
VOLUME 17, NUMBER 20 PHYSICAL RKVIKW LKTTKRS 14 NOVEMBER 1966

ly 2500 A of aluminum. The aluminized LiF
window of the uv detector was then bombard-
ed directly with the proton beam. In this man-
ner only those Lyman-n photons produced by
de-excited protons in the LiF window could
be detected. Figure 1 shows the Lyman-n pho-
ton counting rate as a function of proton ener-
gy. The cut-off point, corresponding to an en-
ergy of 22 keV, agrees closely with the range-
energy data of Batzner~ for protons in 2500 A

of aluminum.
The attenuation of 50-keV protons in 2500 A

of aluminum was measured to be at least 1000.
This, together with the predetermined over-
all sensitivity of the detector, yielded a min-
imum value for the production efficiency of
10 ' photons/proton. This value is of the or-
der of magnitude of those obtained for surface-
emitted photons (Table I) indicating that the
majority of the observed Lyman-n photons orig-
inated within the target material.

The data were taken at four different angles
of the surface relative to the proton beam as
given in Fig. 2. The decrease in photon inten-
sity with decreasing angles is attributed to a
combination of increased attenuation in the alu-
minum filter and increased scattering.

To establish that the uv radiation observed
in both the two previous experiments was in
fact Lyman a, free of any uv fluorescence with-

in the detector response range, a third exper-
iment was conducted. A one-meter Seya-Na-
mioka vacuum uv scanning spectrometer em-
ploying the tungsten photocathode multiplier
was used to observe the uv radiation from both
the aluminum target and the aluminized LiF
target. In both cases, only the 1216-A line
of Lyman n was observed when protons impinged
on the targets. Figure 3 shows the uv spectrum
scan from the spectrometer. A beam of He+
ions was also directed at the aluminized LiF
target. A uv spectrum scan showed no observed
uv lines within the response range of the tung-
sten photocathode detector.

This phenomenon may find application in mass
analysis by providing a means of mass identi-
fication which is independent of charge-to-mass
ratio; that is, by observation of the character-
istic de-excitation spectra which is unique for
a given ion. Also, it may prove to be a useful
tool in the study of ion-impact phenomenon.
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SPECTRUM OF LIGHT SCATTERED QUASIELASTICALLY FROM A NORMAL LIQUID*

J. B. Lastovkaf and G. B. Benedek
Department of Physics, Center for Materials Science and Engineering, and Spectroscopy Laboratory,

Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 3 October 1966)

We have observed and measured as a function of scattering angle (0.33'( 8( 3') the
spectrum of light scattered quasielastically from entropy fluctuations in a normal fluid
(toluene), using a laser light source and a high-sensitivity optical heterodyne spectome-
ter. The magnitude and angular dependence of the linewidth are in excellent agreement
with the predictions of the Leontovitch-Landau-Placzek theory.

We report measurements of the spectral dis-
tribution of the light scattered quasielastical-
ly from a, normal fluid (toluene) at room tem-
perature and atmospheric pressure. This fea-
ture of the spectrum of light scattered from
thermal fluctuations was first observed by Gross, '
who at the same time detected the Brillouin
components. The latter components are pro-
duced by thermally excited propagating pres-

sure fluctuations (sound waves) while the for-
mer "central" component (sometimes called
the Rayleigh line) is produced by nonpropagat-
ing entropy fluctuations. '

A calculation of the scattered field shows
that the light scattered at an angle 9 from the
incident direction is produced by the spatial
Fourier component of the fluctuations with wave
vector K where K=k~-k0,' ' k~ and k0 are,
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respectively, the wave vectors of the scattered
and incident light. Since the frequency shifts
are small (1 k~ I

= I k01), I K I is given by I Kl
=2lkOI sin —,'9. The spectrum of the central com-
ponent is then determined by the time depen-
dence of the entropy fluctuation with wave vec-
tor K. Using the fact that these fluctuations
decay according to the heat diffusion equation,
Leontovitch' was able to show that this spec-
trum should be Lorentzian with a half-width
at half-height of I" radians, where

I' = (A/pc )K'= [A/pc ][4k 'sin'-,'9].

