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Seeing through the dynamics of turbid media is often demanded in both science and technology. Dynamic
light scattering is one of the most powerful means to study the dynamics of various condensed matter systems,
in particular, soft matter systems, in a nondestructive manner. However, its applicability is often limited by
multiple scattering of light, which severely distorts the signal. To overcome this problem, cross correlation
spectroscopy has been developed. Here, we propose another physical principle by which we can avoid the
effects of multiple scattering. We demonstrate that this method allows not only Rayleigh but also Brillouin
scattering measurements even in very turbid colloidal suspensions. This method opens a possibility of optically

characterizing the dynamics (translational and rotational diffusion, thermal diffusion, and acoustic phonon

dynamics) of turbid materials with mode selectivity.
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I. INTRODUCTION

Light scattering has enjoyed a dominant role in character-
izing various types of condensed matter, in particular, soft
matter such as polymer solutions, colloidal suspensions,
emulsions, liquid crystals, and solutions of biological mol-
ecules [1]. However, soft and bio matter are often turbid due
to multiple scattering of light from congested internal struc-
tures, whose characteristic length is comparable to the wave-
length of light. In other words, multiple scattering is inevi-
table for these systems, whose interesting characteristics
arise from their mesoscopic length scale itself. However,
light scattering is usually limited to optically transparent
samples, and thus it is hard to apply this technique to spa-
tially inhomogeneous materials, which strongly scatter light
and thus are turbid. For a system of dilute scatterers, we may
assume that incident light is scattered only once. For a sys-
tem of dense scatterers, however, such an assumption is no
longer valid and the detected light must be scattered twice or
even more. Such multiple scattering becomes significant if
the mean distance between two scattering events, i.e., the
scattering mean free path, is substantially shorter than a
sample size. In ordinary methods, both single- and multiple-
scattered light enter into a photodetector and the resulting
photocurrent is processed without discrimination. This mix-
ing leads to the loss of information on the polarization direc-
tion and the scattering wave vector of the detected light,
which causes fatal deformation of light scattering spectra [2].
In the limit of strong multiple scattering, on the other hand,
the process of light scattering can be regarded as diffusive
light propagation. In this limit, we can use so-called diffusive
wave spectroscopy (DWS) [3-5]. However, this method,
which directly uses multiply scattered light, does not provide
dynamic structure factors in a direct way.

To isolate singly scattered light in a turbid sample, pow-
erful methodologies have been developed [6—13]: mutual (or
cross) correlation dynamic light scattering (DLS) [6] such as
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two-color DLS [8—10] and three-dimensional DLS (3DDLS)
[11-13]. The basic principle of isolating singly scattered
light is to perform two scattering experiments simultaneously
on the same scattering volume and cross-correlate the signals
obtained. If both experiments share the same scattering vec-
tor ¢ but use different scattering geometries, only singly scat-
tered light will produce correlated intensity fluctuations on
both detectors. In contrast, multiply scattered light, scattered
in a succession of generally different g vectors, results in
uncorrelated fluctuations, which contribute to the back-
ground only. This method is very powerful for measuring
translational diffusion modes, but their applications to other
dynamic modes such as rotational and thermal diffusion and
acoustic phonons are very difficult and rare. Furthermore,
sharing exactly the same scattering vector ¢ and the same
scattering volume in the simultaneous two scattering mea-
surements is technically demanding.

In this paper, we propose another type of multiple scatter-
ing free DLS, which is based on a physical principle essen-
tially different from that of the cross correlation DLS. Unlike
the cross correlation DLS, which requires simultaneous two
scattering experiments as described above, we need only one
scattering experiment. Our method is based on a DLS
method, which we recently developed originally: phase-
coherent light scattering (COLS) spectroscopy [14-18].
Here, we extend this method to translational diffusion mea-
surements. More importantly, we demonstrate that a coherent
phase-sensitive detection of scattered light allows us to reject
multiply scattered light and pick up only light scattered once;
that is, COLS is “intrinsically” free from multiple scattering
effects. We emphasize that COLS can be applied to various
dynamic modes including translational, rotational, and ther-
mal diffusion and acoustic phonons. Examples of multiple
scattering free phase-coherent Rayleigh (CORS) and Bril-
louin scattering (COBS) are demonstrated below.

