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Abstract. We report on the first dynamic study of acoustical spring effect in a compliant cavity formed
between a spherical ultrasonic transducer immersed in water and the free liquid surface located at its focus.
As its optical analog, this effect is due to the mutual feedback between the cavity length L and the large
acoustical power stored inside the cavity, here through acoustic radiation pressure. We use surface waves
to investigate the acoustical spring effect. The amplitude of surface waves above the cavity is observed
to vary with the slope of variation of the L-dependent acoustic radiation pressure exerted on the liquid
surface, i.e. with the acoustic spring stiffness. The observed simultaneous back-scattering of these surface
waves demonstrates that the surface response to the cavity length variations results mainly in an added
stiffness, i.e., in an increase of the real part of the surface impedance above the cavity. Finally, when the
liquid surface is located out of the focal plane, spontaneous surface oscillations are reproducibly observed,
which may be due to a parametric instability.

1 Introduction

The understanding and the control of the optomechanics
of deformable optical cavities, i.e., of the mutual feedback
between the dynamics of the cavity and the circulating
light field, is the cornerstone of several challenging realiza-
tions such as detecting gravitational waves [1–4], control-
ling atomic force microscopes [5–8], or reaching the quan-
tum limit of accuracy for position measurements [9–11].

Consider an optical cavity in which one of the mirrors
is mounted on a spring that is so compliant that it can
be displaced by the radiation pressure of the light circu-
lating within the cavity. Since the optical power stored in
the cavity depends in turn on the cavity length, that is to
say on the position of the mobile mirror, a mutual para-
metric feedback exists between the cavity and the light
stored within it. As a result, various phenomena can be
observed, depending on the characteristic features of the
optomechanical feedback.

An in-phase dependence on the mirror position of the
force exerted by light on the mirror results in an effec-
tive stiffness (“optical spring effect”) which is added to
the spring stiffness and modifies the resonance frequency
of the mirror [6, 8, 12–14]. If the net mirror stiffness is
negative, bistability occurs [8, 15,16].

a e-mail: bruno.issenmann@univ-lyon1.fr

When the optical finesse of the cavity is so high that
the characteristic timescale of leakage of the cavity is com-
parable to the period of the free oscillations of the mir-
ror, the circulating light intensity adapts to the cavity
length variations with a noticeable delay (time-delayed
feedback). The resulting force exerted by light on the mir-
ror varies out of phase with respect to the mirror position:
a component proportional to the mirror velocity arises.
Depending on its sign, the moving mirror experiences ei-
ther damping or anti-damping [17, 18]. Anti-damping in-
creases the quality factor of resonators and triggers a para-
metric, oscillatory instability when it overcomes the me-
chanical damping of the resonator. For large optical in-
tensities, all these combined effects result in a complex
dynamics [19–21] and eventually chaos [22].

Given the recent demonstration that acoustic radia-
tion pressure can actually be used to actuate an AFM
cantilever in liquid phase on the one hand [23, 24] and
the large variety of applications of the optomechanical
coupling on the other hand, it is appealing to determine
whether or not such phenomena can occur when acoustic
waves are confined in a compliant cavity. More generally,
since the radiation pressure associated to an electromag-
netic, or acoustic, wave of intensity I scales as I/c, where
c is the wave velocity, acousto-mechanical effects are ex-
pected to be typically 105 times larger than optomechani-
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cal effects for a given intensity. This allows to consider the
application of the acousto-mechanical couplings to macro-
scopic and stiffer systems.

