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LIGHT SCATTERING FROM THE LIQUID-VAPOR INTERFACE
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This paper presents light scattering spectra from the liquid—-vapor interfaces of water and
ethanol. Both quasi-elastic (Rayleigh) scattering and inelastic (Brillouin) scattering from fluctua-
tions at the interface are observed. The spectra were obtained using a novel Fourier transform
heterodyne technique that allows one to resolve the full Rayleigh—Brillouin triplet. Capillary waves
travelling in opposite directions can therefore be separated, making the present technique suitable
for studying nonequilibrium effects in interfaces.

1. Introduction

The macroscopic behavior of an interface between bulk phases has been
studied extensively both experimentally and theoretically for a considerable
time' ™). Most of the work treats the interface away from the critical point as a
discontinuous step-like transition between two bulk phases. More recently,
however, several theoretical papers have appeared that analyze the hydro-
dynamic behavior of an interface by including some surface structure’ ). For
example, Bedeaux and Oppenheim®) derived a phenomenological correction to
the dispersion relation for surface waves on a fluid. They also predicted a
broadening of the Rayleigh peak due to a new purely damped nonpropagating
surface mode.

At the same time, there has been growing interest in the behavior of fluids in
nonequilibrium states®*). Linear-response theory'’), fluctuation theory''), and
kinetic theorylz) have been applied to the description of uniform fluids out of
equilibrium. A predicted asymmetry in the heights of the two Brillouin peaks
of light scattered from a fluid subject to a small temperature gradient was
experimentally verified”"'*). The asymmetry is a result of broken time-reversal
symmetry. An analogous asymmetry in the intensities of the Brillouin peaks
has been derived recently for a planar liquid surface in the presence of a small
temperature gradient'”'®). Light scattering from bulk nonequilibrium liquids
presents considerable experimental difficulty, since the nonequilibrium state
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generally results in a nonuniformity in index of refraction. This problem does
not occur in light scattering from a liquid—vapor interface.

To observe the low-frequency spectra of fluctuations on liquid-vapor inter-
faces a high spectral resolution is required. By detecting the beating signal
between the scattered laser light and a “local oscillator” field derived from the
same laser, resolving powers of 10'* have been obtained. This light-beating
technique'’) has been used from the early days of the laser to study light
scattering from thermally excited fluctuations (capillary waves) on liquid
surfaces'®'®). The dispersion of capillary waves was measured to determine
surface tension and shear viscosity”’). These techniques were later applied to
study the behavior of the liquid—vapor interface near the critical point’' %),
Light-beating spectroscopy has also been used to study quasi-elastic Rayleigh
scattering from bulk liquids***?)

In this paper we present recent measurements of the spectrum of light
scattered by a liquid—vapor interface. The following section briefly reviews the
relevant theory of hydrodynamic surface modes that contribute to the scatter-
ing of incident laser light. Section 3 discusses a novel approach to light-beating
spectroscopy involving a direct fast Fourier transform of the detector signal
(Fourier transform heterodyne spectroscopy), which is more convenient than
the conventional techniques using a spectrum analyzer or autocorrelator. When
the local oscillator is frequency-shifted, the full Rayleigh—Brillouin triplet can
be resolved, with a directional separation of the Brillouin doublet. Sections 4
and 5 discuss the experiment, and in section 6 we present the first results of a
preliminary analysis of some of our data. In the final section we summarize the
experimental results and present an outline of the experimental work in
progress.

2. Spectrum of hydrodynamic interfacial modes

The description of light scattering from bulk fluids is generally well under-
stood. Many articles and books on this subject have appeared’®), and most
aspects have been experimentally verified. In general, for a given optical
geometry, the spectrum of light scattered from a fluid consists of three
Lorentzian lines: a central, unshifted Rayleigh peak, and two symmetrically
shifted side peaks (Brillouin peaks). The former is due to nonpropagating
entropy fluctuations, the latter to propagating density fluctuations. The
theoretical analysis of light scattering from an interface®”’) is more compli-
cated than that from a bulk phase, mainly due to the lower symmetry of the
system. A second complication arises from the description of the interface
itself. Most analyses consider a step-like transition between the two phases. It
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is well known, however, that the actual interface is diffuse, with a thickness on
the order of a nanometer (away from the critical region). Several recent papers
deal with this specific problem by separating the system into two bulk phases,
liquid and vapor, and an “interface”, i.e. an inhomogeneous layer of a certain
thickness that separates the two phases. Even though the detailed results of the
analyses depend on the model used for the interface, the basic features may be
obtained from the linearized hydrodynamic equations and a proper set of
boundary conditions. In what follows we present a brief discussion of the
features that are relevant for this paper.

