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magnetic shielding tensor. While CH4 is partic-
ularly suited to this technique, it can be applied
to other tetrahedral molecules, such as CD4 and

SiH4, where 60D ~» cd.
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High-resolution neutron-scattering measurements have been made of long-wavelength-
phonon energies ~ in liquid helium at 1.1'K as a function of wave vector Q. The results
are approximately described by cu =cg(l-yh Q -55 Q ), with y very small (&2 x10 g
cm sec ) and &=(2.4 + 0.2)x10 g cm sec .

Inelastic neutron-scattering measurements of
the energies @co of long-wavelength phonons in
liquid helium at 1.1'K have been carried out for

0
wave vectors Q ~ 0.2 A ' (phonon momentum

P =hQ). The results show that the phonon veloc-
ity exhibits remarkably little dispersion for Q

0
& 0.5 A ', that the term in Q' in the expression
for the phonon energies is very sma11, and that
the term in Q' represents a more accurate de-
scription of the observed dispersion. This re-
sult has important consequences for the calcula-
tion of other properties of liquid helium such as
the ultrasonic attenuation at low temperatures.

It may possibly help to resolve the present dis-
crepancy between such calculations and the ob-
served' attenuation. The intensities of the one-
phonon neutron groups are linear in Q and, with-
in the limits of the experimental accuracy, ex-
haust the f sum rule for Q &0.3 A t, but not
for larger wave vectors.

If the long-wavelength —phonon energies are
given by the expression

k, e -=h(u = cp (I-yp' 5p'+ ~ ~ ~)—
=hcQ(1 —yS Q —5h Q + . ),
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where kB is the Boltzmann constant and c is the
velocity of sound, the value of y from these mea-
surements has an upper limit of 2&10"g

' cm
sec' and may well be much lower. Estimates"
of y have ranged from &2&&10" to 3~10 ' but no
direct measurements of it have been reported
previously. The value of 0 obtained from these
measurements is (2.4 + 0.2) x 10"g

4 cm ' sec'.
The measurements were carried out using a

triple-axis crystal spectrometer' and a rotating-
crystal spectrometer" at Chalk River. The
triple-axis spectrometer was operated in its
constant I@I mode of operation with variable in-
cident energy. The (111)planes of germanium
single crystals were used for both the monochro-
mator and analyzer, with the analyzer set to re-
flect neutrons with a wavelength of 4.06 A, so
that higher-order contaminant neutrons could be
suppressed by a beryllium filter. The half width
at half-maximum height of the incoherent elastic
scattering from vanadium corresponded to an
energy of 0.75 K. The rotating-crystal spectro-
meter was used with the (111) planes of an alu-
minum monochromator to give an incident wave-
length of 3.71 A. In this case also, the half width
of the vanadium peak was 0.75'K.

The results are shown in Fig. 1 where the pho-
non velocity (u/Q) is plotted against Q and Q».

The results of the two sets of measurements are
clearly in good agreement with one another. For
values of Q' up to 0.25 A ', the results show no
dispersion within the experimental uncertainty in
the measurements. In this region there is a ten-
dency for the results to lie above the velocity
given by conventional velocity of sound measure-
ments' but we do not believe that this difference
is significant. A very small difference, «1%,
is expected because the ultrasonic measure-
ments are made in the collision-dominated or
~w«1 regime (& is the relaxation time of a,

thermal phonon), while the neutron-scattering
measurements are made in the collisionless or
cu 7» 1 regime.