Here, A is the thermal conductivity, p is the
density, and cp is the specific heat per unit
mass. The quantity (A/pep) is called the ther-
mal diffusivity. A more rigorous derivation
of the spectrum recently obtained by Mountain'
from an exact solution of the linearized hydro-
dynamic equations yields the same result. From
Eq. (1) the central component linewidth goes
to zero in the forward scattering direction and
has its maximum value, I'm~, for backscat-
tering. If we evaluate I'max for a number of
liquids using the room-temperature values of
A, p, and cp, and assume the incident light
to have a wavelength X -6000 A, we find typi-
cally' (I"m~/2n) = 10 Mc/sec. Thus even the
maximum broadening is so small that its ob-
servation requires an instrumental resolution
(v/Av) exceeding 5x107. Furthermore, a study
of the angular dependence of the spectrum of
the scattered light toward the foward direction
requires resolving powers of the order of 10'
to 10' corresponding to linewidths between
10 and 10' cps. This is far beyond the limits
of conventional optical spectroscopy.

To study the spectrum of such narrow lines
it is necessary to employ laser light sources
combined with optical heterodyne' "or self-
beating'"' spectrometers. Alternatively,
one could determine the spectrum, with com-
parable sensitivity and resolving power, by
measuring the statistics of the time distribu-
tion of the photoelectrons emitted when a pho-
tosurface is illuminated with the scattered light. "
The former two spectrometers have in fact"'~'"
been used to study the width of the central com-
ponent in fluids near their critical point. How-
ever, in those experiments the scattering cross
section is 10~ to 10' times greater than that
from a normal fluid.

We have developed for the present study an
optical heterodyne spectrometer using a mul-

timode helium-neon laser (i =6328 A) as a
source and have achieved resolving powers
from 5x10" to 2x10'~. The sensitivity of this
spectrometer is sufficient to detect 10 '~ W
of scattered power. The experimental arrange-
ment is shown in Fig. 1. The sample of liquid,
contained in a Brewster's angle cell, is locat-
ed inside the laser cavity. In the absence of
the sample the power in the laser cavity was
typically 1 W. Insertion of the Brewster's an-
gle sample cell, however, produced sufficient
loss through the thermal lens effect" that the
incident power was typically 50 mW. Light
scattered away from the incident direction is
collected and passed through an aperture which
defines the angle e. The position of the aper-
ture was fixed by deflecting part of the incident
laser beam by the desired angle using the De-
bye-Sears effect. '8 The angle of deflection, and
hence 9, was determined to within +0.002 by
measuring the frequency of the sound waves
temporarily injected for this purpose. Also
passing through the aperture is light elastical-
ly scattered from "dust" or imperfections on
the cell windows. This light at frequency +„
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FIG. 1. A schematic representation of the optical
heterodyne spectrometer used to study the spectrum
of light scattered from toluene. The Brewster's angle
sample cell is located inside the l.aser cavity formed
by mirrors M& and M2. Shown at the output is a typical
photocurrent power spectrum, Sz(v}, obtained at a scat-
tering angle, e, of about 2, and with a wave-analyzer
resolution of 300 cps. The heavy dots represent a fit
to a Lorentzian of half-width 3374+ 75 cps, plus a con-
stant due to the shot noise.

1040



VoLUME 17, NUMBER 20 PHYSICAL REVIEW LETTERS 14 NovEMBER 1966

which is generally -1000 times as intense as
the quasielastically scattered light, is used
as the "local oscillator" of the spectrometer.
Mixing between the signal and this local oscil-
lator takes place on the surface of an RCA-7326
photomultiplier tube. For small-angle scatter-
ing and an aperture size of about one coherence
area in the scattered field, the depth of field
of the aperture-source system is such that
the two wave fronts are accurately collinear
over the photosurface, resulting in high mix-
ing efficiency. The resulting photocurrent,
i(t), thus contains beat notes (b. ~) between all
the spectral components of the two fields. In
fact, we may show that the power spectrum
of the photocurrent, Sf (b. ru), is related to the
local oscillator power, PI 0, the power in the
scattered light, PS, and the normalized pow-
er spectrum of the scattered field, SE(~0+A~),
by

S.4~) P~OPSSE h ~).

