, and consequently a detailed interpretation is in general difficult. In
this respect, gases of hydrogen isotopes where only a small number of internal
states are populated are very interesting. Especially at low temperatures, the
number of collisional transitions that are possible is very small. Furthermore,
several significantly different, yet closely related systems (oH»,
pH,, oD,, pD,, HD) are available for investigation.

* The halfwidth indicates half the (full) width at half height.
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Before proceeding with a description of the experiments on the hydrogen
isotopes, it is useful to review a few pertinent characteristics of these molecules.
The most obvious distinction between the isotopes is the difference in molecular
mass (and therefore in moment of inertia), which is reflected in the energy
separation of the rotational levels. In fig. 1 a diagram of the rotational energies is
presented for Hy, D, and HD. For the homonuclear molecules H, and D, the
symmetry properties of the nuclear spin statistics forbid transitions AJ = * 1.
The energy involved in rotational transitions is usually rather large as compared
with the thermal energy: AE,, = kgT.

The fact that transitions between ortho and para states are not allowed has
important consequences for the population of the rotational states of H, and D,
at low temperatures (fig. 2). The lowest rotational level in the “odd”
modifications oH; and pD, corresponds to J = 1 and hence internal rotational
energy is present even at the low temperature limit.

Extensive measurements of the broadening of the rotational Raman lines of
hydrogen isotopes at room temperature have been performed by Keijser et al.”).
Their results for H, as a function of the ortho—para composition indicated that an
important contribution to the linewidth is due to so-called resonance collisions.
These are collisions in which the rotational energy changes occurring in the two
collision partners exactly compensate each other.

In this paper an experimental investigation of the collisional broadening of the
rotational Raman lines of nH,, nD, and HD and the mixtures 90% pH,-10% oH,
and 23% oD,-77% pD, between 25 K and 300 K is reported. The scattering gas
densities were typically 1000-5000 mol/m? (about 20-100 amagat). Although the

H, HD D,
2000 — para ortho J J ortho para J
—_— 6
K —_— 4
1500 —
4 —s
1000}~ — 3
_— 4
3
500 - S— 2 — 3
Erot 2
& _— 2
B _ —_—
L —_
0 —_— 0 —_— 0 _— 0

Fig. 1. Diagram for the rotational energy levels of H,, D> and HD.
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Fig. 2. The fractional population of the rotational energy levels as a function of temperature for
the different modifications of H; and D; and for HD.

main purpose was to study the linewidths, the collisional line shifts were also
determined in the course of the measurements.

In the second part of the paper the experimental setup and the numerical
analysis of the spectra is discussed. Next the experimental results are presented
and, finally, an interpretation of the observed behavior of the line broadening
effect with respect to temperature, ortho-para composition and isotopic species
is proposed.

2. Experimental

2.1. Apparatus

The apparatus used to measure the broadening and shift of the rotational
Raman lines at low temperatures, was very similar to the one used by Keijser et
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al. for the investigation of the depolarized Rayleigh line and the rotational
Raman lines at room temperature’®). For the present measurements a new type
of scattering cell was devised which could be used at temperatures between 5 K
and 300 K. It was mounted in an optical cryostat. A schematic diagram of the
optics is given in fig. 3. A horizontal beam of light from an Ar ion laser was
focussed into the scattering cell. The laserlight was horizontally polarized, i.e.,
with the electric vector in the horizontal plane. The light scattered at right angles
to the laser beam was collected and passed through a polarizer which transmitted
only the horizontally polarized component. For the spectroscopic analysis a
Fabry-Pérot interferometer was used in combination with a small mono-
chromator. Because the monochromator was set to transmit only the particular
Raman line under investigation, the interferometer could then be used to
measure the spectral line with high resolution. The transmitted light was
detected by a low noise photomultiplier together with photon counting equip-
ment.

In the following the various parts of the setup will be discussed in more detail.

Laser. A Spectra Physics model 165 single mode Ar ion laser, operating at
514.5 nm, was used as the light source. The output power (about 1 W) varied less
than 1% during one measurement.

Scattering cell and cryostat. The scattering gas was contained in a brass cell
designed for pressures up to 75 atm. In fig. 4 a schematic picture is given of the
cell together with the cryostat. A number of diaphragms (not shown in the
picture) were placed inside the cell to suppress the intense stray light scattered
from the laser beam by the cell windows.

A small white screen could be moved into the center of the cell by means of a
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Fig. 3. Schematic diagram of the experimental setup.
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small magnet (not shown in fig. 4). It was used for alignment purposes and for the
determination of the instrumental contribution to the spectral linewidth.

The cell was in direct contact with an Oxford Instrument CF 100 Continuous
Flow Cryostat. Cooling was achieved by pumping a coolant (liquid N, or He)
through a heat exchanger. Fine regulation of the temperature was obtained with
an electrical heater. The stability over one measurement (with a typical duration
of several hours) was 0.1 K and the short term stability appreciably better.

A platinum resistance thermometer was attached to the cell to measure the
temperature of the scattering gas.

Interferometer. The Fabry-Pérot interferometer consisted of two flat mirrors,
contained in a temperature stabilized pressure chamber. The mirrors were
polished to a flatness of A/300 and coated for a reflectance of 97% in the region
between 500 and 550 nm. The free spectral range (i.e., the frequency separation
of the interferometer orders) was chosen to be 38.95GHz or 75.56 GHz,
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Fig. 4. Schematic diagram of the optical cryostat.
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depending on the width of the measured line. The optical path length of the beam
crossing the interferometer was varied by changing stepwise the pressure of the
gas in the chamber. After each step the detected intensity was measured at
constant pressure. In this way a highly linear scanning could be achieved. The
overall finesse was typically 35.

Monochromator and polarizer. A Jarrell Ash 25 cm monochromator was used to
select a particular Raman line from the spectrum. For almost all measurements
the full width of the transmission profile of the monochromator was 0.8 nm
(corresponding to 900 GHz); in a few cases 0.4 nm.

Special care had to be taken to avoid spurious effects in the observed spec-
trum due to the very strong, polarized Rayleigh-Brillouin triplet. Because the
detected intensity of the Raman lines depends only weakly on the polarization of
the exciting light®), a geometrical arrangement of the setup was chosen so as to
suppress the polarized part of the spectrum: with the laser beam horizontally
polarized, the light scattered at right angles in the horizontal plane was detected.
However, as a result of stress birefringence in the cell windows which occurred
at low temperatures, a strong, vertically polarized contribution from the
Rayleigh-Brillouin triplet was observed in the scattered light. Since the
straylight rejection of the monochromator was not sufficient to reject this
spurious component, a Glan-Thompson polarizer was inserted in front of the
interferometer, which transmitted only the horizontally polarized part of the
scattered light. At the densities studied, the Raman spectrum is virtually
independent of the polarization of the exciting light.

