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The strong impact of scattering resonances on all the key transport parameters of classical waves in
disordered media is demonstrated through ultrasonic experiments on monodisperse emulsions. Through
accurate measurements of both ballistic and diffusive transport over a wide range of frequencies, we show
that the group velocity is large near sharp resonances, whereas the energy velocity (as well as the diffusion
coefficient) is significantly slowed down by resonant scattering delay. Excellent agreement between theory
and experiment is found, elucidating the effects of resonant scattering on wave transport in both acoustics

and optics.
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During the last two decades, classical wave transport
through strongly resonant scattering media has gained
renewed interest in the field of wave physics [1].
Numerous experimental and theoretical investigations have
been reported on various model systems of disordered
resonant scatterers in optics [2—5] and in acoustics [6—11].
In such systems, the scatterers can support shape reso-
nances (called Mie resonances in optics [12]) which may
strongly influence the characteristic velocities of wave
transport in random media [1]. As has been known for a
long time [13], the group velocity (v,,), which characterizes
the coherent, ballistic propagation of a pulse straight
through the medium [14], has to be distinguished from
the energy velocity (v,) of the dominant diffusive waves,
which corresponds to the average local velocity of energy
transport in the diffusion process. The energy velocity v, is
related to the wave diffusion coefficient D by D = v,£*/3,
with 7% being the transport mean free path, which is the
average distance after which wave propagation is fully
randomized.

One of the difficulties in the experimental observation of
resonant behavior in both group and energy velocities in
strongly scattering media is that diffusive transport
becomes fully developed only after several transport mean
free paths £*, while the ballistic component tends to vanish
for such large propagation distances. To have a reasonable
prospect of success in measuring v, and v,, model systems
of disordered resonant scatterers are required, such as
random powders of monodisperse TiO, spheres as reported
in optics [5] or glass bead suspensions in acoustics [7]. The
group and energy velocities were found to be very similar
in magnitude and frequency dependence in this typical
acoustic system [7], whereas v,, and v, were predicted to
be very different for optical systems [2], with small values
of v, being found experimentally relative to an estimate of
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vy [5]. These strikingly different results may be due to
differences in the refractive index contrast: in optical
experiments, the refractive index n of the scattering
particles is greater than 1 (nq, = 2.5 for TiO, particles
[5]) whereas in the acoustic experiments the refractive
index n of the particles relative to the surrounding medium
[15] is normally smaller than 1 (n,. = 0.3 for SiO, beads in
water [7]). Are optical and acoustical systems always so
different? Can ultrasonic techniques be harnessed to reveal
complementary information on the effects of strong and
narrow scattering resonances on wave transport?

In this Letter, we address these questions through
ultrasonic experiments on a system of disordered mono-
disperse resonant droplets having a high acoustic refractive
index relative to the embedding medium. Thus, we are able
to study the acoustic analogue of Mie scattering resonances
in optics while capitalizing on the advantages of ultrasonic
techniques that allow the simultaneous measurement of
both ballistic and diffuse contributions to the total wave
transport. This is possible because the use of phase
sensitive detectors in acoustics allows the time dependence
of both the average wave field and the average intensity to
be measured in pulsed experiments, enabling the most
comprehensive experimental investigation so far of a
multiply scattering system with strongly scattering reso-
nances analogous to those encountered in optics.
Measurements of the scattering mean free path and phase
velocity confirm that strong resonant scattering occurs in
our acoustic system. Near resonances (identified by dips in
the scattering mean free path), there are sharp peaks in the
frequency dependence of the group velocity, and dips in
diffusion coefficient and energy velocity, providing the
first clear experimental evidence that v,, is much larger
than v, (by as much as 3 times) near the strongest
resonances of high refractive index inclusions. The data
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FIG. 1. Ballistic pulse transmitted through the emulsion (solid
red curve) and a reference pulse through gel (dashed blue curve)
for a propagation distance z =2 mm. The inset shows the
normalized FFT magnitudes versus frequency.

are well explained with rigorous theoretical models that
show clearly the role of resonant scattering delay in
determining the slow diffusive transport in this strongly
resonant scattering system.

Our “resonant emulsions" are made of fluorinated oil
(FC40) droplets randomly dispersed in a water-based gel
matrix. This model system of disordered resonant scatterers
has many advantages: (i) the all-fluid structure of these
emulsions allows the acoustic (scalar) field to be directly
measured within the sample, something that is not possible
with solid materials usually considered in studies of
wave transport; (ii) these random media exhibit a large
sound-speed contrast between the scatterers (v = vy =
0.64 mm/us) and the surrounding medium (v) = vy =
1.48 mm/pus), giving a high refractive index ng; = 2.3
relative to gel and enhancing the droplet resonances [16];
(iii) intrinsic losses within the components of our emulsions
(oil and gel) are quite negligible in the MHz range inves-
tigated in this study, enabling the diffusive waves to be
studied over a long range of times [17]; (iv) robotics used for
the fabrication of our resonant emulsions enables samples
with very low polydispersities (~3%) to be produced, a
sample attribute that is crucial for clearly observing Mie
resonances [18,19]. Furthermore, since we only consider
dilute emulsions with low volume fractions ¢ (~5%) in this
study, the use of the independent scattering approximation
(ISA) [1] should be appropriate for interpreting our exper-
imental data.