2 Principles of the experiments

We have previously evidenced the bistable behavior of
a compliant cavity induced by acoustic radiation pres-
sure [25]. In this article, we report on the first dynamic
study of the acoustical analog of the optical spring effect.
The experimental scheme is the following. As sketched in
fig. 1b, a cavity is formed between the partially reflect-
ing, hemispherical surface of an ultrasonic transducer im-
mersed in water and emitting vertically, and the perfectly
reflecting, water free surface located in the transducer fo-
cal plane. The transducer emitting a continuous sine wave,
a steady bell-shaped deformation (hump), shown in fig. 1d,
forms at the free surface as the result of the acoustic ra-
diation pressure exerted on it by the stationary acoustic
field set up in the cavity. Our previous study has shown
that, as far as the reflection of the acoustic wave is con-
cerned, the surface hump can be satisfactorily described
as a plane mirror located at the hump tip [25]. In order to
evidence the change of stiffness of the liquid surface, we
trigger a plane, progressive surface wave using a vibrat-
ing blade, see fig. 1a and b. This wave propagates toward
the hump. First, by comparing its amplitude on the hump
with its amplitude at the same location in the absence of
hump, we show that the amplitude of the surface wave
is reduced on the hump proportionally to the slope of the
variation of the hump height-dependent radiation pressure
exerted on the hump tip (acoustic spring constant). Then,
by detecting a stationary surface wave upstream from the
hump resulting from the interference between the incident
surface wave and the wave which is backscattered by the
hump, we show that the surface response to the cavity
length variations mainly results in an increase of the real
part of the surface impedance above the cavity, i.e. in an
added stiffness. Finally, we report on spontaneous surface
oscillations which are reproducibly observed when the liq-
uid surface is located out of the focal plane at rest, and
we discuss their possible origin.

3 Experimental determination of the finesse
of the acoustic cavity

Each experiment is performed using the following setup
and protocol. A spherical Imasonic ultrasonic transducer
(focal length dF =38mm, aperture NA=1, f =2.25MHz
central frequency, 600 kHz bandwidth, focal zone length
dz = 3.2mm, 5 s maximal sonication time) is immersed in
pure, degassed water contained in a transparent tank, see
fig. 1a. It is fed by a power amplifier supplied by a PC-
controlled waveform generator emitting a sine signal with
fixed frequency f and slowly varying amplitude V (t). V (t)
is extracted using an amplitude demodulator and sent to
a digital oscilloscope. The surface hump is illuminated at
grazing incidence by a parallel beam of white light. The

Fig. 1. Experimental setup top view (a) and side view (b).
(c) Dispersion relation of gravito-capillary waves. Symbols:
Measurements. Plain curve: theoretical dispersion relation in

deep water: Ω =
√

gK + σK3/ρ. (d) Picture of the steady

surface hump induced by acoustic radiation pressure in the ab-
sence of the incident surface wave (the hump pointing down-
ward is the reflection of the real surface hump on the liquid
surface).

pictures of the surface hump are captured at 1000 fps us-
ing a high-speed CCD camera triggered by the waveform
generator. In order to evidence the hysteresis associated
to the bistable behavior of the compliant cavity, we ramp
V 2 linearly with time up and down within 5 s and simul-
taneously measure the variations of the height hs of the
surface hump as a function of time. Since the measured
characteristic timescale of relaxation of the surface hump
is a ten of milliseconds, in the absence of surface waves
the deformation is assumed to evolve adiabatically during
the voltage ramps. The V (t) and hs(t) signals acquired in
the absence of surface waves are plotted in fig. 2. The hys-
teretic behavior of hs(V ), which results from the strong
acousto-mechanical coupling, is evidenced in the inset of
fig. 2.

In ref. [25], we have shown that the combination of a
one-dimensional model of Fabry-Pérot cavity and of a pre-
diction of the small-amplitude, axisymmetric, static sur-
face deformation induced by the radiation pressure ex-
erted by the acoustic field set up in the cavity satisfac-
torily fits with no adjustable parameter the measured de-
pendence of the hump height hs versus the pressure oscil-
lation amplitude at focus Pe ∝ V of the wave emitted by
the transducer and injected into the cavity. Since in this
study we aim at characterizing the acoustic spring effect,
we need to accurately describe the hs-dependence of the
radiation pressure Π = P 2

i /(ρc2) exerted on the liquid sur-
face, where Pi is the pressure oscillation amplitude of the
wave incident on the surface (i.e. of the injected wave com-
bined with its multiple reflections incident on the surface),
ρ = 1000 kg m−3 the water density and c = 1.5 km s−1 the
wave velocity in water. This is done by deducing P 2

i from
the measured hs using the model of small-amplitude static
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Fig. 2. Dotted curve: predicted variation of the pressure os-
cillation amplitude at focus Pe associated to the acoustic wave
emitted by the transducer during an up-and-down V -ramp
(pressure scale on the right-hand vertical axis). Correspond-
ing variation of the hump height in the absence of incident
surface wave hs(t) (dashed, bold curve) and in the presence
of an incident surface wave which induces oscillations of the
hump height δh(t) (solid curve) (height scale on the left-hand
vertical axis). Inset: experimental hysteresis cycle stridden by
the hump height hs as function of P 2

e when the voltage driving
the transducer V is ramped up and down in the absence of
surface wave.