The organization of this paper is as follows. In Sec. II, we
describe the physical principle of COLS for translational dif-
fusion measurements. In Sec. III, we explain the optical
setup and the details of experiments. In Sec. IV, we report
our experimental results and discuss them. In Sec. V, we
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FIG. 1. (Color online) (a) Principle of producing a dynamic
light-field grating. k; and k, are the wave vectors of pump beams
L, and L,, respectively. L, is the probe beam. L, is scattered by the
material grating produced by the light-field grating induced by the
pump beams L, and L, [see (b)]. L, is the scattered light with the
wave vector k,. L; is the local light, which is mixed with L, on a
photodiode PD1. We also mix L; with L, whose polarization direc-
tion is slightly rotated by a polarizer, on a photodiode PD2, to
produce a reference signal for a phase-sensitive two-phase lock-in
detection. See text on the details. (b) Schematic figure of the exci-
tation of coherent concentration modulation. Propagating modu-
lated light field and the resulting modulation of a colloid concen-
tration are shown.

compare our method with mutual correlation spectroscopy.
In Sec. VI, we summarize our study.

II. PHYSICAL PRINCIPLE OF COLS FOR
TRANSLATIONAL DIFFUSION MEASUREMENTS

A. COLS for translational diffusion measurements

First, we explain the principle of our method to measure
translational diffusion of particles, using colloidal suspen-
sions as an example. We generate a moving interference pat-
tern in a colloidal suspension by crossing two continuous
wave (cw) laser beams [L, and L,, see Fig. 1(a)], whose
frequencies differ slightly by w. These pump beams L; and
L, produce a moving interference pattern. The polarization
directions of these pump beams are both vertical ( L ). Since
the frequency difference w is much smaller than the light
frequencies (~500 THz), the wave numbers of the two
beams have almost the same value of the wave number k.
Thus, the wave vector difference can be expressed as
q=|q|=2k sin(6/2), where 6 is the beam-crossing angle.
Due to the interference of the two beams, the light
intensity of the beam-crossing region is modulated as
SI(r,t)=Re[2E,E,e"47=“)], where E,(i=1,2) is the electric
field strength of the pump beam L;. Consequently, a moving
interference pattern with a phase velocity of w/q is produced
in the sample.
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In the beam-crossing volume, the laser-field potential af-
fects the motion of colloidal particles. The optically modu-
lated chemical potential is given by [19]

_ 1(1) 51 W
M= Mo 2\0p);
where u, and € are the chemical potential and the dielectric
constant of a suspension in the absence of the optical field,
and p is the density of the suspension. Note that for a low

particle concentration, (Z—;)T= 3;1";_21 AE—:D, where m is the ratio
of the refractive index of particles to that of the solvent, € is
the dielectric coefficient of the solvent, and Ap is the density
difference between the particles and the solvent. The optical
potential tends to force particles to migrate into a region of
stronger (weaker) light intensity if the refractive index of the
particles is higher (lower) than the solvent. Thus, particles
tend to form a periodic concentration pattern, following the
moving interference pattern [see Fig. 1(b)]. In other words,
particles are driven by the periodically modulated moving
interference pattern. However, if the pattern moves too
quickly, the particle concentration diffusion mode cannot fol-
low it. This situation can be described by the following dy-
namic equation of the colloidal concentration ¢, which is
derived by substituting Eq. (1) to the diffusion equation
dc/ dt=MVN?*u, where M is the transport coefficient of a par-
ticle

dcldt=D.N?c - (1/2)(del dp)V*ol,

where D.=M(duy/ dc)y is the translational collective diffu-
sion coefficient of colloids. Here, we note that we consider
only a linear response regime in the above. Then, the com-
plex spectra of a particle diffusion mode, which is propor-
tional to the Fourier transformation of the concentration

mOdulation, iS gi ven by
é’p T

oc(q,w) =
(g.0) —ia)+DL.q2

E\E;. 2)
From the spectra, we can obtain D, which satisfies
the Stokes-Einstein relation for a dilute sample:
D.=Dy=kgT/(67na), where D, is the self-diffusion con-
stant for a single particle, kg is Boltzmann’s constant, 7 is
the viscosity of a solvent, and a is the particle radius. In the
above, we ignore complex many-body interactions such as
long-range Coulomb and hydrodynamic interactions, which
allows us to use the above simplified diffusion equation and
assume D.=D,. These interactions are known to produce
profound features in D, [20]. Here, we emphasize that our
measurement principle relies solely on the fluctuation-
dissipation (i.e., linear response) theorem [14] and thus our
method should provide the correct complex spectra 8c(q, ®)
for any situations with complex many-body interactions, al-
though the simple Lorentzian form, Eq. (2), may no longer
be valid.