Ballistic measurements were performed by immersing
two identical broadband ultrasonic transducers in the pure
gel matrix (to obtain a reference pulse through a known
material), and then in the emulsion (to measure the coherent
wave transmitted through the emulsion)—see Fig. 1. This
configuration ensured that the ballistic pulse could be
accurately measured by taking advantage of the spatial
averaging of the acoustic field across the large surface area
of the receiver (1-in. diameter, corresponding to a spatial
average over more than 1500 speckles at 2.5 MHz).
Measurements over several configurations of disorder
confirmed that the complex shape of this broadband pulse
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FIG. 2. (a) Measured extinction length 7., (=¢), (b) phase
velocity vy, and group velocity vy, (circles and squares, respecti-
vely), compared to the phase velocity v, (=1.48 mm/us) in the
pure water-based gel matrix (dotted line). Theoretical calculations
are based on the independent scattering approximation (solid
lines). Red arrows indicate the resonant frequencies of isolated
fluorinated-oil droplets with @ = 170 ym. For this emulsion, the
polydispersity was 3%.

shown in Fig. 1 (including the oscillations in its tail) is due
to dispersion and not to residual (imperfectly cancelled)
incoherent signal. The frequency-resolved extinction length
C o [Fig. 2(a)], which is essentially equal to the scattering
mean free path 7 since dissipation is so small in our
emulsions [20], and the phase velocity vy, [Fig. 2(b)] were
determined from the ratio of the complex fast Fourier
transforms (FFTs) of the ballistic and reference waves. The
group velocity vy, shown in Fig. 2(b), was determined by
first numerically filtering the transmitted pulses with a
narrow band Gaussian filter (Af = 20 kHz) around many
different central frequencies (from 0.5 MHz to 8 MHz) and
then deducing vy, from the time shifts of the pulse envelope
maxima for each frequency [14,21].

The strong frequency dependence of these ballistic
parameters reveals the highly resonant behavior of our
emulsion, in which the sharp acoustic (Mie-type) reso-
nances are associated with low values of £, and with large
variations of vy, as shown in Fig. 2. Remarkably good
agreement was found between our measurements and the
theoretical predictions based on the ISA including the
measured droplet-size distribution of our sample:

2= (K + k") = K3 + / Annf(0)da. (1)
Here n = 3¢/(4ra®) is the number of scatterers per
unit volume, a is the droplet radius, and f(0) is the
forward scattering amplitude of a single droplet, defined
in terms of the scattering coefficients A, as f(0) =
(1/jkg) > % o(2m+ 1)A,, [18]. From the real and
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imaginary parts of the wave number k' and k", vy,
(k' = w/vy), vy = 0w/OK, and Lo (=1/2k") were
determined.

In the vicinity of the strongest resonances (between 1.5
and 3.5 MHz), £, (x*?) is short and comparable with the
wavelength 4 (= v,/ f), so that the coherent wave becomes
vanishingly small relative to the diffusive waves. When
L > ¢*, wave transport becomes purely diffusive [6,8,22].
The diffusion coefficient D was characterized through
frequency-, time-, and position-resolved experiments by
measuring the temporal evolution of the diffusive halo, as
done previously in glass bead suspensions [6]. The incoher-
ent field generated by a point source at the input face of the
sample (z =0, p = 0) was measured by a needle hydro-
phone in different single speckle spots at positions (z > 0, p)
in the emulsion, which was shaped as a circular slab of
thickness L = 26 mm. After numerical filtering (in order to
obtain frequency resolved results), the squared envelopes of
the codas were calculated and ensemble averaged by taking
advantage of the spatial ergodicity of our ultrasonic setup.
Since our experiments were performed inside the emulsion,
this quantity is proportional to the energy density U, unlike
the usual situation in acoustics and optics in which the
detector is placed outside the sample and the transmitted (or
reflected) flux is measured [6,11,22]. Thus, we were able to
measure the energy density inside the sample for fixed z at
several transverse distances p from the source axis, and
determine the off-axis/on-axis ratio U(p,t)/U(0,t) =
exp|—p?/(4Dt)]. From this ratio, the transverse width
squared of the diffuse halo w?(¢) = 4Dt provides a direct
measure of D, without complications due to absorption or
boundary conditions [6].

