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We report measurements of the spectrum
of light scattered off a liquid surface by ther-
mally excited surface modes of vibration. The
quanta of these have been referred to as rip--
plons. ' For underdamped surface vibrations,
the scattering process can be regarded as a
photon-ripplon collision, in which energy and
the component of momentum along the liquid
surface are conserved. Energy conservation
implies that the scattered light spectrum is
a doublet of frequency 0,+ ~, where 00 and co

are the frequencies of the incident light and
the ripplon. If this spectrum is observed in
a direction (8, y) below the surface, conserva-
tion of momentum implies that the wavelength
A of the observed ripplon is given' by

A = g/n)(sin 8+ sin~8o-2 sin8 sin8O cosy)

where n is the index of refraction, ~ is the free-
space light wavelength, and 8, is the polar an-
gle of the light beam incident from below the
surface. The surface vibrations are damped
by viscosity, and the shape of the lines of the
doublet is Lorentzian, with a half-intensity
width A~ =2/T, where T can be considered the
ripplon lifetime. By spectral analysis of the
scattered light at different values of the angles
(8„8,qr), we can determine the ripplon frequen-
cy ~ and lifetime z as functions of the wave-
length A. Note, however, that considerable
instrumental resolution is required, since the
rtpplon frequency &u/2v is usually less than
20 MHz.

In an earlier paper' we described a spectral
analysis of the scattered light from surface
vibrations of wavelength A= 1.2X/n by means
of a Fabry-Perot interferometer. The doublet.
could not be resolved, however, and only an
over-all line broadening was found. We now

report results in which the scattered light spec-
trum has been resolved by means of optical
heterodyne spectroscopy. ~' These results un-
ambiguously demonstrate scattering from ther-
mal ripplons and permit the determination of
the ripplon dispersion relation. Specific data
are presented for methanol at wavelengths A

between approximately (1.84 and 3.68) X10 ' cm.
The experimental arrangement is as follows. '

Light from an argon ion laser, operating in
the principal transverse mode at 4880 A at a
power of -5 mW, is totally reflected from the
liquid surface. The surface scattered light
is collimated and recombined with a portion
of the incident laser light at a beam splitter,
and the combined beams are directed onto a
photomultiplier. The resulting photocurrent,
containing the difference frequencies between
the two light beams, is filtered with an ultra-
sonic spectrum analyzer. To make the output
of this analyzer proportional to the scattered-
light spectrum (down-shifted by an amount 9,),
a square-law detector (bolometer) is used at
the i.f. output of the analyzer. To improve the
signax-to-noise ratio, the scattered light is
chopped before reaching the beam splitter,
and the chopped output of the spectrum analyz-
er is fed to a synchronous detector and recorded.

Bather than attempt a direct measurement
of the scattering angles, we found it convenient
to calibrate the system by aligning the optics
to the scattering from an artifically created
surface wave of known wavelength. This sur-
face wave was produced by a sound wave launched
by an ultrasonic transducer (50-100 MHz) and
reflected at the surface. If the wavelength of
the sound wave is X~ and the angle of incidence
is 6, the wavelength of the corresponding sur-
face wave is A.s/sin8s.

Figure 1 shows recorded spectra of light scat-
tered from thermal surface vibrations on meth-
anol at three different wavelengths. The increase
in frequency of vibration with decreasing wave-
length is quite apparent, as well as the increase
in spectral linewidth, thereby demonstrating
a decrease in ripplon lifetime with frequency.
It is interesting to compare these results with
the predictions of the classical theory of sur-
face vibrations from which we have w/2v = (2~a/
pA~) ~~, r =pA /8m p.S~, where v is the surface
tension, p. is the shear viscosity, p is the densi-
ty of the liquid, and S~ is a quantity that appears
in the numerical solution of the dispersion re-
lation. Using the static values for methanol
at 25'C, @=21 erg cm ' and p. =5.50x10 ' P,
we obtain the values of u/2m and b, ~/2v shown
by the arrows and brackets in Fig. 1. As can
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the classical dispersion relation and static val-
ues of 0 and p, can be applied in the surface
wavelength region considered here. A detailed
discussion of experimental results in metha-
nol and other liquids will be presented elsewhere.
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be seen, these values are in reasonably good
agreement with the experimental values, and
it appears that for this liquid (methanol at 25'C)

FIG. 1. Experimental spectra of light scattered from
thermal surface vibrations on a liquid (methanol at
25'C) at three different surface wavelengths: (a) A
= 92K/n, (b) A= 77'/n, and (c) A=47K, /n, where &

=4880 A and n = 1.33. The arrows and brackets indi-
cate the frequencies and linewidths calculated from
classical theory of surface vibrations, with static val-
ues of surface tension and viscosity used. The instru-
mental bandwidth, including aperture broadening, is
estimated to be 3.4 kHz, which is also indicated.
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We report a method for determining the rate of diffusion of exchange energy in solid
Hes. Over the temperature range 0.05-0.12'K, we obtain a temperature-independent
diffusion constant D@= (0.75 +0.15)Ja, where a is the nearest-neighbor distance and J
the exchange integral.

We report what we believe to be the first
measurement of spatial diffusion of exchange
energy in a paramagnet far above the magnet-
ic transition temperature. The diffusion con-
stant DE, which is expected to be independent
of temperature' and proportional to the exchange
constant J, has been measured in the bcc phase
of solid He' using a new nmr technique. The
experiment depended on the fact that the Zee-
man system' (created by an external static
magnetic field H, ) was in good thermal contact
with the exchange system.

The constant DE is to be distinguished from
the Zeeman diffusion constant Dz, which in

He~ was first determined by Reich' and has
since been measured systematically by Thomp-
son, Hunt, and Meyer. Zeeman diffusion is
a process wherein a temperature-independent
transport of Zeeman energy results from the
exchange mechanism and can be measured us-
ing well-known nmr techniques. ' This differs
from the present experiment since we deter-
mine the rate at which the total spin energy
diffuses because of the exchange mechanism.
The determination leads then to DE.

The principle of the measurement is to heat
the spin system locally and then watch this en-
ergy diffuse through the solid. In addition to
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