B. Superheterodyne phase-sensitive detection of light

Next, we describe how to detect the above concentration
diffusion mode as complex spectra. We introduce the probe
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beam L, with the horizontal polarization direction //, col-
linearly to the pump beam L;. This probe beam L,(//) with
the wave vector k; is scattered by the above-mentioned col-
lective mode of translational diffusion of colloids, dc. Since
the Bragg diffraction condition between the probe beam and
the excited concentration grating is automatically satisfied,
the path of the scattered beam Ly(//) is exactly on that of L,.
Then, the scattered light L(//) with the wave vector k, is
mixed on a photodiode PD1 with a local light L,(//) with the
wave vector k,, which is set collinearly to the pump beam L,
and has the horizontal polarization direction. By detecting
the beat signal produced by mixing L; and L; on the photo-
diode PDI, including its phase, we can obtain the complex
spectra given by Eq. (2) (see below).

Now, we explain the details of our optical superhetero-
dyne phase-sensitive detection method [14,17,21,22]. The
angular frequencies of the excitation beams L; and L, are,
respectively, @, and w,. The probe beam L, is from the same
light source with the angular frequency shifted by f, that is,
w,=w,+27f, while the local light L, is from the same light
source with the same angular frequency w,. We also define
E, and E;, respectively, as the electric field strength of the
probe (L,,) and local light (L;). The probe light L, is scattered
by coherent modes produced by crossing the two laser beams
L, and L,. The angular frequency of the excited modes is
w=w,—w;. A component of the scattered electrical field at
the detector position R, E(R,1), is given by [1]

2
~K2E,V

E.(R,t) =
(R.1) 41eyR

de .
(;) (n,-ng) X e'ksR=00) 50 (g, ).
T
3)

Here, n; is the unit vector of the polarization direction of
light beam i. The angular frequency of the scattered light L,
w,, satisfies  ©;=w,+0=(0;+27f) + (0~ 0)) = 0, +27f.
Since the total electric field on the photodiode PDI1 is
given by the summation of the local light L; (polarization n;)
and scattered one L, [polarization n,(=n;] as E(R,r)
=n[E,e”'+E(R,t)], we obtain the output current of the
photodiode PDI, i, as
2
o) =gE -E*=dc+ Zg{ S ek dc

X {Re[ 6c(q, w) Jcos(2mft)

Je

(n,-n)EE,

- Im[ﬁc(q,w)]sin(wat)}} , 4)

where g is the quantum efficiency of the optical detector
(PD1), k, is the wave number of the scattered light, R=|R],
and ¢, is the dielectric constant of vacuum. Thus, the two-
phase lock-in detection of i,, with a reference signal of
cos(2mft) gives us Re[dc(g,w)] and Im[Sc(q, w)], respec-
tively, as the in-phase and out-of-phase components of the
signal. We use the beat signal produced by mixing L; and L,
on the photodiode PD2 as the reference signal, which is pro-
portional to cos(27ff). To produce such a beat signal with
L;, we slightly change the polarization direction of L, by a
polarizer, before mixing. This is because the polarization di-
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rection of L, is perpendicular to that of L; and thus they do
not produce a detectable beat signal on PD2 if we mix them
as they are.

This phase-sensitive detection of the coherent scattering
signal provides us with an ultimate signal-to-noise ratio and
also with complex spectra of an excited dynamic mode [16].
It should be noted that we can eliminate all of the incoherent
components of scattered light by this detection method. This
feature is crucial for multiple scattering free measurements.
In conventional phase-insensitive heterodyne methods
[21-24] on the other hand, only the power spectrum
|8c(q,)|* can be obtained. There, the square-law detected
signal through the bandpass filter is measured as a function
of frequency; a spectrum analyzer has often been used for
this purpose. In this method, the light scattered by incoherent
fluctuations cannot be eliminated.