Detection system. The light, detected by a thermoelectrically cooled ITT FW
130 photomultiplier, was analyzed by a photon counting system and the detected
intensity at each spectral point was punched on paper tape. The intensities
measured at the top of the Raman lines were between 5 and 1000 counts per
second. The dark noise level was about one count every two seconds. Because of
the low light levels, the time required to measure the spectrum of a Raman line
was rather long, usually 2-12 hours.

2.2. Gas handling procedure

nH, (containing 25% pH,) and nD, (67% oD,) were obtained commercially.
The purity of nH, was better than 99.9%, of nD, better than 99.6%. HD was
prepared by the action of LiAlH, on D,0"). After purification and fractional
distillation, the main contaminants were D, (1.2%) and H, (0.2%). pH, was
prepared by catalytic conversion of nH, into equilibrium H; on iron oxide at
20 K. In the experiments, a mixture of 90% pH, was investigated (rather than
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nearly pure pH,), because at this concentration the Raman lines involving odd J
levels were sufficiently intense to permit accurate measurements. For D, one
needed both nD,, which has a high oD, concentration (67%), and a mixture with a
low oD, content. Such a mixture was prepared using a method based on the
preferential adsorption of pD; on ALO; at 20K '),

The rate of conversion to the equilibrium ortho-para composition was
monitored between successive linewidth measurements. This was accomplished
by allowing the scattered light beam to bypass the interferometer and then
scanning the rotational Raman spectrum with the monochromator. From the
observed intensities of the Raman lines the populations of the rotational states
were calculated. It was found that the change in composition over one
measurement was usually smaller than one percent. For a few of the measure-
ments of longer duration, a small correction to the linewidth was applied. For the
measurements with nH; and nD,, a fresh sample of the gas was introduced into
the cell at the beginning of each measurement. For the other ortho-para
mixtures, the amounts available were not large enough for such a procedure to be
followed. In these cases, therefore, a single gas sample was used for several
measurements.

2.3. Numerical analysis of the spectra

A typical Raman line spectrum obtained in one measurement is given in fig. 5.
The two peaks correspond to consecutive orders of the interferometer. The
spectrum was always measured over two such orders.

2.3.1. Collisional line broadening

Photomultiplier dark noise. The photomultiplier dark noise level was deter-
mined frequently between the experiments. It was found to be very stable and
the measured spectra were corrected by subtracting a constant level.

Instrumental contribution. The observed linewidth contained an instrumental
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Fig. 5. Example of the measured spectrum of a Raman line (nD2, Se(2), 77.8 K, 2410 mol/m°).
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contribution which was almost entirely due to the finite resolution of the
interferometer. For the determination of the instrumental profile, the white
screen inside the scattering cell was brought into the laser beam. As the diffuse
scattering from this screen did not appreciably broaden the laser line, the
spectrum of this light corresponds to the instrumental profile. In fig. 6 an example
of the instrumental profile is shown. In principle, the instrumental profile
depends on the frequency of the scattered light due to dispersion in the lens
behind the interferometer, the frequency dependence of the reflection
coefficient of the interferometer mirrors, etc. The associated error is estimated to
be negligibly small. The halfwidth of the instrumental line was usually around
0.5 GHz and constituted in many cases a fairly large part of the total Raman
linewidth. It was therefore necessary that the correction for this broadening be
executed very carefully. During a set of experiments, the instrumental profile
was always determined several times and it was usually found to be very
constant.

Distortion of the instrumental profile, because of the drift of the laser
frequency, was small. Laser mode hops, giving rise to a sudden frequency
change of 150 MHz, could occasionally affect a measured peak. The associated
error is, however, even for the smallest broadening coefficients, estimated to be
not larger than 1%, since in all cases at least four peaks were used to obtain one
single broadening coefficient.

A Fourier transform technique was employed to remove the instrumental
contribution from the observed Raman spectrum S(v), which is the convolution
of the true Raman line profile R(v) and the instrumental profile O(»)""):

S(v) = J' R(»)O(v —v)dv'. 3)

S(v) and O(v) are periodic functions with periods equal to the free spectral
range. A simple relation exists between the Fourier transforms of the functions

intensity
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Fig. 6. Example of the measured instrumental profile.
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in eq. (3):
Fs(t) = Fr(t)Fo(1). 4)

Because of the periodicity of the spectral functions S(») and O(»), an interval of
one free spectral range is sufficient to calculate the Fourier transforms. In the
analysis each of the two peaks of one measurement was separately transformed,
taking the center frequency of the peak as the zero frequency. The instrumental
contribution could then be removed by simple division: Fg(t) = Fs(t)/Fo(t).
The results obtained for the two peaks were averaged.

Wing suppression. The wings of the broadest HD Raman lines were partially
suppressed by the monochromator. Since the intensity variation of the sup-
pressed part was very small in a free spectral range of the interferometer, a
correction to Fr(t) was applied corresponding to the addition of a constant
background to the spectrum. The magnitude of this correction was at most 2% of
the integrated intensity of the Raman line.

Diffusional contribution. The linewidths obtained from the Fourier transform
Fr(t) represent the actual broadening of the rotational Raman lines as
determined by the molecular dynamics of the scattering gas. The broadening
mechanisms are, apart from the negligibly small natural broadening, the
collisional broadening due to perturbations of the internal molecular motion, and
the diffusional broadening associated with the translational motion of the
molecules. At densities high enough that kI < 1, where k is the magnitude of the
difference between the wave vectors of the incident and of the scattered light,
and [ is the mean free path of the molecules, the line shape is Lorentzian>'). The
halfwidth is then given by:

avip = avi+ vyt = KDk

+ Bp (5)

with
Dg = 1/p. (6

Dx is a diffusion constant (the dependence on the density p is explicitly shown),
and B is the collisional broadening coefficient.