Consider a light wave of frequency w and wavevector k, incident on the
interface between two phases, as in fig. 1. For a perfectly flat boundary
between two phases with different indices of refraction, the light beam will be
specularly reflected and refracted according to Snell’s law. Fluctuations in the
interface, however, also cause both elastic and inelastic scattering. Let us write
the total entropy, Sy, of a one-component liquid—vapor system as

ST=JSVdr+fS‘dr+Js‘dr, (2.1)
v vi vt

with S the entropy density, and V the volume; the superscripts v, € and i
denote vapor, liquid, and interface, respectively. In this form there are
contributions to the total entropy fluctuations, 8S, from fluctuations 85", 85",
and 8S°¢, and from fluctuations in the position of the interface around its
equilibrium position, which enter expression (2.1) through the boundaries of

. \k+qc,a)+a)C

9.

Fig. 1. Optical geometry for measuring spectra from liquid-vapor interfaces. An incident light
wave with wavevector k, and frequency o strikes the surface under an incidence angle 6,, and
scatters from a capillary wave with wavevector ¢, and frequency w,. The scattering angle « of the
inelastically scattered light determines ¢, by the phase-matching condition. Behind the pinhole the
spectrum consists of a central Rayleigh peak at w, and for the capillary wave shown, a single
Brillouin peak at w + w,.
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the volume integrations. Position fluctuations are characteristic for a system
with an interface, and include surface waves such as capillary and gravity
waves. Both the position fluctuations, as well as the entropy fluctuations
produce propagating and nonpropagating modes that in turn cause inelastic
and quasi-elastic scattering. Because the thickness of the interface is much
smaller than the wavelength of the light, position fluctuations dominate in the
scattering of the light from an interface.

Quasi-elastic scattering. Just as in the bulk, nonpropagating, purely damped
modes cause Rayleigh scattering in all directions. The scattered light is
broadened by the damping of the fluctuations. So far, nonpropagating surface
modes have been studied only theoretically. According to ref. 6 a dispersion
relation for these modes is

o =i+ (') (22)

where wy is the frequency mode, B a coefficient of sliding friction between the
two phases, 7 the shear viscosity and p the density. Note that the wavevector
does not enter this expression. The broadening of the Rayleigh scattering is
determined by B and the product of viscosity and density for each of the
phases. One therefore expects large differences between liquid-liquid and
liquid—vapor interfaces.

Inelastic scattering. The propagating surface modes correspond to gravity waves
for long wavelength and capillary waves for small wavelength. The dispersion
relation for these waves, which can be obtained from classical hydrodynamic
theory®”, is

w, = [gq + a_qS/pC]l/Z + 2lq2n(/p£ , (23)

with g the acceleration due to gravity, o the surface tension, and g the
wavevector of the surface wave. First order corrections to this relation were
obtained by considering interfacial structure®).

In this work we are mainly dealing with the short wavelength capillary
waves. For a capillary wave with wavevector ¢, and frequency w_, as in fig. 1,
inelastic light scattering will occur in two directions. The scattering angle « is
determined by energy and momentum conservation, k'=k+* ¢, and o'=
w * w,, with k" and o’ the wavevector and frequency of the scattered light. For
the situation illustrated in fig. 1, with capillary waves propagating in one
direction only, the spectrum at an angle « below the specular reflection will
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consist of a single Brillouin peak at w + w_. In equilibrium, however, there are
an equal number of capillary waves propagating in opposite directions, so that
the spectrum in any given direction will show two symmetric Brillouin peaks
around a central unshifted Rayleigh peak.

