PHYSICAL REVIEW A

VOLUME 34, NUMBER 1

Collision-induced rototranslational spectra of H,-He:
Accounting for the anisotropic interaction

Massimo Moraldi
Dipartimento di Fisica dell’Universita degli Studi di Firenze,
Unita di Firenze, Gruppo Nazionale di Struttura della Materia del Consiglio Nazionale delle Richerche,
ed Unita di Firenze, Ministero della Pubblica Istruzione, Centro Interuniversitario di Struttura
della Materia di Firenze, I-50125 Firenze, Italy

Aleksandra Borysow, Jacek Borysow, and Lothar Frommhold
Physics Department, The University of Texas at Austin, Austin, Texas 78712-1081
(Received 30 May 1985; revised manuscript received 21 February 1986)

In a previous paper [G. Birnbaum et al., Phys. Rev. A 29, 595 (1984)] the collision-induced roto-
translational absorption spectra of H,-He were computed from first principles, with the assumption
of isotropic interaction. Here, we study the effects of the anisotropy on the basis of a distorted-wave
approximation. Computed spectral intensities and shapes of the rotational lines differ from the pre-
vious results by less than the numerical uncertainties of the computations (~1%), except in the far
wings where intensities are increasingly greater than comparable results based on isotropic interac-

JULY 1986

tion.

I. INTRODUCTION

Hydrogen (H,) and helium are the most abundant con-
stituents in the upper atmospheres of the outer planets.
These atmospheres emit radiation in the far infrared al-
though hydrogen and helium are both nonpolar. Trafton
has pointed out!? that in the broad vicinity of the hydro-
gen rotational S,(0) and Sy(1) lines, planetary atmo-
spheres are opaque because of the dipoles induced in col-
lisions of hydrogen with hydrogen or helium. While
collision-induced dipoles are weak,’ typically less than
0.01 D, substantial absorption results owing to long path
lengths and high densities.*> The dominating induction
mechanism is the polarization of the collisional partner in
the quadrupolar field of a hydrogen molecule, but lesser
contributions due to higher multipole moments, electron
exchange at close range, and interelectronic correlation at
more distant range are also well known.}

Laboratory measurements of collision-induced absorp-
tion (CIA) spectra of several molecular systems exist.®’
For discriminating comparisons of the spectroscopic mea-
surements with the fundamental theory, and for the
modeling of the absorption of planetary atmospheres,* it
is necessary that accurate profiles of the CIA H,-H, and
H,-He rototranslational spectra are computed over a
range of temperatures from about 50 to 300 K. Line-
shape computations are possible if two functions of the
intermolecular interaction are given, the potential and
induced-dipole functions.® In a previous paper,” the
theory of the collision-induced rototranslational absorp-
tion spectra of systems like H,-He was formulated for an-
isotropic interaction, but numerical computations of such
spectra are known only for the much simpler case of iso-
tropic potentials.>® Spectra thus computed from the fun-
damental theory are in a reasonable, albeit less than per-
fect, agreement with laboratory measurements.’ It is not
clear whether the agreement can be improved if the aniso-
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tropy of the interaction is taken into account. Alterna-
tively, the ab initio dipole data, the measurements, or all
of these may possibly need improvements before one can
rely on the fundamental theory to reproduce these impor-
tant spectra correctly.

It is true that the anisotropic part of the interaction po-
tential of the H,-He system is relatively small and, in the
end, its neglect may perhaps appear justified. However, it
is also clear that for line-shape computations a small vari-
ation of the collision diameter o of an (isotropic) potential
leads to a substantially greater variation of the spectral in-
tensities.>® More specifically, spectral intensities are pro-
portional to the squared dipole moment, I ~ | u(R)|* at
the separations of the spectroscopic interaction which can
be roughly approximated by the collision diameter R ~o.
For quadrupole-induced dipoles, the dipole moment is
proportional to the inverse fourth power of separation,
~R~*% and a variation of the interaction distance of
1%, AR /0~0.01, gives thus an eight-times-greater varia-
tion of the observed intensity, AI /I~—8(AR /o). For
overlap-induced dipoles, on the other hand, which are ex-
ponential functions of the separation y ~exp(—R /p), we
get AI/I~—(20/p)AR /o), and since 20 /p~20 for the
isotropic dipole,” we see that in this case a 1% variation
causes a 20% change of the spectral intensity. The point
we want to make is that it is rather clear that the root of
the anisotropic H,-He potential'®!! varies by ~3.5% as
the molecule is rotated through 180° relative to the inter-
molecular axis. Consequently, intensity variations of indi-
vidual encounters may amount to ~28% for the
quadrupole-induced rotational lines, and even more
(~70%) for the translational component if the molecular
orientations were maintained in the encounter. Albeit one
would expect a considerable fraction of these variations to
cancel in the average, the magnitude of these numbers
amounts to a clear warning that the anisotropy of the po-
tential may have a non-negligible effect on the spectra
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We note that good spectroscopic measurements are uncer-
tain typically by less than 10% and one would like to aim
for an accuracy of the computational results which is even
better ( <5%). Furthermore, the effect of the anisotropy
is to mix the various induced dipole tensor components
which in the isotropic-potential approximation have no
interference. For example, for H,-He the squares of the
two most substantial dipole components’® just mentioned,
isotropic overlap (L =1, A=0) and quadrupolar induc-
tion (L =3, A=2) determine the translational spectrum
and the rotational Sy(0), Sy(1) lines in the isotropic-
potential approximation. These actually couple via the
anisotropy of the potential so that the (1,0)-overlap com-
ponent now affects the rotational line shapes, and vice
versa. As far as we know, the spectroscopic effect of such
coupling has never been described satisfactorily in quanti-
tative terms. The study of the spectroscopic effects of the
anisotropy of the potential appears to be indispensable.

