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We have studied theoretically and experimentally the dynamic multiple light scattering properties of
a liquid dispersion (an aqueous foam for the experiments) having a continuous phase doped with
colloidal scatterers (monodisperse latex beads for the experiments). The temporal auto-correlation
function of the scattering intensity shows two characteristic timescales. The slow timescale is related to
the reorganization of the dispersion induced by aging, while the fast timescale is related to the Brownian
dynamic of the colloids. Although the static light scattering properties are fully controlled by the
dispersion at a large scale, the dynamic scattering is surprisingly highly sensitive to even a tiny amount
of added colloids. The non-trivial generic behavior discussed here reveals that using multiple light
scattering to study complex and real industrial or food-related dispersed products requires special care

to avoid possible misinterpretations.

I. Introduction

A remarkable feature of a large range of soft matter materials is
that they age: colloidal suspensions and glasses, dispersed
systems (like foams and emulsions), gels, pastes, etc. are out-of-
equilibrium systems and evolve generally irreversibly with time.*
To fully understand these soft matter systems — together with
structural studies — one needs to elucidate how the supramolec-
ular arrangements and mesoscopic organization evolve in time,
and what are the intrinsic dynamical processes.

As many of these systems are opaque, it is not straightforward
to visualize and monitor internal dynamics. An optical technique
based on the diffusive walk of photons inside the material —
Diffusing Wave Spectroscopy (DWS) — emerged in the early
90s.>* The first DWS results, mostly on model systems like
colloidal solutions of polyballs and commercial foams,>*®
rapidly proved that DWS is a powerful tool for investigating
dynamics in turbid media. Over the years, advances and refine-
ments were made on both the theoretical®™® and technical
aspects. In particular, improvements were made to tackle
statistically non-trivial dynamics and ergodicity issues: develop-
ments of multi-speckle! and double cell setups,’?> and advanced
DWS-inspired techniques like speckle visible spectroscopy*® and
time-resolved correlation.™

The natural aging of the materials is not the only source of
internal dynamics; applying a shear can also lead to microscopic
rearrangements, and DWS can monitor these rates of shear-
induced motions, and more generally the balance between aging
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and shear.*'*2! In that respect, as DWS is a measurement at
a local microscopic scale, it also offers microscopic interpretation
of macroscopic rheology, allowing us to draw the complex links
between micro- and macroscopic features.

In the last ten years, DWS has also emerged in food
science,??2* as more and more correlations were drawn between
food samples and other soft materials.”® However, food systems
are generally much more complex, both in terms of chemical
formulation and processes, than model systems studied initially
by DWS. Indeed, food samples typically comprise complex
fluids, already often opaque and containing their own light
scatterers (like casein micelles, oil droplets, protein aggregates
and coacervates, and surfactant—polyelectrolyte complexes).
These fluids are then mixed, embedded into out-of-equilibrium
jellified matrices, or distributed into multiple dispersions. Along
with the complexity of the formulation and structure, these
systems evolve under various dynamical processes: beside their
own aging, changes are often induced by varying the external
conditions (like pH, temperature or applied stress), leading to
macroscopic features like gelification, coagulation, destabiliza-
tion, or flocculation.?6-32

In such systems, because of multiple interactions and
components, it is far from simple to determine what is the source
of the photon decorrelation, and to ascribe the timescale
extracted from the DWS data to the relevant mechanism.
Understanding DWS data in real complex formulations and
structures — such as those found in food applications — remains
a challenging issue, and these aspects are indeed the less inves-
tigated and understood situations. In other words, the tricky task
is not to perform a DWS measurement, but to determine what
the DWS curve actually reports, when dealing with non-trivial
multiple component/scatterer systems dispersed one into
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another. At this stage, the first important step is to better
understand what is measured by DWS in systems of moderate
and controlled complexity.