Finally, we note that around the beam-crossing angle of
/2, there is only a very weak signal because n,-n; becomes
very small in Eq. (4) for 6~ /2.

P

C. Physical principle for multiple scattering
free light scattering

Next, we explain the key principle that makes our method
free from multiple scattering effects. In our method, a coher-
ent concentration modulation is created by the moving inter-
ference pattern. Its modulation frequency w=w,—w, is de-
termined by the frequency difference of the two laser beams
crossed in a sample. So, the frequency shift upon single scat-
tering by a coherent modulation mode amounts to w. The
frequency shift upon multiple scattering is usually very dif-
ferent from that of single scattering. Thus, we can easily
distinguish them in terms of the amount of the frequency
shift in scattered light. We can pick up only a signal with the
modulation frequency o using lock-in detection. Even if
there exist multiply scattered light components of the com-
pletely same frequency and wave vector as those of the co-
herent mode, the phases of the multiply scattered compo-
nents are randomized and incoherent with respect to the
excited coherent mode. Thus, the phase-sensitive detection
of the scattered light can completely reject the multiply scat-
tered components.

III. EXPERIMENTAL

A. Phase-coherent light scattering method

The basic principle of phase-coherent light scattering
spectroscopy was described in Refs. [14,15]. Here, we de-
scribe the optical setup and the signal processing for CORS
and COBS.

1. CORS method

We show the optical configuration for measuring the
translational diffusion by CORS in Fig. 1(a) and a block
diagram in Fig. 2 (see also [17,18]). For CORS measure-
ments, we used a continuous wave, frequency doubled
Nd:YAG laser (532 nm) (Verdi-V2, Coherent Inc.). We used
the maximum power of this laser, 2 W, which provides the
best signal-to-noise ratio. We confirmed that this laser power
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FIG. 2. (Color online) A block diagram of our COLS system. BS
stands for beam splitter, PBS1 and PBS2 for polarizing beam split-
ters, AOM1-3 for acousto-optic modulators, PD1 and PD2 for pho-
todetectors, Al and A2 for analyzers (polarizing plates), HP1 and
HP2 for N\/2 plates, and PC for a computer. || indicates light with
horizontal polarization, while L does light with vertical
polarization.

causes neither damage to our samples nor local heating due
to light absorption. A vertically polarized beam radiated from
the laser source is first divided into three beams, two of
which work as the pump beams, L; and L,, and generate the
laser-field grating in the beam-crossing region [see Fig. 1(a)].
L; and L, have vertical polarization. We used a frequency-
tunable acousto-optic modulator (AOM?2) to shift the optical
frequency of L, by w from the original one. Thus, we can
change the beat frequency of the laser-induced grating by
scanning w. Using the half-lambda plate (HP1) and the po-
larizing beam splitters (PBS1 and 2), we also made the third
beam, whose polarization direction is rotated by 90°. This
beam works as the probe beam L, with horizontal polariza-
tion, entering a sample and then scattered by the excited
coherent grating. The probe beam L, is set collinearly to the
pump beam L; before entering the liquid sample. Thus, the
Bragg diffraction condition between the probe beam and the
excited concentration grating is automatically satisfied so
that the path of the scattered beam is exactly on that of L,.

In order to scan the frequency of the laser-induced grat-
ing, w/2, we must control the frequency of L,, w,/2,
within the frequency range of =1 MHz around that of L,
/2. We accomplish this by using acousto-optic modula-
tors, one of which (AOM?2) is frequency tunable. These
pump beams pass through the acousto-optic modulator to
cause the fixed frequency shift of 80 MHz for L; and the
variable frequency shift of around 80 MHz for L,, respec-
tively. The frequency of the acousto-optic modulator
(AOM2) for L, is tuned by scanning its driver frequency. We
control the driver frequency by using an external oscillation
signal of an rf synthesizer (HP8648A, Hewlett-Packard) as
the input. It should be noted that a diffraction angle of the
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laser beam through the acousto-optic modulator changes if
the modulation frequency is varied. The actual change in the
diffraction angle is, however, much less than 1 mrad when
the frequency range scanned is within =1 MHz. Therefore,
this change in the diffraction angle does not affect the het-
erodyne beat efficiency and thus it is negligible for our Ray-
leigh scattering measurements. The frequency resolution of
our CORS system is less than 100 Hz, which is determined
by the frequency stability of the synthesizer and the acousto-
optic driver and, more seriously, by mechanical oscillations
of the measurement system.