Figure 3 shows representative experimental results
obtained using a broadband pulsed point source centered
at 2.8 MHz to observe the effects of the strongest
resonances. The measured coda [Fig. 3(a)] is the signature
of multiple scattering paths, which are clearly visible for
long times up to 1000 us. Figures 3(b) and 3(c) show
U(p.t) and w?(t) for frequencies near 2.7 MHz. These
measurements were performed at a depth z =20 mm.
From a linear fit to w?(¢) [Fig. 3(c)], we obtain an accurate
measurement of D = 0.40 = 0.01 mm?/us at this fre-
quency. For U(p, t) [Fig. 3(b)], the solid black lines show
the predictions of diffusion theory, taking into account the
finite-thickness L of the slab and absorption [23]; note that
only two fitting parameters are needed: U, the initial
energy density, and 7,, the absorption time. The known
(fixed) input parameters were D [measured from w?(¢)], the
internal reflection coefficient (calculated from the ballistic
parameters [6,24,25]), and £* [estimated from the measured
values of ¢ using £* = £,/(1 — (cos )), where (cos §) =
JEcos6|f(0)|*sin0dl/ [F|f(0)|>sin@dO is the weighted
average of cos @ over scattering angles ¢]. The excellent
agreement between the measured and calculated energy
density profiles in Fig. 3(b), for all distances p, shows that
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FIG. 3. (a) Transmitted unfiltered incoherent field for one

realization of disorder (at p = 0 mm and z = 20 mm), with the
input signal shown in the inset. (b) Average energy density
(normalized by the incident energy density U,) for different
distances p after numerical filtering of transmitted codas around
fo = 2.7 MHz. (c) The linear fit of the width squared of the diffuse
halo between 50 and 500 us (red line) provides an accurate
measurement of the diffusion coefficient D. In (b) and (c), symbols
denote experimental data and the black lines correspond to the
theoretical predictions over all times up to 1000 us.

diffusion theory describes the data very well and further
validates the measurement of D.

This procedure was repeated for each filtering frequency
(from 1 MHz to 3.6 MHz) to obtain frequency-dependent
measurements of both D [Fig. 4(a)] and 7, [Fig. 4(b)]. The
absorption time 7, in the emulsion was found to be around
5 times shorter than the intrinsic absorption time 7 in the
pure gel matrix, with the increased absorption likely due to
viscous losses at the interface between the oil droplets and
the gel matrix [26,27].

The low values of D and its frequency dependence are
strongly influenced by scattering resonances. This behavior
can be understood by examining the energy velocity v,,
which can be determined from the measured values of D
and the estimated £* since v, =3D/¢*. The energy
velocity v, was then compared to the group velocity vg,
as shown in Fig. 5. Contrary to what was observed in
concentrated suspensions of glass beads at ultrasonic
frequencies [7], v, here is very different in magnitude
and frequency dependence to v,,. This difference may be
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FIG. 4. (a) Measured diffusion coefficient D as a function of
frequency (symbols) from the fits for w?(z) [cf. Fig. 3(c)l,
compared with theoretical predictions from the independent
scattering approximation (dashed lines). (b) Absorption time
7, deduced from the fits for U(p, 1) « exp(—t/z,) [cf. Fig. 3(b)].
The experimental data shown here were obtained from measure-
ments done for three different depths z (=15, 20, and 25 mm)
within the sample.

attributed to the different character of the scattering
resonances in these two cases. For the emulsion, the low
values of v, and anomalously high values of v, are
reminiscent of predictions in optics for strongly scattering
TiO, particles [2,28]. For the scalar wave case relevant to
acoustic waves in emulsions, these predictions for », can be
conveniently written as

2
U/ Vph .
Ve = 5 with (2)
R F 4
5 = 2mvy (%6272(0) + A Sin ) f(e>|2g—zde),

3)

where ¢ is the phase of the scattering amplitude f(6) [29].
The first term in 6 accounts for the influence of the group
velocity, while the second term is proportional to the
scattering delay due to resonant trapping of energy in
the droplets. These terms are of opposite sign, with the
(positive) scattering delay term being dominant, thereby
causing the energy velocity to be small compared with v,
and v,,, especially near the strongest resonances at f =
2 MHz and 2.7 MHz. This model, in which there are no
adjustable parameters, is in very good agreement with our
data for v,, as shown in Fig. 5. In combination with our
results for 77, it also enables the frequency dependence of
D to be accurately predicted [Fig. 4(a)].
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FIG.5. Comparison of the energy and group velocities from the

experiments (circles and squares, respectively) and theory
(dashed and solid lines). The sound speed in the pure gel matrix
is represented by the dotted line.

In conclusion, we have obtained a complete set of
experimental data for the key transport parameters of a
strongly scattering medium composed of monodisperse
resonant droplets. We find that the group velocity differs
significantly from the energy velocity in the vicinity of the
scattering resonances. Such behavior is unusual in acous-
tics and is due to the high relative refractive index of the
droplets. Our data are well explained by theoretical
calculations that take into account the strong dispersion
of the coherent wave and the pronounced scattering delay
experienced by the diffusive waves. In particular, the all-
fluid structure of our emulsions, which only support the
propagation of longitudinal waves, allows a direct valida-
tion of scalar wave theories for v,, which have not been
tested directly in a purely scalar wave system previously.
Furthermore, our precise measurements of both v,, and v,
show conclusively that v, < v, near the resonances of
high index inclusions, as are encountered in optics where
accurate measurements of vy, in strongly scattering dif-
fusive media have been elusive. Finally, we note that the
strong scattering exhibited in our emulsions suggests that,
at higher concentrations of droplets where interference
effects would be expected to be important, resonant
emulsions might be model systems for investigating the
Anderson localization acoustic waves, thereby comple-
menting previous experiments on mesoglasses at ultrasonic
frequencies [30-34].
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