In that respect, while studying the properties of a new class of
aqueous foams, namely those solely stabilized by nanoparticles
(like the more classical Pickering emulsions?*-**), we performed
DWS measurements on such foams.?* Unusual features were
observed: inspired by a previous work on packed solid parti-
cles,® it was proposed that these results could be due to a tiny
amount of remaining free floating particles (those not adsorbed
at interfaces). But only partial analysis and hypothesis verifica-
tions could be done. Indeed, too many unknown parameters
were involved with these particle-stabilized foams: the shape and
size of the particles (probably aggregated in clogs), the actual
concentrations of non-adsorbed particles, technical issues on the
foam production leading to uncontrolled foams, and uncon-
trolled slow aging dynamics (mostly film ruptures leading to
uncontrolled bubble size and polydispersity). Thus the whole
interpretation framework could not be validated, and limits of
our models could not be identified. These first experiments were
more like a proof of concept where, when dealing with mixtures
of scatterers, new features occur.

To elucidate in detail the situation where small scatterers and
large globules (like oil droplets or gas bubbles) are dispersed
together in water, we experimentally investigate here a typical
case of this class of system. We choose to study foams doped
with colloidal particles and focus particularly on the regime of
low concentrations of added particles, which turns out to be
both theoretically and experimentally (for applications) the
most interesting. This new quantitative DWS study shows that
it is possible to separate the intrinsic dynamics of the foam and
of the particles, only for a range of relative concentrations,
unexpectedly corresponding to the limit of very low concen-
trations of colloids. In parallel, we present a theoretical
formalism for DWS corresponding to the general case of small
and rapid colloidal scatterers in an aging dispersion matrix, and
compare the predictions to the data, and discuss the limits of the
model.

II. Theoretical background: the general case of
colloidal scatterers within a liquid dispersion

For the theoretical modeling, we consider a system as generic as
possible: as depicted schematically in Fig. la, it consists of
a liquid dispersion (being a foam or an emulsion) where the
dispersed globules (respectively bubbles or droplets) are of
typical diameters larger than 10 um. We do not make a restrictive
hypothesis on the size distribution of the globules. Inside the
continuous phase of this dispersion, a small amount of free
colloidal particles is also dispersed. The diameter of the colloidal
particles is supposed to be small compared to globules and to the
inter-distance between globules, so that colloids diffuse freely in
the continuous phase. Although we carried out experiments and
modelling only with calibrated beads, generalization to poly-
disperse systems may be easily considered.

This dispersed system is then illuminated with a coherent light
(wavelength inside the material 1), and we consider, as depicted
in Fig. 1b, a path of length, s, inside the dispersion. We draw on
the figure a slab geometry in transmission, but other geometries

=

Fig.1 (a) A schematic view of the generic system discussed theoretically:
large globules (oil droplets or gas bubbles, in blue on the figure) of typical
size >10 pm with few colloidal scatterers (black points on the figure). (b)
A schematic drawing of the slab geometry that we used for the DWS
study, with the path for one photon.

may also be considered. We call A®(z, ¢ + 1) the variation of the
phase @, = ks between the time ¢ and ¢ + 7, with k = 27t/A. We
consider also that the dispersion system strongly scatters light,
i.e. the transport mean length of the system /* is small compared
to the material size. Typically for liquid dispersions (foam or
emulsion), the transport mean free path is a few globule (bubbles
or droplets) diameters.

In the following, we consider that the dynamics of our system
is twofold. First, there is a slow aging of the dispersion, leading to
globule reorganization. Those reorganizations create important
phase variations for paths where reorganization occurs. We
suppose that reorganizations of the dispersion occur into the
bulk sample with a constant probability per unit of volume and
unit of time. So the probability that a reorganization occurs for
a path of length s during a time interval 7 is pr = 1 — exp(—s74),
with 4 being a constant depending on the bulk properties of the
dispersion. It is interesting to introduce the characteristic time tg
= 1/A4/*, which is the characteristic time between two reorgani-
zation events occurring on a path of length /*. The value of the
phase variation for paths where at least one reorganization
occurs is Ad (¢, t + 1) = r, with r being a random number. Since
the reorganization occurs for a typical size of a few droplets or
bubbles which is, by hypothesis, at least 10 um, the path length
variations are expected to be large compared to the optical
wavelength, and |r| > 2.

