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The electric dipole moment of HD in its ground vibrational and electronic state has
been obtained from the intensity of the pure rotational spectrum. Its value is (5.85

+0.17)x10~¢ D.

A free molecule of HD is known to possess
a weak, vibrating electric dipole moment in
the ground electronic state because it exhib-
its a rotation-vibration spectrum which obeys
the selection rule AJ=+1.! This may be ex-
plained as follows': The center of positive
charge oscillates along the axis of the mole-
cule during a molecular vibration because the
excursions of the proton are greater than those
of the deuteron; since the electrons do not fol-
low exactly the motion of the positive charge,
a weak, vibrating dipole moment results. A
permanent dipole moment u, may be expect-
ed as a result of this mechanism when anhar-
monicity of the nuclear vibrations is taken in-
to account, and two calculations of u, have ap-
peared in the literature. Blinder,? using sec-
ond-order perturbation theory and relatively
simple wave functions, obtained the value u,
=5.67x107* D, and Kotos and Wolniewicz,3
using the complete four-particle Hamiltonian,
found p,=1.54x10"%D. Up to the present,
however, there has been no experimental val-
ue with which to compare these results.

We have recently investigated the far-infra-

red spectrum of compressed HD, as part of

a general study of pressure-induced transla-
tional-rotational absorption spectra of gases.*
The absorption coefficient® of HD is plotted
over a wide frequency range in Fig. 1, and a
detail of one of the sharp features of the spec-
trum is shown in Fig. 2. The most prominent
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FIG. 1. The rotational spectrum of gaseous HD at
295°K and a density of 57 amagat (dot-dashed line),
and at 77.3°K and density of 100 amagat (solid line;
use right-hand scale).

703



VoLuME 20, NUMBER 14

PHYSICAL REVIEW LETTERS

1 ApriL 1968

!.oor—
x4

+84 AMAGAT
0.80

060+

040

0.20—

ABSORPTION COEFFICIENT (AMAGAT “feM™)

| 1
75 180 185
FREQUENCY (CM™")

FIG. 2. The line R(1) at 295°K at three different den-
sities.

feature of the spectrum in Fig. 1 is a quasicon-
tinuum, expected on the basis of results in hy-
drogen,* which is identified as the collision-
induced rotational spectrum obeying the selec-
tion rule AJ=2. This part of the spectrum,
denoted by S(J), arises from transient electric
dipole moments induced in pairs of closely
colliding molecules and is not of interest here.
The remaining features, indicated by R(J),
may be identified on the basis of frequency as
pure rotational transitions in single molecules
according to the selection rule AJ=1. Support-
ing evidence for this identification is supplied
by the fact that the width of the lines is com-
paratively small, implying that they arise from
a permanent dipole moment. The finite width
of the lines, which increases with the density,
as is evident from Fig. 2, and which decreas-
es with temperature, as is evident from Fig. 1,
may be ascribed to normal pressure broaden-
ing. As may be seen from Table I, there is

a small difference, which increases with J
value, between the observed frequency o, and
the frequency og obtained from the Raman ef-
fect of the low-pressure gas®; this difference,
which is presumably a pressure shift, is in-
dependent of the density over the range stud-
ied.

A significant consequence of the indentifica-
tion of these features as the pure rotational
spectrum is that from their intensity may be
deduced an experimental value for the perma-
nent electric dipole moment of HD. The inte-
grated absorption coefficient of each R line
was obtained from graphs similar to those of
Fig. 2 in which the quasicontinuum was extend-
ed smoothly underneath the sharp feature; the
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Table I. Rotational lines of HD.