We also put the third acousto-optic modulator (AOM3) on
the path of probe beam L, to cause the frequency shift of 82
MHz. The resulting small frequency difference (f=2 MHz)
between L, and L, is necessary for measuring the real and
imaginary parts of dc(q,w) separately, instead of the power
spectrum |dc(g, w)|>. The frequency difference f acts as the
reference frequency of our optical superheterodyne detection
method. As explained in Sec. II B, first, we slightly change
the polarization direction of L, by a polarizer (A2) to make
its L component, which is necessary to create a beat signal
between L; and L,. By mixing L;( L) and L,(//) on the pho-
todiode PD2, the reference signal with frequency f is pro-
duced and fed into the reference input for the lock-in ampli-
fier.

The scattered light L, is mixed with the local light L; with
horizontal polarization to produce the beat signal of a fixed
frequency (f=2 MHz) by a Si PIN photodetector PD1
(S6468, HAMAMATSU Photonics). The intensity of L; is set
to be weak enough to avoid the saturation of the photodiode
PDI. The lock-in detection of the photocurrent of PD1 with
respect to the reference signal of cos(27ft) (see above) gives
us real and imaginary parts, respectively, as the in-phase and
out-of-phase components of the signal (see B below). For the
detection of the signal by the reference frequency of 2 MHz
we used a two-phase lock-in amplifier (model 200, Palo Alto
Research), and a lock-in extender (model PAR 100, Palo Alto
Research).

2. COBS method

Figure 3 shows the optical setup of COBS, which is the
same as CORS except the lasers [16]. For Brillouin scatter-
ing measurements, we need a moving interference pattern
which propagates with the speed of a phonon frequency.
Typically the frequency of acoustic phonons ranges from
MHz to GHz. This means that the frequency difference be-
tween L; and L, should be changed in this range. So we use
two frequency-tunable single-mode cw green (532 nm) lasers
(Diabolo, Innolight GmbH), which have a frequency tunabil-
ity over 10 GHz without mode hopping, the extremely high
frequency stability (spectral linewidth <1 kHz/min; fre-
quency stability <2 MHz/min), and the high power (1 W).
The frequency difference of the two lasers is electrically con-
trolled by a computer. The other setup is basically the same
as CORS. See Ref. [16] for the details of the system.

B. Photon Correlation Spectroscopy

In order to verify the elimination of multiple scattering in
our method we also performed conventional DLS measure-
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FIG. 3. (Color online) A block diagram for COBS. The meaning
of the symbols is the same as in Fig. 2. The only difference is that
we use frequency-tunable lasers for this experiment.

ments to obtain a normal autocorrelation function in a time
domain using the other light source with the same wave-
length of 532 nm (Compass 315M, Coherent Inc.), photo-
multiplier and a photon correlator (ALV-5000, ALV GmbH).

C. Samples

Colloids used were monodisperse poly(styrene) (PS) latex
particles (purchased from PolyScience, Inc.). They are sus-
pended in pure water. We prepared suspensions of particles
of 48, 64, 107, 174, 200, and 300 nm diameter with various
concentrations between 0.001 and 2.5 wt%. They were stable
without aggregation for more than two months, although
some degree of sedimentation slowly takes place.

We note that the refractive index of polystyrene latex is
1.58 and that of water is 1.34 at 532 nm. This rather large
mismatch of the refractive index allows us to study the ef-
fects of multiple scattering at rather low colloid concentra-
tions (cy=1 wt%). Because of this feature, we can investi-
gate multiple scattering effects in a concentration range,
where we can neglect complex many-body interactions such
as long-range Coulomb interactions and hydrodynamic inter-
actions. This simplifies the analysis of our light scattering
spectra (see below).

