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Weak localization and time reversal of ultrasound in a rotational flow

Julien de Rosny,* Arnaud Tourin, Arnaud Derode, Philippe Roux, and Mathias Fink
Laboratoire Ondes et Acoustique, C.N.R.S. - UMR 7587, E.S.P.C.L,
Université Paris 7, 10 rue Vauquelin, 75281 Paris, France
(Dated: February 8, 2006)

A one-channel time-reversal (TR) experiment is performed inside a rough reverberating cavity
in the presence of a rotational flow. The amplitude of the TR wave is plotted versus the distance
between the TR channel and the initial source: when they coincide, it exhibits a “time-reversal
enhancement” (TRE). With no flow, the TRE is the same as the coherent backscattering enhance-
ment (CBE). But contrary to CBE, the TRE peak is shown to be insensitive to the breaking down
of reciprocity due to the flow. This new effect of weak localization is sustained by a diagrammatic

approach.

PACS numbers: 43.20.+g, 43.35.4d, 73.20.Fz, 42.25.Dd

Many experiments have shown that coherent interfer-
ences of waves survive in random media despite disorder.
These interferences play a crucial role in the well-known
coherent backscattering enhancement (CBE). The CBE
was first observed in optics. Experimentally, it appears
as a peak in the angular distribution of the backscattered
intensity (albedo): at exact backscattering, the mean in-
tensity is twofold enhanced. The CBE is considered as a
sign of weak localization of waves propagating in a dis-
ordered heterogeneous medium. Weak localization origi-
nates from the constructive interferences between a mul-
tiple scattering path and its reciprocal counterpart which
follows exactly the same sequence of scatterers but in
a reverse order. The main features of weakly localized
waves are insensitive to many aspects of the random me-
dia such as dispersion or absorption. Indeed, as was first
predicted by Golubentsev[1], only reciprocity breaking in
the propagation medium can alter the constructive inter-
ferences and destroy the enhancement. Partial suppres-
sion of the CBE by Faraday rotation of light in a multiple
scattering medium was the first experimental evidence of
the disappearance of weak localization[2].

Here, we present a new experimental manifestation of
weak localization. Just like the CBE, it manifests itself as
an enhancement in a particular direction; but contrary
to the CBE, it is insensitive to a break down of reci-
procity! The experiment takes benefit of a time-reversal
(TR) device for ultrasonic waves. A point-like source
emits a short ultrasonic pulse in a multiple scattering
medium. The backscattered wavefield is recorded by the
TR device which is close to the source but can be moved
around it. The recorded waveform is flipped and sent
back. The time-reversed wave propagates in the same
scattering medium, and a TR amplitude pattern is mea-
sured, i.e., we study the amplitude of the wave that is
recreated at the initial source point with respect to the
distance between this point and the TR device. The ex-
periment is redone for different realizations of disorder:
the mean TR amplitude pattern is found to be exactly
the same as the intensity distribution due to the CBE.

Precisely, it shows up an enhancement by a factor of two
when the source and the TR device coincide. We will
refer to this phenomenon as the “time-reversal enhance-
ment” (TRE). In a recent paper[3] we have discussed the
theoretical distinction between TRE and CBE. In partic-
ular, it was shown that contrary to CBE, the background
of the TRE pattern is due to weak localization while the
peak itself simply results from incoherent interferences.
In terms of the diagrammatic formalism of the multiple
scattering theory, the TRE is due to ladder diagrams
while the background results from the most-crossed di-
agrams, which is the exact opposite of what happens in
a CBE experiment. However the experiments presented
in ref. [3] were performed in a reciprocal medium, where
these two contributions are the same. Therefore the in-
trinsic difference between CBE and TRE could not be
revealed. In this Letter, we compare CBE and TRE in
the case of a multiply scattered ultrasonic wave in the
presence of a rotating water flow that breaks reciprocity.
We show that the TRE remains unperturbed by the flow,
while the CBE is destroyed because of the reciprocity
breaking. It clearly appears that CBE and TRE are two
different manifestations of weak localization.

The experimental setup is drawn in Fig. 1. A cylinder
with four blades linked to an electric motor creates the ro-
tating flow. Depending on the electrical potential applied
to the motor, the speed of rotation of the cylinder goes
from OHz to 2.6Hz. The flow is confined by a motionless
plexiglass cylinder. 5cm below the blades is opened an
aperture to insert a linear array made of 64 transducers
whose central working frequency is 3.4MHz. Each trans-
ducer is 10-mm high and 0.417-mm wide. Therefore the
beam is horizontally confined. In order to increase the re-
flectivity of the boundaries, a 0.5-mm thick stainless steel
sheet covers the inner boundary of the plexiglass cylin-
der. About one hundred of stainless steel rods have been
glued on the stainless sheet parallel to the cylinder axis
in order to obtain a quasi-2D cavity with rough bound-
aries. After 2-3 diffusions off the boundaries (travel time
of 200 — 300us), the field becomes diffusive. Firstly the
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FIG. 1: Experimental setup: (a) Cross section, (b) Three
quarter view.
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FIG. 2: Normalized distribution of the averaged backscat-
tered intensity integrated between 500 and 800 us after the
pulse at different rotating frequencies of the motor. The nor-
malization constant is the average intensity recorded at the
outer elements (background) when the rotating frequency is
0 Hz.