The second dynamical contribution leading to light path
changes is the motion of the colloidal particles dispersed into the
continuous fluid. For a path with no globule reorganization, we
call /. the mean distance between two scattering events by small
particles. We suppose that those colloidal particles are distrib-
uted randomly into one phase of the emulsion; the probability
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that n scattering events occur for a path of length s should follow
a Poisson distribution p,(s) = p'exp(—u)/n!, with u = s/l.. The
phase shift for one path with # scattering events is
AD (1,14 1) = D" q;-Ari(t, t + 1) with ¢; being the scattering
vector of the i scattering event, and Ar(t) being the displace-
ment of the i™ scatterer. The probability that n scattering events
occur without globule reorganization is (1 — pr)p,.-

The correlation function gi(t) = (E(¢)-E'(t + 1)) of the scat-
tered electric field for path of length s may be written as:

g(t) = ipn<eXp (jiq,-'mf(h 1+ f)) > x [(1 = pr)
n=0 i=1
+ pr{exp(jr))] ()

%

= (1—pr) >_ palexp(q-Ar(r))" )

n=0

The first term in eqn (1) is a summation of a path which
contains no reorganization, and the second term is the summa-
tion of a path that contains reorganization, and also possibly
scattering with colloidal particles. In eqn (1) averages are
calculated for different paths, scattering events, and reorgani-
zations. For obtaining eqn (2) we used the fact that the different
scattering events are independent, and that (exp(jr)) = 0 because
r is a random variable with || >> 2m. The average in eqn (1) is
calculated for all scattering vectors for scattering events with
small particles. We note gff'(t) = (exp(g-Ar(z))) the correlation
function for a single scattering on a colloidal particle. Replacing
pr and p,, by their expressions, and after a little calculation we
find:

@@ =ew| -7 (1= )] ®

The correlation function for a distribution P(s) of path lengths
is gg(t) = | P(s)g,(;) (t)ds. Rewriting eqn (3) as f{k) = exp(—«s)
with « = (@/lw) + (1 - g®P@x)I., we have
ge(t) = | P(s)exp(—«s)ds. For the sake of simplicity, we restrict
to the situation of a parallel slab of thickness L > [* in the
transmission geometry, but results may be easily extended to
other scattering geometries. In this case, the Laplace transform
of P(s) may be computed analytically* and is approximately gg(t)
= exp(—«L?*2l*). Then eqn (3) becomes:

e L (1-gP@)] @

g0 =exp| 2w 2L

Expression (4) in the limit case g — o is analogous to
expressions calculated for Brownian particles dispersed in porous
materials,**¢37 where reorganizations are absent. Taking into
account such reorganizations adds a decay of the correlation on
a time scaling with g, and depending on the geometrical and
optical parameter /* and L.

Lastly, the function g{¥(tr) = (exp(q-Ar(r))) may be calculated
for point like scatterers, and it has been found that:37-38

g’ = [1 - exp(—/a)]ma/x ©)

with tg = 1/4k*>D, where D is the Brownian diffusion coefficient
of the colloidal particles.

III. Model experimental system: latex beads within
a foam

The experimental system we selected to investigate the scattering
properties of such composite materials and to test the previous
model is an aqueous foam doped with latex beads.

More precisely, we chose to perform experiments with
a commercial shaving foam (from Gillette); such shaving foams
have been used to tackle various issues of the physics of foams (for
instance, for optics or mechanics™'*-234%) The major advantage
of shaving foams is that all of them share the same reproducible
initial and aging properties, independent of the exact chemical
formulation. Indeed, for all basic shaving foams, the initial liquid
fraction is typically ¢ = 7%. The initial mean bubble size is
typically ~40 um at the foam fabrication ¢ = 0. All these foams
have similar bubble size polydispersity and high uniformity (no
holes or voids). They are also very robust against bubble coales-
cence. As a consequence of the small initial value of the bubble
diameter, such foams evolve in time mostly by coarsening (due to
gas diffusion), almost without drainage or coalescence.*’ Quan-
titatively, the bubble diameter increases by a factor 8-10 in 1000
minutes, while drainage makes the liquid fraction decrease by less
than 15% over that timescale; moreover, drainage is basically
stopped when using samples of typically a few cm of height (as
used here) due to the liquid capillary holdup. Note that this
coarsening is a self-similar process and the bubble diameter
evolves as v/2.* More importantly, bubble rearrangements are
induced by this coarsening process, and it has been reported that
the reorganization timescale varies as T ~ > and is typically of
the order of 1 s.”® Therefore, using shaving cans is a simple and
efficient way to reproducibly obtain controlled samples belonging
to the same class of foams, meaning those with low liquid fraction,
tiny bubble size, strong stability and a slow and simple aging
(solely dominated by coarsening).