D. Sample cell

Since the turbidity of a sample depends on the particle
size, the concentration, and the cell thickness, we chose a
sample cell with a proper thickness for each sample to ob-
serve the spectra while keeping sufficient light intensity. We
used a rectangular glass cell with the optical path length of 1
mm for weakly turbid samples, whereas a glass cell with the
path length of 0.5 mm for strongly turbid samples. All the
experiments were performed at room temperature.
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E. Experimental details

We changed the scattering angle by crossing two beams
(Ly+L, beam and L,+L; beam) with an angle ranged from
10° to 170°. First, we cross the two beams without a cell.
Then, we set a cell so that a glass surface of the cell becomes
perpendicular to the L;+L, beam. To minimize the inacces-
sible g range due to the rectangular shape of a cell (see also
below), we also use an oblique incidence. The real scattering
angle is changed due to the refraction of another light beam,
which is estimated from the refractive indices of the cell wall
and the sample. See also Ref. [25] for a way to change the
scattering angle in a systematic way.

For COLS, we cannot measure the scattering signals
for a scattering angle 6 around 90°. This is why we
do not have any data in Fig. 5(b) for the ¢> range of
4.4~7.0% 10 m=2. As described above, this is because in
COLS the scattering intensity is proportional to n,-n [see
Eq. (4)], which becomes very small for 6~ 7r/2. This is an
intrinsic deficiency of COLS coming from its physical
principle.

IV. RESULTS AND DISCUSSION
A. Multiple-scattering-free COLS

We now show results of measurements of a particle (con-
centration) diffusion mode by this method. The block dia-
gram of our CORS system is shown in Fig. 2. Typical com-
plex spectra of a colloidal suspension are shown in Fig. 4(a).
The real and imaginary parts correspond to those of Eq. (2),
respectively. This is the first observation of complex DLS
spectra of a concentration diffusion mode. In this measure-
ment, the sample was a 0.1 wt% aqueous suspension of latex
particles of a=54 nm and the sample cell was 1 mm. We
emphasize that for this condition, there are significant mul-
tiple scattering effects. Note that even for a more dilute
sample (the colloidal concentration ¢y=0.05 wt%) the dis-
persion relation measured by ordinary photon correlation
spectroscopy is already strongly distorted [see Fig. 5(a)]. The
least square fitting of a Lorentzian function [see Eq. (2)] to
both real and imaginary parts of the spectra yields
Deon=5.01X10"% cm?/s [see Fig. 4(b)]. On the other hand,
from the relation D y=kgT/(67na) with T=288 K and
7=7.97X 107 Pa-s, we estimate D ,;;=4.94 X 107% cm?/s,
which agrees very well with the above measured
value. Furthermore, the slope of the line in Fig. 4(b), which
shows the particle-size dependence of Dy, yields
kgT/677=2.60 X 10~'3 cm?/s, which is also consistent with
the theoretical value (2.65X 10713 cm?/s).

Next, we compare the characteristic decay time 7 obtained
from the half width at half maximum (HWHM) of complex
spectra with that from photon correlation spectroscopy. In
the latter, which is a time-domain measurement, we can ob-
tain an autocorrelation function of scattered light intensity,
which is expressed as g,(f)=1+exp(=2t/7). Provided that
many-body interactions are neglected, 7! should be propor-
tional to ¢ for a diffusion mode. Figure 5(a) shows the ¢?
dependence of 77! obtained from the photon correlation
function of colloidal suspensions (a¢=54 nm) for three con-
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FIG. 4. (Color online) Measurements of translational collective
diffusion. (a) Typical complex spectra of a PS latex aqueous sus-
pension (a=54 nm, ¢y=0.1 wt%, and the cell thickness=1 mm) in
a back scattering configuration (#=175°). HWHM was 770 Hz. The
frequency resolution bandwidth was set to be 200 Hz. The solid
lines are the fitted theoretical curves [see Eq. (2)]. (b) Stokes-
Einstein relation of PS suspensions of various particle sizes
(co=0.1 wt% for all). Straight line shows the result of the least
square fitting of the relation: D.=(kgT/67n)(1/a).