II. THEORY

We employ a distorted-wave approximation which
should model the main effects of the anisotropy reason-
ably closely. The theory will be described in some detail
in a forthcoming paper.!? Here, we mention that we in-
troduce simplifying assumptions, namely, (1) that the an-
isotropic part of the potential is small, and (2) that the
system absorbs radiation in short times, perhaps 10~ sec.

Because small torques acting over long enough times
may produce transitions between states of different angu-
lar momenta, a coupled set of equations has to be solved
to describe the molecular scattering processes which in-
volve relatively long times.!> The assumption of a small
anisotropy by itself does not uncouple the equations.
However, with the short-radiative-time assumption added,
we may expect that during such a short time the torque is
insufficient to change the angular momenta. This gives
rise to a significant simplification of the numerical pro-
cedures. For example, if we estimate the torque 7 experi-
enced by the hydrogen molecule during a radiative col-
lision with a helium atom, assuming the motion is dom-
inated by the isotropic part of the potential, we find that
the integral of the torque, taken from the beginning (¢;) to
the end (¢7) of the collisional interaction,
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is bigger than the quantum of angular momentum (#)
only for high energies and low orbital angular momenta.
[For example, for the Gordon-Shaefer potential,'! at
T =100 K and a kinetic energy of E; =kpT /3, A is less
than # regardless of the value of the angular momentum
VI +1). With E =kgT, A is less than # if [ is
greater than 2, and with E; =3kpT, A is less than # if /is
equal to 5 or greater.] These considerations suggest a
form of the rototranslational wave functions of the col-
lisional system in the center-of-mass frame,
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where E is the total energy, j,/ are the rotational and orbi-
tal angular momenta quantum numbers, J and M are the
total angular momentum and its projection along a fixed
direction, T is the orientation of the molecule, R is the
vector joining the atom with the center of mass of the
molecule, #k?>=2u[E —Byj(j +1)], m is the reduced
mass, By is the rotational constant of the molecule in en-
ergy units, and the Y;/¥ are vector-coupling functions.”!®
If H is the rototranslational Hamiltonian, the equation for
the radial wave functions u (kR) can be derived by impos-
ing
1
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from which we get
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with the matrix element of the interaction potential,
(jl;J |V |jl;T), as defined by Arthurs and Dalgarno.!3
The functions uﬁ are computed from Eq. (4) using nu-
merical procedures (the same as for solving Eq. 12 of Ref.
9). The squared dipole strength |u|? for a transition
from the state (EJjI) to (E'J'j'l') is expressed in terms of
these functions, as
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This expression contains two Clebsch-Gordan coefficients,
a 9-j symbol (curly brackets), and the induced dipole ten-
sor components Ay;(R) defined by Eq. (17) of Ref. 9.
Whereas for isotropic interaction the squared dipole mo-
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ment | |?is given by a sum over the squares of the A,
[see Eq. (16) of Ref. 9], we observe now interference of the
various components A;,. Spectral intensities are comput-
ed by multiplying Eq. (5) by the normalized Boltzmann
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factors of translational and rotational states, PE,, P;, and
summing over all states,

i
and
gyl@)=P; [ "dEPr 3 |l |7, (8)
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with E'=#w+E —#iw;;, where wj; is 2m times the rota-
tional transition frequency of hydrogen, j—j’'. The spec-
tral function g(w) is composed of rotational and transla-
tional profiles, g;(®), similar as previously shown [Eq.
(A6) of Ref. 9]. The rotational lines, g;(w) for j <j’,
peak at the rotational frequencies w;;. The “red wings”
fall off faster than the blue wings, according to the princi-
ple of detailed balance. For j =, several purely transla-
tional components are obtained (j=0,1,2...). Down-
ward transitions (j >j') may be thought of as peaking at
negative frequencies; their positive-frequency parts must
be included in the summation over j,j' if upper states are
sufficiently populated. The absorption coefficient a(w) is
related to the spectral function g(w) as usual; see Eq. (1)
of Ref. 9. We note that the Boltzmann factor P describ-
ing the population of the translational states contains a re-
ciprocal volume ¥ [see Eq. (3) of Ref. 9]. So, if both sides
of Egs. (7) and (8) are multiplied by V, the right-hand side
of Eq. (8) is independent of ¥V and can be numerically
computed from known molecular properties.