CBE is measured. To this end, a short pulse is emitted
by one element of the array. Then the time dependence of
the pressure field between 500 and 800 us after the pulse
emission is recorded on 11 elements centered on the emit-
ting one. Within this time window, the wave has been
reflected more than 5 times off the rough boundaries.
The square of the pressure field is integrated at each
transducer. These operations are averaged 54 times, the
emitting element on the array changing each time. As-
suming the cavity to be ergodic, a good estimate of the
average intensity is obtained. In Fig. 2 is plotted the in-
tensity distribution with respect to the relative distance
from the initial source. A twofold enhancement clearly
appears when there is no flow. Since CBE is recorded
inside a cavity, the typical width of the peak is one wave-
length (near field cone)[4]. Now as the rotation speed in-
creases, the peak amplitude decreases continuously while

TR normalized amplitude

position of the TR channel from the initial source (mm)

FIG. 3: The amplitude of the TR pulse recreated at the initial
time and at the initial source array element with respect to
the distance to the time reversal array element for different ro-
tating frequencies of the motor. The normalization procedure
is the same as the one used for CBE. In the inner subplot, the
background level has been subtracted.

the background level does not change. Exactly the same
behavior for CBE has been observed in optics where the
reciprocity was broken by a magnetic field[2]. For the
time reversal experiment, the procedure is a bit more
complex. First, a short pulse is emitted by one trans-
ducer. The same or another transducer plays the role
of the point-like TR device. It records the pressure field
between 500us and 800us after the pulse emission. 1ms
later, the signal is sent back into the medium but in re-
verse order. Then the resulting field is recorded by the
element that was first used as a source. The relative po-
sition of the TR element to the initial source one goes
from -2.08mm to 2.08mm (i.e., 11 transducers). During
the TR step, the flow distribution must be the same as
the one encountered during the initial emission step. To
check this stationarity condition, 1ms after the TR fo-
cusing step, the initial emission step is redone and the
pressure response recorded on the TR channel is com-
pared to the initial one. The two responses are identi-
cal. The repetition of this test over the entire flow speed
range confirms that our experiment can be considered
as stationary at least at the scale of the 2 steps of the
TR process. In order to have a better estimate, the en-
tire TR procedure is averaged on 54 different positions
on the array. The quantity we measure is the amplitude
of the wave that is recreated at the source with respect
to the distance between the source and the TR element.
Similar to the CBE when there is no flow, it shows up a
peak, a TRE (see Fig. 3). However in presence of flow,
the evolution is completely different: the more the vor-
ticity increases, the more the background level decreases
while the peak amplitude does not change!

In terms of harmonic Green’s functions, the mean in-
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FIG. 4: Schematic representation of the two contributions
to the TR focusing. The arrows represent the propagation
direction and a dotted line represents a conjugate amplitude
path. (a) is the main contribution to TR focusing. (b) is the
enhanced contribution to TR.

tensity recorded at point R due to a source at S, can be
written

Ioc (G(S, R, )G*(S, R, Q)) (1)

where G(A, B, Q) is the Green’s function between points
A and B and 2 represents the flow vorticity distribu-
tion. The mean amplitude of the TR field recorded at
the initial source location S after time reversal at R can
be written

Unr x (G(R,S,Q)G*(S, R, Q)) (2)

Indeed, in a first step, a short pulse is emitted between S
and R. This response is time reversed which corresponds
to phase conjugate it at each frequency. This signal is
then emitted at R and the TR field recorded at S (see
ref. [3] for more details). The factors of proportionality
(not shown here) in Eqs. (1) and (2) lead to the correct
dimensions for the intensity I and the amplitude ¥gp.
Note that I and ¥ are identical only when S = R and
in this case Vryr > 0 whatever €. Indeed, it has been
shown that TR in a random medium requires at least
reciprocity. With a rotational flow, reciprocity no longer
survives [G(R, S, Q) # G(S,R, )] except when R = S
where it becomes “trivially” true. A schematic represen-
tation of the multiple scattering process involved in the
TR is very helpful (Fig. 4). Two distinct contributions
appear. The first one is always present. It weakly de-
pends on the relative distance between S and R. This
contribution is sensitive to the reciprocity of the prop-
agating medium because two conjugated paths in this
contribution travel in opposite directions. When R is
close enough to S, a new contribution appears. Contrary
to the previous one, this contribution does not depend
on reciprocity. In order to go further, the diagrammatic
expansions of the vertex implied in the CBE and the TR
are performed in Fig. 5. The diagrammatic conventions
of Rytov et al. [5] are employed here. In this diagram-
matic representation, the propagation always goes from
the left to the right. A thick horizontal bar represents
a Green’s function. When a vertical tick crosses a hori-
zontal thick bar, the conjugated Green’s function is con-
sidered. T'wo dots linked by a dashed line represent the
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FIG. 5: Generalization of the reciprocity theorem (a). Dou-
ble scattering diagrammatic representation of: (b) the mean
intensity between point S and R and (c) one channel time
reversal (phase conjugate). In Figs. (b) and (c), the first
and the second diagrams on the left hand of the diagram-
matic equation respectively correspond to the ladder and the
most-crossed diagrams. At the right hand, the most-crossed
diagrams have been rewritten using the energy conservation
principle (cf. fig. (a)).
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FIG. 6: This figure is obtained by summing the CBE and the
TRE distributions for different rotation speeds (Fig. 2 and
Fig. 3 are added)