A correction for the diffusional contribution was applied, using a value for the
diffusional constant obtained from literature. For H, the self-diffusion constant
D was taken as measured at various temperatures by Harteck and Schmidt'?),
Lipsicas'®) and Hartland'®). At temperatures where D has not been measured, an
interpolated value was used. For HD and D, the diffusion constant was
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determined from the H, data, employing the approximate relation for isotopes:
Doem™2 . @)

It is known from experiments performed at room temperature'”'®), that, for
the So(1) line of nH,, the value of Dy is some 20% higher than D. In the density
range of our measurements such a difference is, however, too small to affect the
line broadening coefficients appreciably (less than 1%).

2.3.2. Collisional line shift

The measured spectra yield information not only about the broadening of the
Raman lines, but can be used to determine the collisional line shifts as well. In
general, the central frequency of the line changes slightly as a function of the
scattering gas density. Hence the peak appears in the recorded spectrum at a
slightly different pressure of the interferometer scanning gas. The scanning gas
pressure at the center of each measured peak was carefully determined. A
change of this pressure with density of the scattering gas was then converted into
a change of the central frequency of the line. Because the collisional line shift is,
in the binary collision regime, linear in the scattering gas density, the line shift
coefficient can be determined from two measurements at different densities.

Although accurate measurements of the collisional line shift by such means
are possible in principle, the actual experimental conditions imposed rather
severe limitations on the reliability of the results. It is instructive to compare the
determination of the line shift with that of the line broadening. First, in the case
of collisional broadening, corrections can be made for all additional broadening
effects. Consequently, a single measurement is, in principle, sufficient to
determine a broadening coefficient. In the case of collisional line shift, however,
one needs at least two measurements at different densities of the scattering gas
for a determination of the collisional line shift. Secondly, the time between two
measurements of a Raman line at different scattering gas densities was of the
order of a day. Consequently, the long term alignment drifts of the optical system
affected the line shift measurements severely. Usually this situation could be
improved by taking advantage of the relation between the position of the spectral
lines. In a number of cases, where the collisional broadening coefficient has been
measured, the corresponding collisional shift coefficients could not be deter-
mined because the optics had been realigned between the measurements.

The reliability of the line shift coefficients was checked in a series of
measurements of the depolarized Rayleigh line. The shift of this line is
theoretically known to vanish; experimentally the shift was found to be zero:
0+ 0.05 MHz m*/mol for nH, (cf. 1 MHz m*/mol for a typical Raman line shift).

It should be mentioned that the collisional line shift can be measured with
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much greater accuracy if one measures only the part of the spectrum near the
center of a Raman line. Then, a series of measurements at different scattering gas
densities can be executed within a short time. In a few cases, such a precise
determination of the line shift coefficient was accomplished. Good agreement
with the value obtained in the usual way was found.

3. Results

3.1. Collisional line broadening

The number of lines that can be investigated decreases at lower tem-
peratures, as the number of populated rotational states becomes smaller. In
our experimental arrangement, a reliable determination of the linewidth was
possible when the relative population of the initial state associated with the
line was not smaller than about 0.2%. Only the S¢(0) and Se(1) lines could be
studied over the entire temperature range. The gas temperature could not be
chosen arbitrarily low, since accurate results could be obtained only when the
density range of the measurements extended up to at least 1200 mol/m’. The
requirement that the density should be somewhat lower than the vapor
density made measurements below 25 K unfeasible.

In figs. 7, 8 and 9 some typical examples of the Fourier transforms of
the line spectra Fg(t) are plotted on a semi-logarithmical scale as a function of
time. Fg(0) is normalized to unity. As should be expected, an exponentially
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Fig. 7. Typical examples of the Fourier transform Fg as a function of time for H.: O93%
pH2+ 7% oHa, So(1), 77.8 K, 3110 mol/m*; @ nHa, Se(0), 52.7 K, 2490 mol/m*; O nH,, Se(3),137 K,
3430 mol/m®; V nH,, So(1), 35.0 K, 3470 mol/m’.
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decaying function was found in all cases:
Fr(t)=¢"". (8)

This corresponds to a Lorentzian lineshape in the frequency domain:

1
T Avip, 9

where Avy), is the collisional halfwidth of the rotational Raman line.
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Fig. 9. Typical examples of the Fourier transform Fr as a function of time for HD:
® Si(0), 27.0K, 1460 mol/m*; [ So(3), 148.5K, 1890 mol/m*; O Si(1),41.5K, 4950 mol/m?;
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In figs. 10-14 the collisional halfwidths Av,, are presented as a function of
the gas density. The collisional halfwidths of the rotational Raman lines were
found to be proportional to the density within the experimental error.

From the slopes of the lines in figs. 10-14 the broadening coefficients Aviplp
were determined. For nH,, nD; and HD these data are given in table I, where
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Fig. 14. The collisional halfwidths for the mixture 23% oD»-77% pD: as a function of density at
28.3 K. @ So(0); O So(1).
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TABLE |
Line broadening coefficients Av;;/p in MHz m3/mol®

T(K) So(0) So(1) S(2) So(3) So(4) So(5)

an (25.1% sz)
2930 0.94 £ 0.02 1.17+0.02 0.83+0.02 0.85+0.02 0.52+0.02
176 0.71 £0.01 1.06 + 0.01 0.68 +0.01 0.73+£0.02 -

137 0.66 +0.02 1.04 +0.02 0.63£0.02 0.73+£0.02 -
77.8 0.70 +0.01 1.11+0.01 0.65+0.02 - -
527 0.75+0.01 1.20+0.02 - - -

35.0 0.87£0.01 1.39+0.01 - - -
248 1.04 £ 0.01 1.65+0.02 - - -

an (()67% ODg)

293P 1.88+0.02 1.50 +0.02 1.39+0.02 1.14+0.02 0.96 +0.02 0.63 +0.02
148.5 1.28 £0.01 1.12+0.01 1.15%0.01 0.84 +0.01 0.60 +0.02 -
77.8 1.25+0.01 1.08 £0.01 1.21+£0.01 0.74 £ 0.02 - -
429 1.59+0.02 1.27+0.03 1.57+0.1 - - -
28.3 2.16+0.03 1.58 +0.02 - - - -
HD
293° 9.6+0.2 85+0.2 7.4x0.2 6.1x0.2 45+0.2
149.3 4.93+0.1 4.80%0.1 4.06 +0.05 3.1x0.1 -

78.5 3.03+£0.05 3.09+0.05 2.94+0.05 - -
412 2.53+0.05 2.35+£0.05 - - -
27.0 291+0.05 2.33+0.05 - - -

“ 1 MHz m*/mol corresponds to 44.62 MHz/amagat.
® The data at 293 K are taken from ref. 7.

the broadening coefficients at room temperature, as measured by Keijser et
al.”), are also included.