III. RESULTS

For the line-shape computation of the rototranslational
CIA spectra of H,-He, we use as before’” Wormer and van
Dijk’s ab initio dipole function'* and Meyer, Hariharan,
and Kutzelnigg’s ab initio interaction potential'® whose
isotropic part has been used in the previous work.” The
sum over L,A in Eq. (6) contains three terms, namely, the
isotropic overlap (L =1, A=0), an anisotropic overlap
(1,2), and the quadrupole-induced component (3,2); higher
terms are negligible.!*

In Fig. 1, we compare the new results with the measure-
ment.” The various contributions are labeled with the ini-
tial and final rotational quantum numbers j,j' involved.
Although we have not done this in Ref. 9, such individual
profiles (j,j') can also be obtained for the case of isotropic
interaction. A comparison shows that these are virtually
not discernible from the new rotational profiles shown in
the figure. Only in the far wings of the rotational profiles
with j=£j’, at frequency shifts of more than +300 cm™!
from the line centers where intensities have fallen off to
just a few percent or less of the peak intensity, we observe
an excess intensity arising from the anisotropic interaction
which amounts to ~4% at +300 cm™!, that is signifi-
cantly more than the numerical noise of the computations
(~1%). Wing intensities exceed their counterparts ob-
tained with isotropic interaction more, the greater the fre-
quency shifts are. We believe that this fact is related to
the admixture of the overlap components (L =1, A=0
and L =1, A=2) to the long-range quadrupolar dipole
components (L =3, A=2). It is well known that short-
range overlap components are associated with much
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FIG. 1. Rototranslational collision-induced spectrum of
hydrogen-helium pairs at 77 K. Individual lines are labeled
with the initial and final rotational quantum numbers jj’ in-
volved. The heavy line gives the superposition of all lines. The
dots reproduce the measurement (Ref. 7).

broader spectral profiles than, for example, the quad-
rupole-induced ones.

The superposition of the five components with j,j’
=0,0; 1,1; 2,2; 0,2; and 1,3 results in a spectrum (heavy
line, Fig. 1) which is practically not discernible from the
previous result over the frequency band shown. (We men-
tion that for this comparison we had to correct a ~15%
error in the L =1, A=0 component of our previous com-
putation® that was based on the isotropic ab initio poten-
tial.'® This correction leads to a better consistency of
line-shape computations based on the two isotropic poten-
tials considered in Ref. 9.)

The temperature dependence of the spectral effects of
the anisotropy could not be investigated in detail, but we
mention that at lower temperatures, the effect of the an-
isotropy might be expected to be greater. A sample calcu-
lation for the temperature of 40 K indicated no significant
departures from the described behavior. Only in the far
wings, the effect of anisotropy was slightly greater, name-
ly, 4.8% versus 3.7% at a shift of + 300 cm™! for the
Jj'=02 line at 40 and 77 K, respectively.

We note that the H,-He system is one of the few molec-
ular pairs which do not form a van der Waals dimer,
H,-He, because of the shallowness of the well. There are,
therefore, no bound-state contributions to the spectra to
be considered.

In conclusion, we note that we have obtained very simi-
lar results as those shown if the empirical Gordon-Shaefer
potential'! is substituted for the ab initio model.'® How-
ever, in that case, the comparison with previous results’ is
unfortunately complicated by the fact that the isotropic
part of the Gordon-Shaefer potential has been modified
and does not exactly agree with Gengenbach and Hahn’s
model'® used previously. The small effects of the aniso-
tropy must be studied with identical isotropic parts.

IV. CONCLUSION

We have obtained the first computations of the roto-
translational CIA spectrum of H,-He which account for



the weak anisotropy of the interaction. The comparison
with a previous calculation based on isotropic interaction
potentials shows no discernible differences over the range
of frequencies of the laboratory measurement. Since the
anisotropy of other H,—rare-gas systems, and of the
H,-H, system, is comparable to that of H,-He, one might
expect similarly negligible effects for the CIA spectra of
these systems near the centers of the rotational lines. The
far wings of the rotational lines are, however, clearly af-
fected by the mixing effect of the anisotropic interaction.
When the wing intensities of the low-temperature roto-
translational CIA spectra of H,-He and H,-H, are to be
modeled closely at frequencies above ~900 cm ™!, the an-
isotropy of the interaction cannot be ignored.

Note added in proof Close-coupling computations of
the H,-He rototranslational absorption spectra at 77 and
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195 K have been obtained by J. Schifer.!® From the plots
we have seen of that rather rigorous work it appears that
the present results are in substantial agreement. We are
grateful to Dr. Schifer for showing us his results prior to
publication.
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