Recently, the spectral density of capillary waves in nonequilibrium was
obtained from standard linearized hydrodynamics, by introducing random
fluctuations of the stress tensor' '®). It was shown that if there is a small
temperature gradient along a liquid-vapor interface, the Brillouin spectrum
becomes asymmetric. This occurs since there are no longer equal number of
capillary waves travelling in opposite directions. By separating the two Bril-
louin peaks in the spectrum of light scattered from a nonequilibrium liquid-
vapor interface one could therefore study the nonequilibrium dynamics of a
liquid without the difficulties encountered in bulk liquids'*').

3. Optical correlations and hydrodynamic fluctuations

In this section we shall describe the relationship between the detected signal
and the hydrodynamic fluctuations and briefly discuss the Fourier transform
heterodyne technique. Let the light field be described by E(¢). The quantity
detected in an experiment is the intensity

() = % E*(0)E@) (3.1)

with ¢ the speed of light and &, the dielectric constant. The time dependence of
the intensity is averaged over the detector response time 7,. The detector
signal j,(f) is therfore proportional to the short-time average of the intensity

1(r),
Ja(t) = %{; J E*(@+t)E@+1')dt . (3.2)

Since 7, is typically on the order of 1ns, the signal is averaged over the rapid
oscillations of the light wave. The techniques to determine the spectrum of the
incident light fall in two categories: predetection and postdetection filtering™®).
In the first case one first spectrally filters the incident light, and then measures
the spectral intensity. Examples are spectrometers and interferometers, which
have a spectral resolution up to 1 MHz. The measured optical power spectrum
is related to the first-order or field correlation function
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G'(r) = lim El_Tf E*()E(t+ ) dt=(E*(1)E(t + 7)), (3.3)

which in turn is related to the correlation function of the hydrodynamic
fluctuations.

In postdetection filtering, such as heterodyne spectroscopy, the total intensi-
ty is first detected and the detector signal j,(¢) is later filtered and processed.
The spectral range has an upper limit of about 1 GHz, corresponding to the
instrumental time resolution. In this type of detection one measures the
second-order or intensity correlation function

GP(r)=(E*()E()E*(t + T)E(t + 7)) = % (I I(t+ 7)) . (3.4)

0

Let us now consider more explicitly the case of an incident light field of the
form

EL(t) =g e—m)l_(+icl/(1) , (35)

with g the amplitude and w; the frequency of the light and y(t) a slowly
varying random function representing the fluctuating phase of the light. The
scattered light can be written in the form

Ei()=fE (1), (3.6)

where the complex quantity f(¢) is a stochastic quantity representing the
hydrodynamic fluctuations in the scattering medium. The phase fluctuations
limit the spectral resolution of conventional predetection filtering techniques,
because the fluctuations contribute to the field correlation function according
to

GO(r) = (EYN Eg(t+ 1) ~ (O (fr0f(1 + 7)) (3.7)

The spectrum of the scattered light, which is the Fourier transform of G‘"(r),
is therefore in part determined by the phase fluctuations in the incident field.
This is equivalent to saying that whenever the spectral width of the incident
field is larger than the width associated with the scattering process, the field
correlation function of the scattered light and hence the optical spectrum is
dominated by the fluctuations in (¢). As can easily be verified from eq. (3.4),
however, the phase fluctuations cancel in the infensity correlation function if
the different components of the macroscopic electric field are coherent. The
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spectral resolution of detection techniques involving intensity correlations are
therefore not limited by the spectral width of the incident light, but by the
spatial coherence of the incident laser light.