Line o OR n  Areax10? pgx 104
R(0) 89.36 89.23 3 1.53 5.42
R(1) 178.21 177.84 7 0.96 5.52
R(2) 265.64 265.19 4 1.37 6.18
R(3) 351.42 350.72 4 0.78 6.41

continuum was then subtracted from the observed
profile and the area of the remaining sharp
peak was evaluated. These areas were inde-
pendent of the density within experimental er-
ror; this is consistent with the interpretation
of the R lines as arising from transitions in
single molecules. The results of a number

n of experiments were consequently averaged
and appear in Table I. The magnitude of the
electric dipole moment may now be calculat-
ed from the theoretical formula written below.
The integrated absorption coefficient of a gas
of rigid rotators making transitions from the
state |J) to the state {J+1) equals

f lineA (0)do
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where ¢, is the central frequency of the line,
N, is Loschmidt’s number, @ is the state sum,
E, is the energy of the lower state, and E, is
the energy of the upper state. For each exper-
iment a value of p, was obtained from the in-
tensity of a given R line; the experimental val-
ues were subsequently averaged giving the re-
sults shown in Table I. The dipole moment
appears to depend on J value, but the rather
large scatter in the areas of the R lines from
experiment to experiment makes it difficult
to assert this conclusively. We have consequent-
ly averaged all our determinations of pu, to
yield Ty=(5.85+0.17)x107* D. The quoted
error is the rms deviation of all our observa-
tions (18 in number) from the mean.

The mean dipole moment is very close to
the result of Blinder,? but is only about one-
third of the result of the more elaborate, and
presumably more precise, calculation of Ko-
tos and Wolniewicz.? It should be noted, how-
ever, that the theoretical calculations are car-
ried out in a reference frame attached to the
nuclei and apply to the case J=0 only.” The
large discrepancy between the measured dipole
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moment and the dipole moment calculated in
the frame of the molecule implies that the lat-
ter is strongly dependent on J value. This be-
ing the case, it is clear that a comparison be-
tween theory and experiment can be made on-
ly if the matrix elements of the dipole moment
operator between states of different J in the
laboratory frame are calculated.

It would seem relevant to point out here the
importance to astronomy of the fact that HD
has a comparatively strong rotational spectrum.
This permits, in principle, the detection of
small amounts of HD, present, for example,
in hydrogen clouds. This is in contrast to hydro-
gen itself, which exhibits only the very weak qua-
drupole spectrum in the infrared, and is hence
difficult to detect. It would consequently be rea-
sonable to include in a program of far-infrared
astronomy a search for the R(0) and R(1) lines
of HD. Such a program would naturally have
to be carried out at high altitude to avoid ab-
sorption by water vapor in the lower atmosphere.
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A polarized negative muon is known to depo-
larize strongly in the process of forming a mu-
onic atom in the ground state. Several calcu-
lations!™3 have been made in which this effect
is treated as the net result of successive spin-
orbit interactions encountered in the muonic
cascade. Barring further magnetic mechanisms
in the muonic ground state,* the muon’s polar-
ization at time of decay is predicted to be P
~ 4 that of its precascade magnitude. Preces-
sion measurements of p-e decay asymmetry
involving spin I=0 elements have, in general,
confirmed this value, the chief exception oc-
curring in helium. Agreement with theory has
been reported for C, H,0, Mg, Si, S, Zn, Cd,
and Pb, as well as the hydrocarbons of paraf-
fin and polyethylene, and the hydrides of Mg
and Pd.578

In this Letter we report p-e asymmetry re-
sults for the elements C and Mg, and the fol-
lowing hydrogenous materials: H,O, C,H, (tol-
uene and polyvinyltoluene), and CH, (paraffin
and polyethylene). In contrast to the metals,
measurements in each of the insulators dem-

onstrated about one-half the free u~ preces-
sion signal anticipated on the basis of the spin-
orbit process alone. We feel that this effect,
which was not observed in previous experiments
for water, paraffin, and polyethylene,5” might
give evidence of an additional depolarization
mechanism in certain insulators. Systematic
effects in our experimental method were ana-
lyzed, but none was capable of resolving this
disagreement.

Other insulators studied by us were (i) lig-
uid O, which totally depolarized the negative
muon, as one might expect of a strong paramag-
netic medium, and (ii) liquid He which, lack-
ing such an apparent mechanism, nevertheless,
caused similar polarization loss as previous-
ly observed.®1° A second phase to the exper-
iment involved an attempt in helium and a few
of the hydrocarbons to obtain direct precession-
al evidence for the muon—unpaired-electron
spin-spin coupling of Ref. 4.

The precession of longitudinally polarized
muons in a transverse magnetic field leads to
the following modification in the time dependence
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