In figs. 15 and 16 the broadening coefficients are plotted as a function of the
ortho-para composition for both H, and D,. In the binary collision regime,
these are linear functions of the concentration (see also the experiments of
Keijser et al.”)). The line broadening coefficients, obtained by extrapolation to
the limit of the pure ortho and para modifications, are presented in table II.

For a discussion of the observed behavior of the line broadening in terms of
molecular collision processes, it is useful to express the collisional broadening
coefficients in terms of effective cross sections according to the relation

= 27TAV1/2
SRRET 0y (10)

In this formula, n is the number density and (v) is the average relative
velocity given by

(v)=V8kyT/mpu. (11)
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Fig. 15. The line broadening coefficients for H, as a function of the ortho—para composition at
248K and 77.8 K. @ So(0); O So(1).

kg is Boltzmann’s constant, T is the absolute temperature and u the reduced
mass of the collision partners.

The Raman line broadening cross sections are presented in tables III and
IV. In figs. 17-21 the cross sections are plotted as a function of the tem-
perature. Some general trends are evident in these pictures. Especially at
higher temperature, the cross sections for HD are considerably larger than
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Fig. 16. The line broadening coefficients for D, as a function of the ortho-para composition at
28.3 K. @ S¢(0); O So(1).

TABLE 11
Line broadening coefficients Av2/p in MHz m*/mol®
T(K) So(0) So(1) So(2) So(3) So(4)
OHz
293° 0.85 +0.02 1.28 +0.02 0.76 £ 0.02 0.92 £0.02 0.52+0.02

71.8 0.63x0.02 1.39+0.02 0.55+0.03 - -
24.8 0.84 £0.02 2.06+0.03 - - -

pH:

293 1.17£0.02 0.74+0.02 1.03=0.02 0.61+0.02 0.54 +0.02
77.8 0.91+0.03 0.26£0.02 0.99 +0.05 - -
24.8 1.68 = 0.07 0.40 +0.02 - - -

pD2
28.3 1.73+0.02 3.41+0.05

ODz
283 2.38+£0.05 0.67 £ 0.05

41 MHz m*/mol corresponds to 44.62 MHz/amagat.
®The data at 293 K are taken from ref. 7.
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TasBLE III
Line broadening cross sections Sgg in 1072 m?
T(K) So(0) So(1) So(2) So(3) So(4) So(5)
nH; (25.1% pHa)
2932 0.40 =0.01 0.49 £0.01 0.35+0.01 0.36 =0.01 0.22+0.01

176 0.384+0.005 0.576+0.005 0.369+0.005 0.39*+0.01 -

137 0.40% +0.01 0.64% £ 0.01 0.38*+0.01 0.44°+0.01 -

77.8 0.57+0.01 0.90+0.01 0.54+0.02 - -

52.7 0.74 =0.02 1.19+0.02 - - -

35.0 1.06 +0.02 1.70 £0.02 - - -

24.8 1.51+0.02 2.38 +0.04 - - -

nD; (66.7%0Dy)
2932 1.12+0.01 0.89 +0.01 0.83+0.01 0.68 =0.01 0.570.01 0.37+0.01
148.5 1.07+0.01 0.94 +0.01 0.96 +0.01 0.70 £ 0.01 0.50+0.02 -

77.8 1.45+0.02 1.24+0.02 1.40+0.02 0.85 +0.05 - -

429 2.47x0.05 1.98 £0.05 2.44+0.1° - - -

28.3 4.13+0.1 3.03x0.05 - - - -

HD
2937 49+0.1 44+0.1 3.8+0.1 3.1+0.1 23%0.1
149.3 3.56+0.05 3.46+0.05 2.93+0.05 2.25+0.1 -

78.5 3.01+0.05 3.08 0.05 2.92+0.05 - -

41.2 3.48+0.1 3.23+0.1 - - -

27.0 494 +0.1 3.96+0.1 - - —

*The data at 293 K are taken from ref. 7.
TABLE IV
Line broadening cross sections Sgg in 107 m?
T(K) So(0) So(1) So(2) So(3) So(4)
oH;

293* 0.36+0.01 0.54+0.01 0.32+0.01 0.39+0.01 0.22+0.01
77.8 0.51+0.02 1.13+0.02 0.45+0.03 - -
24.8 1.21+0.05 2.98 +0.05 - - -

pH:

293° 0.49+0.01 0.31£0.01 0.43+0.01 0.25+0.01 0.23+0.01
77.8 0.74+0.03 0.22+0.02 0.80+0.05 - -
24.8 2.41+0.1 0.58 +0.02 - - -

pD:
28.3 3.30+0.05 6.5+0.1

ODz
28.3 4.55+0.1 1.29+0.1

*The data at 293 K are taken from ref. 7.
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Fig. 17. The line broadening cross sections for nH: as a function of temperature. @ So(0); O
So(1); + So(2); 07 So(3); A So(4).
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Fig. 18. The line broadening cross sections for nD; as a function of temperature. @ So(0); O
So(1); + So(2); O Se(3); A Se(4); X So(5).
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Fig. 19. The line broadening cross sections for HD as a function of temperature. @ So(0); O
So(1); + Se(2); O So(3); A So(4).

those for the two homonuclear isotopes H; and D,. The cross sections
measured for D, are about a factor two larger than the corresponding H; cross
sections. Towards lower temperature the cross sections increase sharply. For
HD, a decrease as a function of J; is observed, a tendency that is commonly
found for other gases®). The dependence of the cross sections of H, and D,
on J; is rather complicated.

3 T T

16%m? pH, (Jeven)

|
T K 300 0 T 100 200 K 300

1 1
0 100 200

Fig. 20. Left: The line broadening cross sections as a function of temperature in (the limit of
pure) pHa. @ So(0); 0 So(1); + So(2); [J Se(3); A So(4). Right: The line broadening cross sections as
a function of temperature (in the limit of pure) oHz. @ So(0); 0 So(1); + So(2); [J So(3); A So(4).
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Fig. 21. The line broadening cross sections in (the limits of pure) oDz and pD.. Experiments as a
function of the ortho—para composition have only been performed at 28.3 K. For comparison
cross sections in nD; at 293 K have been included. @ Sy(0); O So(1).