In the present detection scheme, the detector is illuminated simultaneously

by the scattered light, Eg, and by a local oscillator signal, coherent with the
incident laser field and frequency-shifted by an amount w,,

E (1) = g g e rToneo v, (3.8)
The instantaneous intensity at the detector is then
cey )
1) = S Eg(0) + Eo0)l (3.9)

In a stationary case, if |E, ,(¢)|°>|Es(t)], neglecting the time independent
17
terms '),

GP(r) = (E () E{o(t+ T)EL(t)Eg(t + 7)) +c.c. (3.10)
Substituting the expressions for the fields, one obtains

G = Cigo I o f*(O)f(t+ 7)) e a7 +coc. (3.11)

with 7, , the average intensity of the local oscillator. The quantity of interest is
the power spectrum of the stochastic hydrodynamic fluctuations

Sy(w) = f(f*(t)f(t+1-)>ei“" dr . (3.12)

The second-order power spectrum and the intensity correlation function also
form a Fourier transform pair,

S(Z)(w) = f G(z)(T) e dr. (3.13)

One therefore has

I
SP(w) = L[S (w — wao) + S0 — ws0)] - (3.14)

Cg,

As was explained in section 2, for a given detection angle the spectrum S,(w)
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consists of one Rayleigh peak around w =0, and two Brillouin peaks at
0 = * @, where w, is determined by the experimental geometry. So, if w, is
larger than w_, one has, for positive w,

I
S(w) = f S0 — wa0) - (3.15)
0

The second-order power spectrum of the detector signal is therefore equal to
the power spectrum of the stochastic hydrodynamic fluctuations shifted by an
amount w,, independent of the phase fluctuations of the incident light.

In the present detection scheme, the signal j (¢) is sampled for a certain
length of time and then a fast Fourier transform of j,(¢) is performed. The
resulting data points correspond to the magnitude of the Fourier transformed

signal j (1),

o) = U e di. (3.16)

Since the signal j,(¢) is a real quantity, one has

ja(w) = f ja(t) e " dr’ f Ja(t)e™ dre f(jd(t),'d(tﬂ))e*iw’d,_

(3.17)

Since the detector signal is proportional to the intensity, the correlation
function appearing in expression (3.17) is proportional to the second-order
correlation function (3.4). The squares of the computed data points therefore
correspond precisely to the second-order spectrum of eq. (3.13), which in turn
is equal to the (shifted) spectrum of the hydrodynamic fluctuations. This
technique is simpler and more direct than the standard heterodyne techniques,
where one either uses a spectrum analyser to measure the spectral density of
the detector signal j,(w) or an autocorrelator to measure the signal autocorre-
lation function (j,(¢)j,(t + 7)).

4. Experimental setup and procedure
The liquid sample is contained in a carefully cleaned shallow glasss container

of 0.1 m diameter, which is placed inside a sealed compartment, as shown in
fig. 2. The outer compartment (0.66 X 0.25 x 0.23 m”) is made of black ano-
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Fig. 2. Cell for observing the light scattering from liquid-vapor interfaces. The liquid sample is
placed in a shallow glass dish (G) on an adjustable base (B). A high-quality mirror prevents the
light beam that penetrates the liquid from scattering from the bottom of the glass dish into the
direction of the detector. The thickness of the liquid layer on top of the mirror is about 0.5 mm. To
align the detection a transducer (T) induces waves of a given frequency. The entire assembly is
mounted in a vacuum tight chamber with windows (W) on each side.

dized aluminum and has two high quality windows on opposite sides. The
composition and pressure of the gas within the enclosure can be controlled.
The height of the interface can be adjusted with a micrometer. A 1-20 kHz
transducer can excite surface waves of a given frequency for calibration
purposes. Since long wavelength surface waves lower the resolution of the
measurement, the measurements are usually carried out on thin samples of
liquid (typically 0.5mm). A high quality optical mirror covers the bottom
surface of the container (see fig. 2), to reduce diffuse scattering of the light that
penetrates the liquid.

To further prevent surface wave excitations by floor vibrations, the sample
cell and the optical components are mounted on a vibration isolated platform.
Vibration isolation is achieved in two ways. Vibrations above 100 Hz are
damped by a rigid and massive (1000 kg) table supported by three air cylinders.
A passive air servo systems keeps the the table top within 25 um of the preset
position. Further isolation is obtained by placing an actively stabilized platform
(Newport electronic vibration isolation system) on top of the air-damped table.
Stabilization is achieved with passive springs and an electromechanical servo
system consisting of eight accelerometers and eight force transducers (one
vertical and one horizontal in each of the four corners). The resulting stability
is good enough to keep the specular beam from a liquid surface steady to
within 60 prad.