centrations (c,=0.05, 0.2, and 1.0 wt%). For the low concen-
tration range studied here, we expect a linear relationship
between 7' and ¢, but the relation is already distorted even
for ¢;=0.05 wt%. As the concentration increases, 7! more
and more severely deviate from the linear relationship. For a
sample of cy=1.0 wt%, the shape of the correlation function
itself deviates from the single exponential decay and thus
even the value of 7 cannot be determined accurately [see red
triangles in Fig. 5(a)]. This nonideal behavior is due to mul-
tiple scattering effects [2]. Multiple scattering leads to a
broad distribution of the diffusion time 7 even for a mono-
disperse sample, due to the mixing of information of various
wave vectors and polarizations. We note that a sample of
cop=1.0 wt% in a 0.5-mm-thick cell looks milky and only
less than 10% of the incident light is transmitted [see Fig.
5(c)]. The ordinary light scattering method cannot distin-
guish singly scattered light from multiply scattered light and
thus are inevitably subject to multiple scattering effects for
such turbid samples.

Contrary to this, our COLS method allows us to accu-
rately measure physically meaningful spectra even for turbid
samples, as mutual correlation spectroscopy does. This is
because we can selectively detect only singly scattered light,
which preserves the information on the polarization and the
wavenumber of light, and reject multiply scattered light. Fig-
ure 5(b) shows results of a COLS measurement of a sample
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FIG. 5. (Color online) Dispersion relations of PS latex aqueous
suspensions. The samples are suspensions of PS latex (a=54 nm).
(a) Dispersion relations measured by conventional (photon count-
ing) dynamic light scattering spectroscopy, which deviates from the
expected relation (solid line). The concentrations of suspensions are
0.05 (orange circles), 0.2 (blue diamonds), and 1.0 wt% (red tri-
angles), respectively. (b) Dispersion relation measured by CORS for
the 1.0 wt% suspension (a=54 nm). The expected relation
7 1ocg? (solid line) holds quite well even under strong multiple
scattering. (c) Transmittance of the incident light in PS aqueous
suspensions (a=54 nm). The photographs of samples in optical
cells, which are used for light scattering measurements, are also
shown for the two concentrations (0.2 and 1 wt%).

of cy=1.0 wt%, through which only less than 10% of the
incident light can pass [see Fig. 5(c)]. Unlike the above-
described results of the ordinary photon correlation spectros-
copy, 7! is almost perfectly proportional to ¢°, indicating
that our measurement is indeed free from multiple scattering

effects.

B. Multiple-scattering-free COBS

The above principle of multiple scattering free measure-
ments should also apply to other dynamic modes, which can
be measured by COLS [14,15]. These modes include thermal
diffusion (polarized Rayleigh scattering) [14,18], rotational
diffusion (depolarized Rayleigh scattering) [15,18], and
sound propagation (Brillouin scattering) [14,16,18]. Here,
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FIG. 6. (Color online) Complex Brillouin spectra measured for a
turbid colloidal suspension (cy=0.5 wt% and a=54 nm) at
T=20 °C. The sample was filled in a cell of 1 mm thickness, and
the optical transmission was 12.6%. The scattering angle was 5.75°
(g=1886 cm™'). The phonon frequency and the HWHM were de-
termined to be 280 and 3.5 MHz, respectively, by fitting the theo-
retical curves (solid lines). The frequency resolution bandwidth was
set to be 2 MHz.

we show an example of multiple scattering free phase-
coherent Brillouin scattering (COBS) measurements. As
shown in Fig. 6, the complex Brillouin spectra are success-
fully observed with an extremely high frequency resolution
even in a very turbid colloidal suspension, through which
only about 10% of the incident light can pass. The sound
velocity is estimated as 1485 m/s, which is almost the same
as that of water as expected for a long wavelength limit of a
dilute suspension. This clearly indicates that COLS can in-
deed be free from multiple scattering for any dynamic
modes. We emphasize that the frequency resolution of COBS
is much higher (nearly a factor of 100) than conventional
methods using a Fabry-Pérot interferometer.