3.2. Collisional line shift

Following the procedure described in section 2.3 the line shift coefficients
Avg/p were calculated from the interferometer scanning gas pressure. Avg is
the difference between the central line frequency at density p and the
frequency at zero density. The sign of Avs is negative when the Raman line
moves away from the exciting frequency with increasing density. In table V
the collisional line shift coefficients are given for the rotational Raman lines of
nH,, nD, and HD. For the ortho—para mixtures of H, and D, with high para
concentration, no reliable results on the line shift have been obtained. The
only collisional line shift data on the rotational Raman lines of hydrogen
available in the literature are the shift coefficients for the Sy(0) and the So(1)
line in nH, at room temperature, as measured by Cooper et al.?)). These values
have been included in table V and fit well in the trend displayed by the data
presented here.

The collisional line shift coefficients can be expressed as effective cross
sections, analogously to eq. (10)

27A
St = ;’(55. (12)

The line shift cross sections are given in table VI and are plotted as a function
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TABLE V
Line shift coefficients Av,/p in MHz m*/mol®

T(K) Se(0) So(1) So(2) So(3) So(4)
nH>

293¢ -0.07+0.03 —0.09+0.03 - -

176 0.2 0.2 0.2 0.6)

137 0.4 A 0.3 - 0.8)

77.8 0.5 0.4 0.4 -

52.7 0.6 0.7 - -

35.0 1.0 1.0 - -

27.7 1.0 1.1 - -

24.8 1.3 1.1 - -

20.2 1.5 1.4 - -
nD;

148.5 0.0 -0.3 -0.2 0.1 0.6)
77.8 0.4 -0.3 -0.2 0.6 -
429 0.7 -0.1 - - -
28.3 1.4 0.5 - -

HD

149.3 - 1.8 =22 -1.2 (-0.1)
78.5 - 1.1 - 15 -0.8 -
41.2 -03 - 1.1 - -
27.0 (=0.5) (—0.8) - -

* 1 MHz m3/mol corresponds to 44.62 MHz/amagat.
® The data at 293 K are taken from ref. 21.

The accuracy of the data is discussed in the text.

of the temperature in figs. 22-24. Positive as well as negative values are found
for these cross sections. Practically all cross sections tend towards higher
values at low temperature. A comparison with the corresponding line
broadening cross sections show that S is in general somewhat smaller than
6.{]{.

At present no theoretical calculations are available for the collisional line
shift cross sections for hydrogen-hydrogen systems. In ref. 22, Shafer and
Gordon gave an extensive discussion about their results from close—coupling
calculations on the collisional line shift for the Sy(0) and Sy(1) lines in H~He
mixtures. Contributions to the cross section from the spherical and the
nonspherical part of the intermolecular potential were found to be comparable
in magnitude. The obtained cross sections were, however, extremely sensitive
to the precise shape of the potential used. It will therefore not be attempted to
give a qualitative interpretation of the measured line shift cross sections in
terms of molecular interactions.
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TABLE VI
Line shift cross sections Sig in 107 m?

T(K) So(0) So(1) Se(2) So(3) So(4)
293%) -0.028 -0.042 - -
176 0.1 0.1 0.1 (0.3)
137 0.3 0.2 - -
77.8 04 0.4 0.4 0.5)
527 0.6 0.7 - -
35.0 1.3 1.2 - -
27.7 1.4 1.5 - -
24.8 1.9 1.7 - _
20.2 2.4 2.2 - -
nDs
148.5 -0.0 -03 -0.2 0.1 (0.5)
77.8 0.4 -03 -0.2 0.7 -
42.9 1.1 -0.1 - - -
28.3 2.7 0.9 - - -
HD
149.3 -1.3 -1.6 -0.8 (-0.1)
78.5 -1.1 -1.4 -0.8 -
41.2 -04 -1.5 - -
27.0 (1.0) (-14 - -

2The data at 293 K are taken from ref. 21.

The accuracy of the data is discussed in the text.

nH

| | | ] 1
0 r 100 200 K 300

—_ -

Fig. 22. The line shift cross sections for nH; as a function of temperature. @ So(0); O So(1); +
So(2); O Se(3).
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Fig. 23. The line shift cross sections for nD; as a function of temperature. @ So(0); O So(1); +

Se(2); O Se(3); A So(4).
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Fig. 24. The line shift cross sections for HD as a function of temperature. @ So(0); O So(1); +

So(2); O So(3).

4. Discussion

In refs. 22-24 general expressions are given which relate the line broaden-
ing cross sections to the intermolecular potential. Such expressions do not
lend themselves very conveniently to the direct calculation of the line
broadening cross sections. Neither are they convenient to serve as a basis for
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a discussion of the experimentally observed behavior in terms of collision
processes. We shall therefore introduce some well-known simplifying
assumptions.

The intermolecular interaction is expanded in terms of the spherical har-
monics of the orientations of the internuclear axes r; and r, of the two
molecules (where the index 1 refers to the radiating molecule) and of the
intermolecular axis R, a vector between the molecular centers of charge (see
fig. 25)%-7):

V(r,r, R)= L%L Vii(ri, r, R), (13)
where, for rigid rotors,

Viu(r, r, R) = Ay, (R) ; (LiM,L,M,|LM)
M MM

X YV (F)Y V)Y M(R). (14)

(LiM,L;M,|LM) is a Clebsch-Gordan coefficient and # denotes a unit vector
in the direction of r. The strength A, .,(R) is dependent only on the
intermolecular distance R. For the orders of the spherical harmonics, one has
the general restriction®’)

L+ L,+ L =even,
and, furthermore,
L, and L, are even for homonuclear molecules.

Usually, not more than three terms are considered to be important for H, and
D,:

yhomonuclear(p, py R) = Vooo(R) + Vana(ri, 12, R) + Vana(ry, 12, R). (15)

Vow(R) is the spherical potential; the other terms represent the anisotropic
part of the potential. The electrostatic quadrupole-quadrupole interaction is
of the form Vx4 The term Vi, has been omitted since, being spherical in the
coordinates of the radiating molecule, it does not contribute to the line

/

Fig. 25. Illustration of the collision geometry.




ROTATIONAL RAMAN LINES FOR HYDROGEN ISOTOPES 537

broadening®). Because the electronic configurations are virtually identical for
H, and Dy, the potentials for the two isotopes can, to a good approximation,
be considered to be the same.