The optical arrangement is shown in fig. 3. A collimated 4 mW multimode
He-Ne laser beam is split in two with a glass slide: 5% of the beam serves as a
local oscillator, while the remainder illuminates the liquid surface inside the
cell. Since background scattering greatly reduces the efficiency of a separate
local oscillator beam, no optics are placed closer than 0.3 m from the liquid
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Fig. 3. Setup for measuring the light scattering from liquid—vapor interfaces. A multimode He-Ne
laser beam is split in two: 95% of the beam scatters off the liquid—vapor interface, the remainder
provides the local oscillator field. The local oscillator beam is frequency-shifted by two acousto-
optic modulators (see text). After spatial filtering the scattered light and the local oscillator are
combined again and the beats detected with a photomultiplier tube. The digitized signal is Fourier
transformed on line by a microcomputer. The resulting datapoints correspond to the spectrum of
the hydrodynamic fluctuations in the interface. M = mirror, BS =beam splitter, PH = pinhole,
DL = delay line, AO = acousto-optic modulator.

surface and the external (instead of internal) surface reflection is used. The
main beam strikes the surface under an incidence angle of about 80° with the
vertical. The scattered light is picked up by a mirror. A set of 4 pinholes,
aligned to make a small angle with the specular beam, further eliminates
background scattering. The scattering angle, which determines the wavevector
of the capillary waves observed, can be varied from 0-30 mrad. Residual table
vibrations limit the accuracy of the scattering angle to about 60 prad. The angle
of view, determined by the opening of the pinholes, is about 0.1 mrad. The
local oscillator and the scattering beam are recombined with a second glass
slide and the combined beams are detected with a photomultiplier tube.
Alignment is done by inducing a surface wave of a given frequency with a
transducer and aligning the pinholes around the (visible) Bragg reflected beam.

To allow measurement of the spectrum at frequencies close to the frequency
of the incident light, the frequency of the local oscillator is shifted by
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acousto-optic modulation. Since the frequency shifts needed to allow separa-
tion of the up-shifted and down-shifted components of the light are much
larger than the approximately 5 kHz shift desired, two 40 MHz acousto-optic
crystals with a frequency difference of 4.9kHz are used. The up-shifted
component of the first crystal is used as input for the second one. The resulting
frequency shift of the down-shifted component of the second crystal is then
equal to the frequency difference between the drivers of the two acousto-optic
crystals. The optical path length of the local oscillator beam can be adjusted
with a small delay line to make it equal to the path length of the main beam.
The coherence length of the laser light is about 0.2 m, corresponding to the
1 GHz laser bandwidth.

The photomultiplier signal is amplified and digitized at a 20 kHz rate by a
GW Instruments MacAdios computer interface connected to an Apple Macin-
tosh computer. The signal is sampled for about 200 ms, and the sampled
waveform stored in the computer memory. Then a discrete fast Fourier
transform is applied to the waveform. To improve the signal-to-noise ratio this
procedure is repeated 50 times and the transform averaged. The spectral range
of the measurements is limited to 10 kHz by the sampling rate of the digitizer.

5. Consistency checks

Spectral data are obtained in a variety of optical arrangements, shown in fig.
4, depending on the purpose of the measurement. Without local oscillator
beam (fig. 4a) the light reaching the detector consists of surface Rayleigh and
Brillouin light only, and the signal is small. The signal dramatically increases by
mixing in some laser light at the detector, as is usually done in light-beating
spectroscopy. This type of measurement, however, does not allow measure-
ment of the spectrum near the laser frequency, i.e. at zero beat frequency.
Moreover, the two Brillouin peaks fall on top of each other since both beat at
o,.. The experimental data reported here were obtained by frequency-shifting
the local oscillator by an amount w,, > . (fig. 4b). The two Brillouin peaks
then shift and separate, and the full Rayleigh—Brillouin triplet becomes visible
(section 6).