V. COMPARISON BETWEEN COLS AND CONVENTIONAL
MUTUAL CORRELATION SPECTROSCOPY

Here, it may be worth comparing COLS and mutual cor-
relation spectroscopy (MCS) [3,6-13]. Although both COLS
and MCS can remove multiple scattering contributions, the
principle is very different between them. In COLS, multiple
scattered light causes a beat frequency different from w and,
more importantly, loses phase coherence with respect to the
optically excited coherent mode and thus it can be com-
pletely removed by the phase-sensitive (lock-in) detection of
the scattered light at the frequency w, as described above. In
MCS, on the other hand, multiple scattering contributions to
temporal correlation functions are decorrelated by perform-
ing two geometrically different scattering experiments simul-
taneously on the same scattering volume at identical q. This
relies on that multiply scattered light is generally determined
at wave vectors different from ¢ and thus uncorrelated. This
basic principle is the same between two-color [8—10] and
three-dimensional DLS [11-13]. This principle requires a
rather complicated optical setup. More precisely, the inter-
cept of the cross correlation function decreases with an in-
crease in the mismatch of g and/or the scattering volumes.
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Thus, a very precise alignment is required, particularly for
two-color DLS. Our method is rather free from such a com-
plicated alignment for scattering, which comes from the re-
quirement for performing two scattering experiments simul-
taneously in MCS. Although our optical setup is also
complex due to the usage of four light beams, it is rather
easy to change the scattering angle once we prepare the two
collinearly aligned beams, the L,+L,, and L,+L; beam.

It may be worth noting that there is a difference in the
frequency range covered between COLS and MCS. Our
COLS method uses a (super)heterodyne detection, which
typically covers from about 100 Hz to 10 GHz. On the other
hand, mutual correlation spectroscopy usually uses a digital
photon counting method and calculates the cross correlation
between signals from two detectors: It typically covers from
10* s to 107 s. Thus, MCS and COLS are more suitable for
slow and fast dynamic phenomena, respectively. So, it is fair
to say that the two methods are complementary. We note that
this feature of COLS allows us to apply it for Brillouin scat-
tering (fast dynamics).

Finally, we emphasize that our method has mode selectiv-
ity (see [17,18]), but this feature is absent in MCS. The
physical principle of our method clearly tells us that signals
which are not coherent with respect to the excited coherent
mode are completely rejected by phase-sensitive lock-in de-
tection of the scattered light. We previously show the mode
selectivity of our method in [17,18]. In these particular ex-
amples, we have succeeded in selectively measuring a ther-
mal diffusion mode in the isotropic phase of a liquid crystal
near its nematic transition, where strong incoherent critical
orientational fluctuations overwhelm a thermal diffusion
mode. In such a situation, a thermal diffusion mode cannot
be measured by conventional light scattering spectroscopy.
In our method, however, we can pick up only a coherent
thermal diffusion mode excited by the crossed laser lights
and reject incoherent lights from orientational fluctuations by
phase-sensitive lock-in detection.

VI. SUMMARY

In summary, we developed a “multiple scattering free”
phase-coherent light scattering method. Its validity is shown
for both translational collective diffusion and longitudinal
acoustic phonon measurements. Since this method picks up
only the signal coherent to the optical excitation, it can reject
signals from incoherent random fluctuations of thermal ori-
gin in a sample and thus has mode selectivity [17,18] as well
as the multiple scattering free feature. This allows us to se-
lect only one of translational, rotational and thermal diffu-
sion and acoustic phonon modes and measure its complex
spectra even in a turbid sample. Concerning measurements
of translational collective diffusion, our method may be com-
parable to the conventional mutual correlation spectroscopy.
However, there is a difference in the frequency range cov-
ered: mutual correlation spectroscopy and COLS is more
suitable for slow and fast dynamic phenomena, respectively.
The mode selectivity and the applicability of COLS to vari-
ous modes including acoustic phonons may be advantages
over conventional mutual correlation spectroscopy.
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Our method enables us to investigate various dynamic
modes with mode selectivity in turbid systems, i.e., spatially
heterogeneous materials such as concentrated suspensions of
colloids, emulsions, liquid crystals, foams, dense solutions of
biological molecules, and turbid solid composite materials.
Such materials are important not only in basic science but
also in industrial and biological applications. We note that
although the examples presented here are soft matter, our
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method may also be applied to hard matter (e.g., dynamics of
thermal diffusion and acoustic phonons).
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