For HD, where the nuclei are not identical, the molecular center of mass
does not coincide with the center of electronic charge and consequently an
extra angle dependent term in the potential is present®°):

VHD(r), ry, R) = Vhomonuclear(p, ) R) + Vioi(ry, r2, R). (16)

The Viu(ri, ro, R) term is rather strong compared to the other anisotropic
terms.

With the above assumption about the shape of the intermolecular potential,
a perturbation treatment can be applied to the expressions for the line
broadening cross sections. Much simpler equations are then obtained, in
which the contributions of the various anisotropic potential terms become
additive. Particularly for hydrogen isotopes, where the angle dependent terms
in the potential are small compared to the spherical potential, such a treat-
ment should be expected to be applicable. The rotational Raman line
broadening cross sections for H, and D, can then be written as:

o~ t&(ﬁmonuclcar — g 20& + e 12{213’ (17)

and, for HD, one obtains:
@ED - g?&%monuclear + @lll% (18)

The only potential terms that enter in a term Sgi?t are Von(R) and
VL,LZL("l, r, R).

An additional advantage is that, at this stage, selection rules for the
collisional transitions can be derived. The collisional transitions that are
allowed, are found to be:

Sl AlL=x1 , AL=0;
S¥: AL,=0,x2, AL=0;
gfzz]‘z‘ AJ] :0, i2, A.Iz: O, iz,

where J; refers to the spectroscopic states of the radiator (J; and J¢) and J, to
the rotational state of the perturbing molecule. In the case of S&%, all
combinations of the indicated transitions AJ, and AJ, are allowed; for the
particular case J, =0 and AJ, =0, ©# vanishes.

We shall now proceed with a discussion of the experimental cross sections
as reported in section 3.1. It is seen in figs. 17-21, where the line broadening
cross sections for the various hydrogen gases are depicted as a function of
temperature, that the temperature dependence for HD is rather different from

that for H, and D,. It will be shown later that this is due to the important Vo,
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term in the HD potential. It is convenient to discuss first the homonuclear
isotopes, where the cross sections are described by ©#¢ and ©#, and then
consider the more complicated case of HD.

4.1. H, and D,

For the present discussion it will prove to be useful to separate the collision
processes that are relevant for the line broadening into elastic and inelastic
collisions. A collision will be called elastic if no net exchange between rotational
and translational energy takes place within the collision system. Two distinct
types of elastic collisions are to be defined. Resonance collisions are collisions in
which both molecules undergo a change in rotational energy, but in such a way
that the sum of their rotational energies is preserved. Elastic nonresonant
collisions are collision processes in which the J-quantum numbers describing the
rotational states of each molecule, remain unchanged. A collision is called
inelastic, if a net transfer of energy takes place between the rotational and
translational degrees of freedom.

Shortly, it will be shown that the effect of inelastic collisions on the line
broadening is small for H, and D,, particularly at low temperatures. Con-
sequently, only a small number of collisional transitions are relevant. It is
instructive to summarize the elastic collisional transitions that can be im-
portant at low temperatures. In table VII it is indicated which cross sections
Skt of eq. (17) contribute to the broadening of the Sy(0) and Se(1) lines.

A resonance collision cannot occur via a collision between an ortho and a
para molecule because of the mismatch of the rotational energy spacings of
the collision partners. Only via collisions between partners belonging to the
same modifltation can such resonant transitions take place. In fig. 20 we see
indeed that in pH; (a bath of even perturbers) the experimental cross sections

TABLE VII
Collisional contributions to line broadening for H, and D; at low temperature

Spectroscopic Resonant Elastic
transition collisions nonresonant
Ui=» 1) collisions
So(0) in pH: and oD; (J, = 0) 0-2) ey SR
Ji 250, J:0-2
So(0) in oH: and pD; (J.=1) 0-2) - R R
So(1) in pH; and oD, (J;=0) (1-3) - e
So(1) in oHz and pD, (12=1)  (1-3) & &, G/t

Ji:3-1,J: 153
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for the S¢(0) and Sy(2) lines, involving even rotational states, are appreciably
larger than those for the S¢(1) line (connecting odd levels). For oH,, on the
other hand, the Sy(1) line is broader than the Sy(0) and the Sy(2) lines.

For the elastic nonresonant collisions it is seen in table VII that the
contribution of S vanishes in the case of pH,. We can now understand why
the Se(1) cross section is much more sensitive to the ortho-para composition
than the cross section for the Sy(0) line: for the Sy(1) line both the resonant
and elastic nonresonant contributions increase with increasing oH; concen-
tration. For the So(0) line, the two contributions have an opposite concen-
tration dependence.

For the cross sections for D, at 28.3 K (fig. 21) a similar dependence on the
rotational states is observed.

Next we consider the dependence on the temperature and the molecular
mass. In the low temperature region, all cross sections increase markedly
towards lower temperature. The cross sections for D, are larger than the
corresponding H, cross sections. In fig. 26 GgrTm ™! is plotted as a function
of the temperature below 80 K. By comparing the corresponding cross sec-
tions for the different modifications, it is seen that the behavior of the cross
sections as a function of temperature and mass is fairly well described by
<5RR x nfT‘ﬂ

We can gain insight about this dependence by considering the matrix
elements involved in the expression for the line broadening cross section,
which can, for a classical trajectory, be expressed in time dependent pertur-

6 | T 6 T T l
S, () PD; © Sol1)
8m2K o 8m2K -0
10" MR 10" MK -
kg kg -
oH,0------""
T T O_/
nH,
1Y nD, M
2+ 2+ .
G T 6. T oD; o e
- - pH, 0= = ----=-- " -
1 | 1 1 | 1
0 r 40 K B0 0 T %0 K 80

Fig. 26. SreTm ™! as a function of temperature for the So(0) and the So(1) lines of H, and D,.
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bation theory in the form®):

(J1J3|T|JJ2) f e B (T VEs()| T, Jo) dt. (19)
Here, AE is the total rotational energy change occurring at the collision
considered, and V®i(t) is the anisotropic part of the intermolecular potential.
For elastic collisions (AE =0), the integrand depends on t only through
Vais(¢). In the case of straight line trajectories with constant velocity v, the
argument t of V" enters only in the combination vt. The integral in eq. (19)
is then proportional to v™'. The line broadening cross section is a sum of
terms containing a product of two matrix elements. Hence we find in this
simple picture, after Boltzmann averaging over the velocities, that Sgg
()2« mT"™', provided that the distribution of the perturbers over the rota-
tional states is constant.