For the colloidal particles, monodisperse polystyrene latex
beads are purchased from Sigma-Aldrich (named LB-1 for 100 nm
diameters and LB-3 for 300 nm diameters). The particles are used
as received, dispersed into a surfactant solution (to prevent
destabilization in time), and at a solid volume fraction of 10%.

To prepare the samples, a mass ~500 mg of foam is weighed,
and a controlled volume of the latex beads solution is added to
the foam. We define the volume colloidal fractions @ as the
volume of colloidal particles over the volume of the foam
(constant over time, as well as the volume of the liquid inside the
foam). The mixture is gently stirred for one minute. We have
checked that the same stirring procedure with ink instead of
colloidal suspension ensures a homogeneous dispersion of the
added liquid inside the foam. We have also checked that previous
dilution of the colloidal suspension prior to mixing with the foam
does not change results. Note that such a mixing method was also
used previously with particles of tens of microns and commercial
foams to study rheological behavior.*?

The presence of the colloidal particles does not modify the
foam stability and aging. No differences have been found by
visual inspections over a few hours when comparing a foam with
and without added particles. In parallel, adsorption of some
particles at the interfaces is not expected, because of the negative
charge of the particles, their high hydrophilicity and the slow
stirring protocol used here.*?
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In practice, we have thus various experimental adjustable
parameters: the particle size, the amount of particles (measured
by the volume colloidal fractions @.) and the foam age, which
means various bubble diameters.

The mixture of foam with colloidal particles is then put into
a cell with two parallel glass plates separated by L = 4.0 mm
(Fig. 1b). A laser beam (He—Ne, 633 nm, 5 mW) is expanded with
a lens to illuminate the entire cell. The scattered light is observed
in transmission and is collected with a single-mode optical fiber
with a collimation optic. The fiber output is sent on a photo-
multiplier, and the normalized intensity auto-correlation func-
tion gi(r) = (LIt + ))/{(I(1))(I(t + 7)), with (-) being a time
average, is measured with a digital correlator (Flex02-12D from
correlator.com) operating in multi-tau mode. The typical photon
rate is ~10 kHz, and correlation functions are obtained after 10
min averages.

IV. DWS data and dependence on the system
parameters

Fig. 2a compares the raw correlation functions obtained for
a foam without colloidal particles, and foams with free
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Fig.2 (a) Raw data gj versus delay 7 in a lin-log plot. Top curve is foam
only, and the solid fraction of latex sphere (¢ = 300 nm) increases from
the top to bottom curve @&, = 6.92 x 107 13.8 x 10~° and 44.1 x 10>,
The foam age is ¢ = 620 min for every foam. (b) gg versus t for the same
data in a log-lin scale. Plain lines are experimental data and dotted lines
are exponential fit gg(1) = ggexp(—1/tq) for T = 0.1 s, with gg* and 7 two
fitting parameters. Inset: 7o as a function of @, for # = 100 min (O)
t = 500 min (), and # = 1000 min (A).

different amounts of added colloidal particles, the aging
time and the particle diameter being the same. The intercept
gi(t — 0) is always close to 1.5 which is the expected theo-
retical value for an unpolarized scattered wave.** Without
colloidal particles, we find a decay of correlation on a typical
timescale of ~0.1 s as commonly reported.”® The effect of
adding colloidal particles is to add a “fast” decay on a timescale
T = ms to the correlation function. The amplitude of the first
decay is clearly related to the amount of colloidal particles
introduced into the foam.

By contrast, the “slow” decay time is unaffected by the pres-
ence of the colloidal particles, and can be unambiguously
ascribed to the coarsening of the foam (as t ~ s and by similar-
ities with previous studies).