same scatterer. It clearly appears that contrary to CBE,
the most-crossed diagrams always contribute to the TRE
whatever the positions of the source and TR channel are
because a same position (S or R) is linked to a same scat-
terer. As for the ladder diagrams, they only contribute
to the TR focusing when the source and the TR chan-
nel are at the same location. Therefore in this particular
case, the TRE and CBE are the same. Finally, whatever
the vorticity, when CBE and TRE are added the symme-
try between the background and the enhancement con-
tributions is restored and the factor 2 is recovered. This
statement is confirmed experimentally in Fig. 6. In the
multiple scattering theory, the contribution of the most-
crossed diagrams is computed by transforming it into a
ladder-like contribution. To this end, the “reciprocity
theorem” that exchanges the role of the source and the
receiver has to be invoked. Due to time-reversal invari-
ance, in a medium with a vorticity distribution 2, the
response from A to B is equal to the response from B
to A, but with the opposite vorticity distribution —€ |
G(A,B,Q) = G(B,A,—Q)]. The diagrammatic repre-
sentation of this property is shown in Fig. 5a. Inserting
this relation in the most-crossed contributions leads to
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FIG. 7: Experimental peak amplitude of CBE (continuous
line) and TRE (dashed line) with respect to the motor speed.
Curves (a) and (b) are respectively obtained for a CBE and
TRE time windows centered on 650 s and 1150us. Both win-
dows are 300-us wide. The dashed-dotted curves correspond
to the theoretical prediction.

right hand sides of diagrammatic equations in Figs. 5b
and c¢. The opposite vorticities yield a dephasing A¢
between two conjugated paths that differs from 0. Con-
sequently one can show that the most-crossed contribu-
tions are attenuated by a factor (exp(iA¢)) compared
to the ladder ones[6]. The dephasing for a sequence of
scatterers can be expressed as path integral

Ap = 2% fvdl = 2§/QdA (3)

where v is the flow map, k the wavenumber and ¢ the
sound speed. Invoking Green’s theorem, this expres-
sion can be written as a surface integral of the vortic-
ity (@ = V Av). To compute Eq. (3), one should have
an idea of the structure of the flow. To this end, an
ultrafast two-dimensional ultrasonic speckle velocimetry
imaging technique has been used[7]. We observed that
the flow rotates as a solid over a diameter of 80mm. In
such a case the vorticity €2 is constant within this area.
Therefore (exp(iA¢)) only depends on the distribution
of areas A. The acoustic paths going from and arriv-
ing at the source position define the area edges. Due to
the large number of scattering, the distribution of A is
approximatively Gaussian. For simplicity two successive
scatterings are assumed completely decorrelated. Then
one can show that the variance of the surface <A2> is
R3ct (sin(20)?) / (2 cos(#)), where 6 is the scattering an-
gle that goes from —7/2 to /2 and R the radius. As-
suming an isotropic scattering, it comes

—m3R30%t

(€'2%) m exp(——5—) 4)

In fig. 7 have been plotted the evolutions of the peak
amplitude of CBE and TRE with respect to the rotating
motor speed. It is confirmed that when S = R the CBE
and TRE amplitudes are the same. The vorticity €2 of
the flow is experimentally obtained from the velocimetry
survey. Eq. (4) with a radius R set to 40mm correctly fits
the experimental results. 40mm is lower than the 70mm
plexiglass cylinder radius. This difference has several ori-
gins. First of all, the real flow is not as simple as a pure
solid rotation overall the cylinder. From the velocime-
try measures, it appears that the flow is roughly solid
over 80mm diameter. Beyond, the flow speed decreases.
Moreover some of the assumption may be not completely
fullfilled. The surface distribution is not purely Gaussian
and the scatterings are not completely isotropic and in-
dependent. Nevertheless, the theoretical results are qual-
itatively in agreement with the experimental ones.

Since the first observation of CBE with optical waves,
it is known that stationary and dynamic CBE are pow-
erful tools in order to measure the transport mean free
path (¢*) and the diffusion constant D. However CBE
disappears as soon as reciprocity breaks down. Interest-
ingly, in such situations the TRE could be used to eval-
uate £* or D. For instance, it could evaluate the effects
of a strong magnetic field on these transport quantities
associated to a multiply scattered optical wave.
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