The principal source of systematic errors in
the measurements arises from the finite resolu-
tion of the spectrometers which increases the
effective value of the momentum transfer for the
smallest wave vectors above that determined by
the mean values of the angular settings. Correc-
tions based on the calculated size of this effect
were made in plotting the points shown in Fig. 1.
A few measurements were also made with the
vertical divergence of the triple-axis crystal
spectrometer reduced from 3' to 1.5' and these

~ 280—

E o

240lr „
I-
O
O
~ 200—

I
'

I

I

02
I i I, I

0.4 O.6 O.8
g ( A- )

I.O

280—

E~ 240~~

p

0200—
LID

I

0.2
I I I

080 0.4
o' ()I-')

FIG. 1. Measurements of the velocity of phonons in
liquid helium as a function of Q (upper figure) and Q
gower figure) at 1.3.. 'K. The results obtained with the
triple-axis spectrometer are shown by solid circles
and have smaller errors than those obtained with the
rotating-crystal spectrometer shown by open circles.
The ultrasonic measurements (Ref. 7) are shown by a
filled square.

supported our calculations of the size of this
effect. Despite these precautions a large part
of the uncertainty in the velocity arises from
uncertainty in this correction. The errors as-
signed to the rotating-crystal spectrometer mea-
surements are twice as large as those of the
triple-axis crystal spectrometer measurements
at low momentum largely because the vertical
divergence in these measurements was 6'.

The results of Fig. 1 give a value of y= (0+ 2)
x10" g

' cm ' sec'. The curve of ~/Q vs Q',
on the other hand, is nearly linear over a wide
range of Q4 and yields a, value of 5 = (2.4+ 0.2)
&&10" g cm ' sec . This result. is significant
because of its implication for calculations of
phonon-phonon interactions and hence the trans-
port properties which depend crucially on these
interactions, such as the propagation of sound,
thermal conductivity, viscosity, etc. , particu-
larly at low temperatures. For example, the ul-
trasonic attenuation at frequency co is given by'

a(~) =AT'[tan '(&u ~) —tan '(P~)],
where A is a constant. . If y=0 and the quintic
term dominates the dispersion, then 7 is propor-
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measurements at large momentum transfers
where the total scattering function S(Q) is unity.
The straight line through the origin is the theo-
retical limit of S(Q) as Q —0. This line and the
more accurate triple-axis measurements agree
for Q (0.3 A '. The first moment of the scat-
tering function S(Q, ~) is given by'

fuS(Q, u)d&u = AQ'/21M',

0.05

I

0.2
I

0.4 0.6
(A )

0.8
I

I.O

FIG. 2. Measurements of the contribution of the one-
phonori scattering to the structure factor S(Q) at 1.1 K.
The results obtained with the triple-axis spectrometer
are shown by solid circles and have smaller errors
than those obtained with the rotating-crystal spectro-
meter shown by open circles. The solid line at low Q
is the theoretical limit for S (Q) at O'K.

where Mis the mass of the helium atom. If the
velocity of the phonons is a constant (which is

0
approximately the case for Q (0.5 A '), then de-
partures from linearity in Q for the one-phonon
neutron cross section must be accompanied by
additional scattering. This additional scattering
has been observed and the results are in good
agreement with the above predictions as we plan
to describe in detail in a more comprehensive
paper on neutron scattering from liquid helium.

We wish to thank R. Campbell and E. A. Glaser
for very valuable technical assistance.

tional to T ' rather than to the T ' found' for a
finite y. Similarly P =-525(h~/c) T instead of

(8(d/c) T where h&u = 3kB T. In the absence of
the cubic term, P is inversely proportional to
temperature in agreement with the findings of
Abraham et al. ' although its magnitude is too
small by a factor -50. The agreement with the
temperature dependence does, however, show
that these results may be an aid to understanding
at least some of the previously unexplained re-
sults on the ultrasonic properties of liquid heli-
um.

The integrated intensities of the one-phonon
neutron groups are shown in Fig. 2. The abso-
lute intensity of the scattering was deduced from
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Previous investigators have reported the existence, at certain values of the drift veloc-
ity, of discontinuities in the mobility of positive and negative ions in superfluid helium.
A different experimental technique gives results which seem to indicate that such discon-
tinuities are probably spurious.

The study of positive and negative ion complex-
es in superfluid helium has over the last decade
yielded a variety of interesting results. Perhaps
the simplest thing one can do in this area is to
measure the equilibrium drift velocity vz of such

ions under the action of a uniform electric field
E. Such experiments have given a great deal of
information on the nature of the ion complexes
and on their interaction with the normal-fluid ex-
citations.
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