At lower concentrations, no effects are observed (only a single
decay due to the foam coarsening dynamics); but for concen-
trations of the order of 10~3, one can also measure a single decay,
but linked to the particles dynamics, and fully hiding the slow
one of the foam. We emphasize that between these two situa-
tions, leading to the same qualitative shape of the DWS curve,
there is a difference of typically 3 orders of magnitude in
timescales.

As a last comment on this description of the raw data, note
that all these features are robust and are observed for the
different waiting times (i.e. different bubble diameters) and for
the two particle diameters. In addition, these new results on
controlled samples are in agreement with the interpretation made
in a previous work.?

These data can also be used to determine the electric field
correlation function gg(r), which is the quantity of interest
for comparison to models, using the Siegert relation:*> g; = 1 +
Blgel* where § is obtained as the limit of g — 1 for © — 0,
and where we suppose that gg is real. The electric field corre-
lation functions corresponding to the data of Fig. 2a are plotted
in Fig. 2b.

The same features as described before are recovered in these
correlation functions gg(tr) plotted here in the log-lin scale
(Fig. 2b): in the presence of colloidal particles, a two-scale decay
of the correlation function for a given range of low concentra-
tions, a first decay time independent of the concentration but an
amplitude increasing with concentration, and a second decay
completely independent of the added particles.

As previously noticed, we did not see any effect of added
colloidal particles on the coalescence of the foam. Direct visual
observations show identically stable foams. This is in agreement
with the long-time decay of the correlation functions. Indeed, we
did not find (see inset of Fig. 2b) any evolution of 7, with the
amount of added colloidal particles. This indicates that
the characteristic time of reorganization g does not depend on
the amount of colloids. We also noticed that the short decay time
is independent of the amount of added particles.

In the next section, the objective is to explain these features in
detail, in this well controlled setup.

V. Fitting data and discussion

We introduce 1 the typical time of the fast decay related to the
Brownian motion of the colloidal particles. We focus first on the
limit T >> tp: going back to the model of Section 2, this
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corresponds to gf¥ = 0. Thus, the electric field autocorrelation
function becomes:

A (©)

The exponential decay of gg(7) is clearly visible in Fig. 2b. In
this limit, for a foam at a fixed value of coarsening time and with
a given solid fraction, we may fit In(gg(7)) as a function of t with
an affine variation In(gg(r)) = In(gg*) — t/70, with g = exp(—L*
2I'l,) and 7o = 2(I')*tr/L*. From a practical point of view, data
are fitted in the range 0.1 = v =< 0.4 s for = 500 min, and
between 0.25 < t < 0.5 s for z = 1000 min.

The intercept gi basically represents how much correlation
remains after the first fast decay. To quantitatively represent the
effect of the particle concentration on the decorrelation, Fig. 3
shows —In(gg) as a function of volume colloidal fractions @, as
previously defined as the volume of colloidal particles over the
volume of the foam, for different bead diameters and foam
coarsening times.

Our model gives —In(gg) = L*/2['l. and experimentally we have
found that —In(gg) increases linearly with @.: this is consistent as
. — which is the mean distance between two scattering events on
colloidal particles — decreases with @..

For further analysis, we can compare the slopes of Fig. 3 to
predictions, and discuss the intercept of the affine fit and the
range of @, corresponding to the transition range when
0 < —In(gp) < 1).

0.8

I I I
0 100 200 300 400x10°

b
o
~
|

—ln(gE

I I I I
0 100 200 300 400x10°®

LS

Fig. 3 Variation of the correlation drop gg as a function of volume
fraction of colloidal particles @, into the foam. (a) Colloidal particles
diameter is d = 100 nm and coarsening time are t = 500 min (), and ¢ =
1000 min (O). (b) Coarsening time is # = 1000 min and colloids particles
diameters are d = 100 nm (O) and d = 300 nm (@). Dotted lines are
affine fits of In(gg) with &..