In principle one also has contributions from light scattered by the apparatus
and light scattered in the bulk liquid. Any such elastically scattered light
reduces the efficiency of the shifted local oscillator. The contribution from
instrumental scattering is minimized by extensive spatial filtering, and by
making the bottom of the sample container highly reflective. Several checks are
carried out to insure consistency of the measurements.
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Fig. 4. Schematic diagram of the optical arrangements: (a) homodyne detection of surface
scattering; heterodyne arrangement with shifted local oscillator for (b) surface and (c) bulk
scattering; (d) arrangement for measuring instrumental contribution. AO = acousto-optic mod-
ulator, w, = incident laser light, , * w_ = capillary wave scattering, w, * w, = scattering from bulk
acoustic waves.

a) Bulk light scattering. Fluctuations in the bulk liquid cause both Rayleigh
scattering and Brillouin scattering from acoustic waves. Since a large portion of
the incident beam penetrates the liquid, Rayleigh scattering from the bulk
liquid will inevitably reach the detector. The detection angle for this scattering
is roughly 90° (see Fig. 1). At this angle the bulk Rayleigh peak is about 10’
times broader than the 10kHz spectral range of the Fourier transform
heterodyne detector and can therefore not be observed. Indeed, no scattered
light from the bulk could be detected in the arrangement shown in fig. 4c at
angles ranging from a few mrad to 90°.

b) Instrumental light scattering. The contribution of diffuse elastic scattering
from the walls of the sample container and the optical components was
examined by removing the liquid sample from the container. Without liquid
the signal decreased by a factor 10? in intensity, and the spectrum showed only
a very faint and narrow central peak.

¢) Alignment. A further check was carried out by intentionally misaligning the
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Fig. 5. Instrumental resolution of the Fourier transform heterodyne detection technique. This
peak was obtained in the optical geometry shown in fig. 4d. The position of the peak is determined
by the frequency shift of the local oscillator w,,. The half-width obtained from a Lorentzian fit to
the data points is 150 mHz.
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detection, with the detector viewing an area adjacent to the spot illuminated by
the incident beam. No signal could be detected.

d) Instrumental resolution. By placing a mirror at the position of the liquid-
vapor interface, and reducing the scattering angle « to zero, the instrumental
resolution was measured (see fig. 4c). The reflected light beam was mixed with
the shifted local oscillator and the resulting beat spectrum analyzed. The
half-width of the instrumental line at w, is roughly inversely proportional to
the sampling time of the photomultiplier signal (i.e. the number of points
sampled at a fixed sampling rate), up to a minimum of 0.15 Hz for a single 1.5s
sampling (see fig. 5). Increasing the sampling time beyond 1.5 s does not result
in any further improvement in resolution. This limit is caused by frequency
drifting of the acousto-optic driver, and by the spatial coherence quality of the
laser beam.

6. Elastic and inelastic scattering from liquid—vapor interfaces
Measurements were carried out on water and ethanol at room temperature.

Experimental results are shown in figs. 6-9. The first measurements were
undertaken without frequency-shifting the local oscillator (w,, =0) in the



400 E. MAZUR AND D.S. CHUNG

4 T I T T
au. H -
o I _
sal Il _
0 | 1 g - -y
0 Y 1 2 3 4 KHz 5

Fig. 6. Power spectrum of light scattered at an angle of 5 mrad from the liquid-vapor interface of
ethanol at room temperature. The arrangement used is shown in fig. 4b with w,, = 0. The points
are experimental and the curve is a theoretical fit of a Lorentzian with a linear background. The
half-width of the Lorentzian is 240 Hz.

arrangement shown in fig. 4b. The power spectrum of light scattered at an
angle of 5mrad from the liquid interface of ethanol is shown in fig. 6. When
the local oscillator beam is blocked the signal becomes much weaker, but the
spectrum of the “self-beating”, or homodyne, signal from the main beam is
identical to the one shown. The position of the peak is in good agreement with
the published data for the surface tension and viscosity.

By frequency-shifting the local oscillator, the full Rayleigh—Brillouin triplet
becomes visible (fig. 7). Note that this spectrum contains both a homodyne and
a heterodyne component. The heterodyne component is centered around w,
at 4.9 kHz and consists of a central Rayleigh component and two Brillouin
lines. The much weaker homodyne spectrum is centered around zero frequen-
cy; one can see the tail of the Rayleigh peak and a barely discernable Brillouin
peak (see arrow). The apparent asymmetry in the height of the two Brillouin
peaks is caused by a sloping background and by a nonlinearity of the digitizer.
To prove that the Brillouin peaks are indeed of equal height, the sign of the
frequency shift w,,, was switched, so that the two Brillouin peaks exchange
position. The resulting spectrum was identical to the one shown in fig. 7.