For the hydrogen isotopes a more realistic approach is based upon the
Distorted Wave Born Approximation (DWBA)*). In this approximation the
spherical wave functions, describing the relative translational motion, are
calculated in an exact quantum mechanical manner (or at least in a high order
perturbation treatment when certain approximations are used) from the
spherical part of the potential, Vyo(R). These wave functions are then used to
calculate the transition matrix elements to first order in the nonspherical
potential. The DWBA is often used under conditions for which the cross
sections to be calculated are small compared to the total kinetic cross
sections. Because of the small nonsphericity in the potential for hydrogen
isotopes, the DWBA is often applied for these systems. Calculations with the
DWBA have been performed by a.o. Moraal®?) and Coombe and Kéhler®).

An expression is obtained for the cross sections in eq. (13) which can be
written schematically as**3)

Sk Ui I Ji J) = ,2 ps, Ki(J2J3Lo) X [Jén KU L)S L, 1, (BAE y.0,)
+ 12} K:(JJ (L) 1,1, (BAE 330,,)
+ K;(JiJfL.)@L,LZL(BAE%)]. (20)
Here the following definitions have been used
B=(ksT) 21

AE; 9, = En+ Ej— E,—Ey; (22)
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AEJ,J2 = EJ, - E,z; (23)
E,=BJ(J +1), _ 4)

where B is the rotational constant. Each term in eq. (20) refers to a particular
type of collision, where J; and J; are interpreted as the states involved in the
spectroscopic transition of the radiator and J, as the rotational state of the
perturber before the collision. The primes refer to post-collisional states. The
factors K,(J,J;L) are constants containing 3j-symbols and thus the collisional
selection rules mentioned above.

An important advantage of the above expressions is that the shape of the
potential term V. ., (R) enters, along with Vou(R), only in the translational
factors ’SL]LZL(BAE). This factor is dependent on the rotational J-states of the
molecules only through the argument BAE, which represents the total energy
exchange (normalized by the thermal energy) between the rotational and the
translational degrees of freedom.

In the DWBA calculation for H, as given by Moraal®), the spherical wave
functions of an assumed hard sphere potential are further approximated, so
that the radial integral over the V4 potential term can be evaluated analytic-
ally. Furthermore, only a crude estimate of the contribution of the Vy, term
in the intermolecular interaction is made. At 300 K good agreement is found
for the Sy(2), So(3) and Se(4) lines, but for the Sy(0) and Sy(1) lines there were
serious discrepancies (see fig. 27). No calculations were performed for lower
temperatures or for D,.

Recently, also Coombe and Kohler®®) calculated the collisional line
broadening on the basis of the DWBA, using a square well model for the

1 T I T T 1 T T T T
220 2 20 2
10 pH,(Jeven) 10 s oH,(Jodd)
075 293K 075~ 293K -
05 05+ -
A
A 3
2
2
025 R 025+ 4
? 2 a
Sgrl S
0 0

1 1 | 1 L | | 1 1 |
SO S ST 3 ol SO S o2 5431 Sl

Fig. 27. Comparison between the cross sections for oH; and pH; at room temperature calculated
by Moraal®) (A) and the experimental cross sections (A).
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spherical part of the interaction. Both S¥§ and ©} were evaluated without
making further essential approximations. The square well parameters were
adjusted to obtain the best fit with experimental data. In fig. 28 the calculated
cross sections for oH, and pH, are shown together with the experimental
results. It is seen that good agreement with the experiment is obtained in the
whole temperature range from 20K to 300 K. & was found to be very
sensitive to the choice of the parameter that characterizes the repulsive wall
diameter. Equally good agreement with the experiments for D, could be
achieved only by slightly changing this parameter.

The low temperature results are particularly interesting since at low tem-
peratures only very few elastic collisional processes play a role. From the low
temperature measurements four linewidths have been derived: the widths of
the So(0) and the S¢(1) lines both in purely ortho (J =1 molecules) and in
purely para (J = 0 molecules) hydrogen.

At low temperatures the expression of eq. (20) reduces to (see also the
more explicit form of eq. (20) in ref. 32):

~ 4J2+12Ji— , ,
oW = oI E(l i’( ST Jlr 31) 2(23?+ 7 S02(0) + [inelastic terms] (25)
and
Sn = [3 JJ2+1) (4J2+12J,—-3)
RR (2J,— )2, +3) QJi—- DRI+ 325+ 7)
_6 UithUi+2) o, J &
B s 3yh+ 1 o] €240
3 T l 3 T T
IO'mm2 16702
pH,{Jeven) oH,Jodd)
2+ - 2

02
GRR’ ° ‘M GRRI
1-=3

D L A ——

1 | ! L
o, 100 200 300 0, 100 200 300
—_— —_—
Fig. 28. Comparison between the cross sections as calculated by Coombe and Kohler”) and the
experimental cross sections. Left: radiating molecule in a bath of pH.. Right: Radiating molecule
in a bath of oH;. —— theory. @ So(0); O So(1); + So(2).
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L9 L+ D(Ua+2) (it DUi+2)
8 21, + 1)(2J2+3) (2T + 3)(2J; + 5)

X exp[2BB (Ji— J)] exp[— 2BB IJ, - le] @224(4BBIJ,' - 12| )
+ [inelastic terms]. (26)

The expressions (25) and (26) are identical to the ones given by Moraal,
except for the 2nd term of eq. (26), which Moraal gives as

1_8_(J,+ DJ;+2)

9 @2+3) o

but in practice the difference is of minor importance. J; is written as J;+ 2.
The term containing @zz4(4BB|Ji—h|) in eq. (26) refers to resonance col-
lisions; when J; # Jo, ©,04(4BB|J;— J| ) is very small.

In particular, one gets for the four cross sections corresponding to the four
linewidths at low temperature:

So(0)in pHa: S (g;:) = % Sa(0) + 11—0 ©24(0) + [inelastic terms]
. ~ 1-3 13 ~ . .
So(1)in pHa: S para =35 Z22(0) + + [inelastic terms])
So(0)in oH2: & ortho) =7 ©2020) + 35 ©224(0) + [inelastic terms]
. ~(1-3 7 . .
So(1) in oH>: O(or;o) = % S 0) + (% - % + 32%) S24(0) + [inelastic terms]. 27

According to Moraal the coefficient of ©y4(0) in the last line of eq. (27) is
(% + 3% + %)

As can be seen, these four cross sections are essentially determined by two
parameters, S;(0) and ©x4(0). We have measured these four cross sections
in H, at 24.8 K. This yields an overdetermined set of equations for S,(0) and
S24(0).