By definition, /. = 1/n.0, with n, being the number of colloidal
particles per unit volume and o being the scattering cross-section
of colloidal particles dispersed into the foam. With n, = 6@ J/rd,
we expect —In(gg) = ®.L%0/3nld. So, from the slope of the
affine variations, we may obtain an estimate of L’c/37/'d. As
expected, this slope depends on colloidal diameters (see Fig. 3b)
and on foam age (see Fig. 3a) because /" increases with the foam
age. Comparison of the measured slopes A(—In(gg))/A®, with the
expected slopes L?a /37 d" is not easy, because we need values of
the colloidal cross-sections o.. Inversely, we can estimate o, from
the experimental data. We used reported values of variations of I
versus coarsening time for Gillette foams.?* We found
. = 56 nm? (1 = 500 min, d = 100 nm), g, = 55 nm? (+ = 1000
min, d = 100 nm) and o, = 3040 nm? ( = 1000 min, d = 300 nm).
Those values may be compared, in a very crude approximation,
to calculated values*” of cross-section for Mie particles of
refractive index ny,ex = 1.59 dispersed in water: 0. = 57 nm? for
d =100 nm, and o, = 14 900 nm? for d = 300 nm. There is a good
agreement for particles with ¢ = 100 nm, confirming the whole
theoretical framework leading to the predicted values of the
slopes in Fig. 3. However, forcing the data for d = 300 nm to fit
the model leads to unexpectedly low values of concentration. In
the following, we show that another discrepancy, consistent with
this first one, is also found for the timescale of the fast decay with
d = 300 nm.

In the previous paragraph, we calculated /. with the volume
fraction of colloidal particles @, in the foam. This supposes
implicitly that the fraction of a photon path into the liquid is the
liquid fraction. For dry foams, this assumption seems to be in
qualitative agreement with the experiment.*®* Measurements of
decorrelation due to colloidal particles may be used to obtain the
fraction of a photon path into one phase. This is a quantity
involved in the model of transport of light into a dispersed
system,4-51

In Fig. 3, note also that there is a non-zero intercept without
added particles in the limit of @, = 0. This may be related to the
fact that we used a commercial shaving foam which is made from
a solution of complex chemical formulation, and diffusive
motion of pre-existing scatterers may be responsible for a small
fast decay, even without added colloidal particles. Nevertheless,
the effect is small and the initial foaming fluid probably contains
either an extremely low amount of scatterers or scatterers with
small sizes. In parallel, it should be noted that small partial
decorrelation in the Gillette foam has been already reported, but
this was a non-exponential contribution spanning over several
decades and whose origins are different from what is discussed
here (effect of thermal jittering of the bubble interfaces'®).

Lastly in Fig. 3, we want to emphasize that the range of @
which corresponds to the intermediate regime (0 < —In(gg) < 1) is
set, not by the scattering properties of the solution itself (/.), but
by the combination of the foam, setup and fluid properties:
indeed, the important relation providing the range of @, is that
L*T'l.= 1. So, if L*/I" is large (up to meters), a plateau can be seen
for a value of /. of the same order of meters, meaning a very dilute
and transparent solution. In that respect, these new results and
analyses indeed confirm the interpretations proposed in our
previous work on uncontrolled foams.

To be complete, we also have to analyze the fast decay of
correlation functions due to the Brownian motion. The function
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(B)
g (7)

Fig.4 Correlation functions gf¥’ as a function of delay . Dotted lines are
for colloidal particles of diameter d = 100 nm, and dashed lines for d =
300 nm. The three different lines are for three different concentrations.
Plain lines represent the fitting discussed in the text.

g®(1) may be extracted from experimental data as gi'(t) = In(gg/
grexp—(t/10))/In(gg). Fig. 4 shows the extracted values of gff'(t)
for particle diameters d = 100 nm and 4 = 300 nm at different
solid concentrations. One first notes that the decay of g is
almost independent of the colloidal solid fraction.

Plain lines correspond to the adjustment of the data by eqn (5),
and we have obtained g = 1.2 ms for d = 100 nm, and 75 = 18 ms
for d = 300 nm. In comparison with the predicted values, we use
the Stokes—FEinstein expression for the diffusion coefficients and
taking n = 1.9 cP (ref. 17) for the liquid phase of the foam, this
provides tg = 0.6 ms for d = 100 nm and 7z = 1.8 ms for
d = 300 nm. As for the amplitude of decorrelation, there is
a reasonable agreement between experiments and the model for
d = 300 nm, while there is one order of magnitude of difference
for d = 300 nm.