The two Brillouin peaks should correspond to two surface waves travelling in
opposite direction: one along the direction of propagation of the light (+), and
one in the opposite direction (—). The directional separation was confirmed as
follows. First, the spectral purity of the local oscillator beam was checked: if
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Fig. 7. Power spectrum of light scattered at an angle of 5 mrad from the liquid-vapor interface of
water at room temperature with a sample thickness of about 0.5 mm. The arrangement used is
shown in fig. 4b, with w,, = 4.9 kHz. The full Rayleigh—Brillouin triplet is visible around w,,. The
position of the homodyne Brillouin peak at 1.2 kHz is marked with an arrow. The curve through
the data points is a best fit of three Lorentzians. The asymmetry in the height of the Brillouin
peaks is caused by a nonlinearity in the digitizer.

some down-shifted light at w, — w, reaches the detector in addition to the
up-shifted light at w, + w,,, only partial separation results. Therefore, before
every experiment the homodyne spectrum of the local oscillator beam was
measured, and verified to have no spectral lines. As a further check the
experiments were carried out on induced (unidirectional) surface waves. The
direction of the induced wave can be inverted by changing the position of the
transducer (see fig. 2). The result is shown in figs. 8a and 8b. In fig. 8a an
induced wave of frequency w,,, = 1 kHz is co-propagating with the laser light.
The heterodyne spectrum contains now only two peaks: one Rayleigh peak at
wpo =4.9kHz and one single Brillouin peak at w,, — w,,,. Notice also the
strong homodyne peak at w, ,. When the direction of the induced wave is
reversed the other Brillouin peak appears, see fig. 8b. The graphs clearly show
that the present technique entirely separates counter-propagating capillary
waves. Without a shifted local oscillator the spectra remain identical (see
homodyne part).

The width of the spectral lines in figs. 6 and 7 is determined by the spectral
and angular resolution, Doppler broadening, and finally the natural linewidth.
Different mechanisms are responsible for the observed widths of the Rayleigh
and Brillouin peaks.



402 E. MAZUR AND D.S. CHUNG

4 I I I T
H,0
a.u. — C_’l( -]
2 | i
a s@ - |
0 1 Lﬂ»w
0 2 4 1
P 6 8 ., 10
—
4 T T T T
H,O

Ul

1
6 8kHzo

Fig. 8. Check of the directional separation. A co-propagating (a) or counter-propagating (b)
unidirectional wave of frequency w,,, =1kHz is induced on the liquid surface by a transducer
(black triangle) as shown in the diagrams on the left. In both cases the heterodyne spectrum shows
only one Brillouin peak. Notice that the homodyne peak, which corresponds to a beating of w,
with w,, * w, ,, does not change.

Spectral resolution. The spectral resolution was discussed in section 5. For a
single sampling the resolution is better than 0.2 Hz. For multiple samplings
some degradation in resolution was observed owing to small drifts in the
acousto-optic driver. Under all circumstances the spectral resolution was better
than 5 Hz.

Angular resolution. The angular resolution of the scattering angle « (fig. 1) is
limited by table vibrations, by the opening of the pinholes, and by the
divergence of the laser beam. This will lead to a spread in wavevector for the
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observed surface vibrations. With the active stabilization the angular variations
because of table vibrations are negligible. The pinholes limit the angular
resolution to about 0.1 mrad, while the divergence of the laser beam is about
0.5 mrad. For small scattering angles of a few mrad the combined effect can
result in a 10% spread in wavevector.