We will first indicate how the corrections for the inelastic terms in eq.
(27) are made. For three of the four mentioned cross sections, the inelastic
contributions can be directly expressed — within the DWBA -in terms of
©(0001), the cross section obtained in rotational relaxation experiments®).
This cross section has not been measured at low temperatures, but in ref. 35 a
method is given to calculate ©(0001) from values measured at higher tem-
peratures. The inelastic contributions are indeed found to be small (about
0.02 X 107% m?). The one that cannot be calculated (for the S¢(1) line in pH,) is
taken to be of the same magnitude.

After correcting for the small inelastic contribution, we can use eqs. (27) to
calculate G502(0) and ©4(0) from the experimental cross sections. ©;2(0) can

be directly obtained from the expression for S(\a3). We find Sy,(0) =
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(3.2+0.2) X 107 m? (see table VIII). When this value is inserted in the three
other equations of eq. (27), each gives a value of S240). In table VIII the
values for S,2(0) and S,4(0) are given.

A similar calculation can be performed for H, at 77.8 K and for D, at
28.3 K. For H,, the estimated corrections for the inelastic contributions are
larger at 77.8 K than at 24.8 K: about 0.04x 107®m? The inelastic con-
tributions for D, at 28.3K are taken to be a factor two larger than the
corresponding H; values, in accordance with the (few) experimental data for
S(0001) for D,%). The results for these systems are also included in table
VIIL. The indicated errors exclusively refer to the errors in the experimental
line broadening cross sections and involve neither theoretical uncertainties
nor errors associated with the estimation of the inelastic contributions.

It is seen in table VIII that the three values for S,(0) agree with each other
at 77.8 K and also for D, at 28.3 K. For H, at 24.8 K the three values for
©24(0) are of the same order of magnitude but they differ by about 30%. This
is larger than the experimental error. One might be tempted to explain this
discrepancy by arguing that the molecular wave functions have not been
symmetrized in the derivation of egs. (21) and (22). In ref. 19, however, in a
similar analysis of the cross sections for the depolarized Rayleigh line, a
distinct discrepancy is found between the value for ©02(0) calculated here
and the value obtained from the depolarized Rayleigh line broadening in (the
limit of) pure pH,. Since in both cases the cross sections refer to collisions of
unlike particles (radiators in odd J states perturbed by molecules in state
J =0, the above explanation referring to symmetrization is clearly not ap-
propriate. Another possibility is, that, apart from ©¥; and G in eq. (17),
other terms in the cross section play a significant role. Thirdly, we mention as
a possible explanation for the discrepancy that the DWBA might break down
for the hydrogen molecules at low temperatures. Some evidence for this
assumption is found in ref. 37, where the results obtained in DWBA cal-

TABLE VIII
Calculated values for Sx(0) and ©24(0) in 107 m?
San(0)* S4(0)**
a b [

Hj, 248K 3.2+0.2 19.2+0.8 13.0+0.8 16 *05
Ha, 77.8K 0.9+0.1 5.8+0.3 59+0.5 6.2+0.2
D,, 28.3K 7.0+0.7 352+1.6 394+1.6 349+1.0

* Obtained from Sgrg for Se(1) in pH2 resp. oDa.
** Obtained from Sx2(0) and a) Sge for So(0) in pH; resp. oDy; b) Grr
for So(0) in oH; resp. pD2; ¢) ©grr for S¢(1) in oH; resp. pDa.
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culations on the system H,-He at 20 K were found to deviate considerably
from the values obtained in exact calculations. A further discussion on these
discrepancies will be given in ref. 19.

4.2. HD

The interpretation of the line broadening cross sections for HD is more
complicated than for H, and D,, where inelastic contributions could be
neglected at low temperatures. In the case of HD one has to take into account
not only the predominantly elastic processes connected with SEE™™*, but

also the inelastic collisions associated with S}i (eq. (18)). The contribution of

S8 to Sre is known to be the dominant one at room temperature’”) but at
lower temperatures it is certainly not possible to neglect Sig™*, because
the elastic line broadening cross sections strongly increase with decreasing
temperature. A quantitative analysis, similar to the above treatment of H; and
D,, cannot be performed here, because for HD the number of cross sections
known from experiments is smaller than the number of important trans-
lational factors.

In the following we will therefore adopt a somewhat different approach.
Since the behavior of Gigremcear js by now rather well understood from the
discussion of the previous section on H, and D,, a quantitative estimate can
be made of Sigrorucear for HD. By subtracting this contribution from the
experimental value for Sgg, one obtains S (eq. (18)).

In the low temperature range ’”"""“’"““""” can be estimated from egs. (25)
and (26), because the values wm(O) and ©24(0) are known to scale roughly
proportional to the molecular mass. In the high temperature range, where
about 50% of the HD molecules are in an even rotational state, a similar
scaling of the cross section for a H, mixture containing 50% pH, can also be
expected to give a rather good estimate for @hyromeea”. Although the de-
scribed procedure cannot be expected to yield very accurate results for
Shomonuclear ayen an appreciable error does not affect the values for SR very
much, since in most cases S} is considerably larger than Sjgrem e,

In fig. 29 the values for S} calculated for 27 K, 78 K and 293 K are shown.
The dotted lines connecting these points were drawn using the HD broadening
cross sections measured at other temperatures, together with estimates for
G hgponuclear ohtained from interpolated values.for oH, and pH..

* This procedure at high temperatures can be justified by examining the explicit form of eq.
(18). As a check, the cross sections for nD, at room temperature were calculated in this way from
the cross section for a corresponding H, mixture (33% oH»—67% pH,). The experimental values
for nD, were thus reproduced with an accuracy of 10%.
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Fig. 29. Estimated Sk as a function of temperature for HD.

At temperatures above 100 K the inelastic cross sections S are seen to be
increasing functions of the temperature. This is understandable, since at
higher temperature the increased translational energy makes rotational-trans-
lational energy exchange more probable. Even at the lowest temperatures
appreciable values for the cross sections are found. The magnitude is of the
same order as ©(0001) (2.6 X 107 m? %)), which is essentially the inelastic cross
section for deexcitation from J =1to J =0.

At high temperatures the cross section decreases with increasing Ji. This is
associated with the large energy level spacing at high values of the rotational
quantum number, which makes inelastic transitions improbable for radiators
in high rotational states.
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