Clearly, the model well describes the properties of the foam
mixed with 100 nm diameter particles, while it fails for the
300 nm. A better agreement can be found by artificially
decreasing the concentration, much smaller than what it actually
is. One can then wonder if all the particles remain free in their
motion. If it is clear that the liquid channel dimensions are
always large enough (typically 10 microns for the internal radii)
to avoid the capture of single 100 or 300 nm particles,** it might
be possible to immobilize or reduce the motion of particles by the
creation of arches and clogs and thus to effectively reduce
the amount of moving particles. One might also wonder if the
confinement in non-isotropic long and slender channels cannot
affect the Brownian dynamics, even though the channel typical
internal radius is always large when compared to the particle
diameters. Another source of discrepancy, especially for the
estimation of tp, is the point-like scatterer approximation which
is probably a too crude approximation, and (exp(q-Ar(t))) needs
then to be evaluated numerically.

VI. Summary and conclusion

We have investigated theoretically and experimentally what is
measured by DWS for composite systems mixing two types of
scatterers having each a dynamical timescale. We have clearly

identified conditions for a single decorrelation due to either one
or the other scatterer, and a range of experimental conditions
where both dynamics are decoupled and separated in time
(leading to an intermediate plateau in the DWS curve).

From a general point of view, for a parallel slab filled with
any type of liquid dispersion (like a foam or an emulsion) of
transport mean free path /" < L, the transport of light may be
treated using diffusive transport approximation. The typical
path length s ~ L?/2]" must be compared to the scattering length
I. due to the colloidal particles. If [, >> L*/2[", the scattering due
to the colloidal particle is negligible; here, we have investigated
the regime where /. & L*2[", but note also that if [, < L*2I" we
have another regime, with multiple scattering on colloidal
particles. Note that this scattering regime may be achieved with
I. > T, ie with no modification of the static scattering
properties.

The analysis of the data collected on our experimental model
system (colloidal beads within a foam) clearly shows and defin-
itively proves that the origin of this type of two-decay shape is
due to the presence of these two identified dynamical processes
(intrinsic rearrangements due to coarsening and particle Brow-
nian motion within the continuous liquid phase). This imple-
ments and confirms our previous study made on particle-
stabilized foams, where the ratio of the adsorbed and free
particles inside the foam was not directly controlled, neither the
particle size nor polydispersity. As in this new study, the particles
are never adsorbed at bubble interfaces, one can be sure that
considering processes associated with the possible jamming/
unjamming of adsorbed particles is not relevant.

We want to emphasize that the non-trivial features reported
and explained here are particularly important for food science: as
already stated, food products are often complex mixtures where
small scatterers are present and distributed within an emulsion or
foam (or even more complex multiple dispersions®?). When
dealing with complex turbid materials and performing light
correlation experiments like DWS, these new results show that
one has to be aware that a single decorrelation process is not
necessarily due to the most obvious mechanism, and that data
analysis is not straightforward. In particular, regarding the fact
that even a low amount of colloids can dominate the dynamic
scattering properties, the presence of uncontrolled impurities can
easily and unfortunately be the dominant effect. In that respect,
we also show here that adjusting the setup conditions or the
dispersion parameters can be a way to tune the length scales and
to separate the dynamics.

For such a composite system, we have developed a generic
theoretical framework, and we have shown that despite some
agreement, there are still some remaining questions: this opens
interesting fundamental questions about the optics of fast scat-
terers in a slowly evolving matrix, and possibly about the effect of
confinement on the Brownian motion. Once the origins of the
limits of model will be known, one could “invert the problem”
and consider that an optical method could be developed for rapid
and easy measuring of low amount or traces of scatterers in
a transparent fluid: using the relatively simple setup of DWS and
dispersing the solutions within a slowly evolving matrix should
indeed be sufficient. Using a spatially resolved DWS setup,® the
concentration field of colloidal particles should also be
measurable.
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