Doppler broadening. Long-wavelength surface waves produced by residual
table vibrations cause the interface to move up and down, which in turn results
in a Doppler-broadening of the signals. This broadening was measured directly
by reducing the scattering angle « to zero and observing the spectrum of the
reflected light. For liquid samples 15 mm deep a Doppler broadening of about
50 Hz was observed, see fig. 9. By reducing the thickness of the liquid samples
the long-wavelength gravity waves can be suppressed. Indeed, by reducing the
sample thickness to 0.5 mm the Doppler broadening disappears.

Natural line width. The natural line width of the spectral lines is determined by
the damping term in the dispersion relation. For the Brillouin peaks the width
can be obtained from eq. (2.3). Although very few accurate experimental data

Fig. 9. Central Rayleigh peak of the spectrum of light scattered at an angle of 5mrad from the
liquid—vapor interface of water at room temperature. The squares correspond to the central line
shown in fig. 7. The solid curve through these points is a least square fitted Lorentzian of
half-width 5 Hz. In a sample of 15 mm thickness (circles) the line broadens due to motion of the
interface. Lorentzian (dashed) and Gaussian (solid) curve fittings are shown. The haif-width of the
Gaussian curve is 50 Hz.
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for the width of the Brillouin peaks are available, recent experiments have
extensively measured the line width for capillary waves on ethanol, and verified
the correctness of the theoretical predictions™*"). If the central Rayleigh peak
in the spectrum in fig. 6 is a result of light scattering from the nonpropagating
modes discussed in section 2, then the width of the peak should be determined
by eq. (2.2). No data are available for the coefficient of sliding friction S
appearing in that expression.

In the experiments reported here the scattering angle a is much smaller than
in previous experiments, and the frequency of the observed capillary waves
much lower. For a capillary wave with o, = 1 kHz, the expected linewidths are
114 and 38 Hz for ethanol and water, respectively. The angular resolution of
the present apparatus, however, causes a considerable spread in the frequency
of the observed capillary waves. We must therefore conclude that the observed
widths of the (low frequency) thermally excited capillary wave peaks are
determined by instrumental broadening. For higher frequency (w, > 10kHz)
capillary waves this complication does not arise, since the lines are much
broader, and, at the same time, the relative spread in wavevector much smaller
because of the larger scattering angle a. To observe capillary waves at higher
frequencies, while still maintaining the condition w,, > w, (see eq. 3.15), one
needs a sampling rate higher than the current one. We plan to implement this
in our apparatus in the near future.

The Rayleigh line is about forty times narrower than the Brillouin lines. The
presence of this line was checked for scattering angles ranging from close to
0 mrad to 30 mrad. The consistency tests described in section 5 prove that the
scattered light corresponding to this peak cannot be caused by scattering from
the bulk liquid or vapor phases, or by instrumental scattering. Moreover, the
width of this line depends on the motion of the surface: for a thin layer of
about 0.5 mm the line is narrow and nearly Lorentzian. For a thicker layer it
broadens and becomes Gaussian because of Doppler broadening (see fig. 9).
One must therefore conclude that the origin of this scattering lies in the
liquid-vapor interface. Although we cannot completely rule out the presence
of impurities at the interface, we believe that if impurities were responsible for
this scattering the measurements would not reproduce from one sample to
another, and from one sample container to another. If one uses an upper limit
of 10 Hz for the natural line width of the central line, one finds an upper limit
of 0.04kgs ' m* for B using eq. (2.2). A rough estimate of B from ~n'ld,
with d' =1 nm the interface thickness, however, yields a value which is four
orders of magnitude larger, even when taking n' =n". We therefore conclude
that the observed mode cannot be the one considered in the analysis in ref. 6,
and can only be accounted for by a much slower mechanism.
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7. Concluding remarks

This paper presents the first of a still incomplete series of experiments on
light scattering from liquid—vapor interfaces. The measurements, for the first
time, resolve the full Rayleigh—Brillouin triplet. Many improvements are being
made to the present apparatus. In addition to a systematic investigation of
liquid—vapor interface spectra using the above technique, experiments to
measure the predicted asymmetry in the Brillouin spectrum are in progress.
Because of the directional separation Fourier transform heterodyne spectro-
scopy is particularly well suited to study nonequilibrium effects. We also plan
to study liquid-liquid interfaces and the effect of surfactants on liquid—vapor

interfaces.
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