The power spe ctrum of the photo current is
thus identical with the power spectrum of the
scattered light except that Sf(d&u) is centered
at &u =0 rather than v =no. S, (du&) also contains
a frequency-independent contribution from the
shot noise in the photocurrent. This shift of
the center frequency is produced by the hetero-
dyning process. The spectrum of the current
is examined using a wave analyzer; a Gener-
al Radio Model 1900 A was used for linewidths
less than 2500 cps, and a Hewlett-Packard
Model 310 A was used for larger widths. The
output of both analyzers is a dc signal propor-
tional to the root-mean-square photocurrent
present in a small range of frequencies (the
analyzer bandwidth) around the center frequen-
cy to which the analyzer is tuned. In order to
obtain a signal proportional to the power spec-
trum of the scattered light, we square this dc
signal prior to recording.

Using this spectrometer we have determined
the spectrum of the central component in tol-
uene liquid at room temperature and atmospher-
ic pressure in the range 0.33'(9 (3'. The
spectrum in this range was found to be accu-
rately Lorentzian with a half-width at half-height
(1/2m) varying from 75 to 7500 cps. A typical
spectrum and a least-squares fit to a Lorentz-
ian plus a constant (the shot-noise part) is
shown in Fig. 1. At each angle the half-width
can be established to between 1 and 12%.

In Fig. 2 we show the results for the linewidth
plotted versus K'. The narrowest line (I'/2~
=75 cps) observed at 9=0.33' corresponds to
scattering from an entropy fluctuation with a
wavelength Xf —= 0.1 mm, while for 9 = 3' (1/
2m =—7500 cps) we have Af = 0.01 mm. All mea-
surements were taken with an acceptance an-
gle 59 such that 59/9(0. 1. Each datum point
has been corrected to T = 20.0'C using the known

temperature dependences of A, p, c&, and the
index of refraction. These data accurately fol-
low the K' dependence, as predicted by Eq. (1),
over a range of two orders of magnitude in K'.

The slope of the best straight-line fit to the
data, as shown in Fig. 2, gives

(-,'m)(A/pc ) = (1.38+ 0.04) x10 ' cm'/sec.
p exptl.

Conventional (K = 0) thermodynamic measure-
ments of the parameters entering into Eq. (1)
give p = 0.8669 g/cc, "c~ = (1.6725 + 0.016) J/g, "
and A = (1.38 + 0.07) mW/cm 'C,"from which
we compute

(sm)(A/pc ) . =(1.52+0.09)x10 ' cm'/sec,
p static
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FIG. 2. Measurements of the half-width at half-
height (I'/2m) of the power spectrum of the light scat-
tered quasielastically from toluene as a function of K2,
the square of the magnitude of the scattering vector.
Each datum point has been corrected to T = 20.0'C.
The straight line demonstrates that the linewidth is ac-
curately proportional to X2.
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which is in satisfactory agreement with our
result, . In addition, an ultrahigh-resolution
optical measurement by Greytak of the line-
width in the backward direction (K= 2.94x 10'
cm ', where Xf=2x10 mm) gives a ha. lf-
width of 10.5+ 2 Mc/sec. Extrapolation of our
low-K measurements to this value of K gives
a width of 12.00+ 0.35 Mc/sec.

These results (1) demonstrate that the Leon-
tovitch-I andau-Placzek theory is correct for
this liquid, i.e. , that the heat-flow equation
accurately describes both the temporal and
spatial behavior of entropy fluctuations whose
wavelengths range from xy= 0.1 mm to af =—2

x10 ' mm; (2) support the recent application
of this theory to the interpretation of the spec-
trum of light scattered from fluids near the
gas-liquid critical point' ' '"; and (3) show
that the spectrum of the quasielastic scatter-
ing provides a sensitive and accurate means
of measuring the thermal diffusivity, not at
infinite wavelength, as is the case in conven-
tional measurements, but for finite wavelength.
This enables a study of fluids whose thermal
diffusivity may be a function of the wavelength22

or the frequency" of the thermal fluctuation.
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