surface deformation [25]

P 2
i = hs

[
w2

8σρc2
exp

(
ρgw2

8σ

)
E1

(
ρgw2

8σ

)]−1

, (1)

where w = 0.86λ is the characteristic width of the radial
distribution of the pressure oscillation amplitude of the
incident acoustic beam at focus Pi(r) = Pi exp(−r2/w2)
(r is the radial coordinate associated to transducer vertical
z axis), λ = 670μm the acoustic wavelength at frequency
f = 2.25MHz, σ = 72mNm−1 the water surface tension,
g = 9.8m s−1 gravity acceleration, and E1 the 1-argument
exponential function [26]. Pe(V ) is determined from in-
dependent pressure measurements in bulk water using a
hydrophone. The resulting experimental determination of
the hs-dependence of (Pi/Pe)2 is shown in fig. 3. Only
the right-hand side of the resonance peaks could be recov-
ered since almost their whole left-hand side corresponds
to unstable equilibrium states of the acousto-mechanical
system. The model of ref. [25]

(
Pi

Pe

)2

=
(

1 − RR′(h) exp
(

i
4π(L0 + hs)

λ

))−2

, (2)

is also shown in fig. 3, where L0 is the cavity length when
the liquid surface is flat, R = −0.38 the pressure reflec-
tion coefficient of the transducer surface, −1 ≤ R′(hs) < 0
a hs-dependent effective pressure reflection coefficient of
the liquid surface that quantifies using a ray acoustics ap-
proach the decrease of the finesse of the acoustic cavity due
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Parameter−free model
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Fig. 3. Symbols: square of the ratio between the pressure am-
plitude Pi of the incident beam and the pressure amplitude Pe

of the beam emitted by the transducer and injected into the
cavity as a function of the height of the steady hump hs. Pi is
experimentally deduced from the deformation height hs using
eq. (1). Pe is computed from the electric voltage at the trans-
ducer. Dashed curve: theoretical prediction using eq. (2) with
no adjustable parameter. Solid curves: theoretical prediction
using eq. (3).

to the defocusing of the reflected beam by the curved mir-
ror [25]. Although satisfactory, the agreement between the
measured and the predicted (Pi/Pe)2(h) variations shown
in fig. 3 is not accurate enough to quantitatively model the
actual Π(hs) variations. In order to get an analytical and
accurate representation of the experimental Π(hs) varia-
tions, we have closely fitted them around each resonance
peak with an effective model of resonance
(

Pi

Pe

)2

=

[(
1−R∗R′(hs) exp

(
i
4π(L0+hs+Δh)

λ

))]−2

+C, (3)

where R∗, Δh and C are three fitting parameters. As
shown in fig. 3, the corresponding (Pi/Pe)2(hs) variations
calculated using eq. (3) accurately describe the experi-
mental data and can thus be confidently derived in order
to evaluate (∂Π

∂h )Pe
.

4 Principle of measurement of the acoustic
spring effect

We aim at evidencing the variation of the stiffness of the
compliant acoustic mirror formed by the hump by detect-
ing the change of the surface impedance on the hump
through its effect on the propagation of surface waves.
The propagation of surface waves at a liquid free surface
is indeed the result of inertia and of the intrinsic causes
of surface stiffness that are gravity and surface tension.
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We expect that the mutual feedback between the acous-
tic cavity and the hump height results in a variation of
the effective stiffness of the liquid surface, hence of the
surface impedance on the hump. In order to quantify this
effect, we consider a plane, progressive, small-amplitude,
harmonic surface wave of pulsation Ω and wave num-
ber K propagating without attenuation toward the hump,
see fig. 1a. In the absence of incident surface wave, the
steady hump shape hs(r) satisfies the static equilibrium
equation ρghs(r) − σκs(r) = Π(r, hs(r)), where κs(r) is
the surface curvature and Π(r, hs(r)) the acoustic radia-
tion pressure field exerted on the liquid surface. Consid-
ering small-amplitude surface height perturbations δh of
this equilibrium state, linearizing the radiation pressure
variations associated to the cavity length variations as
Π(r, hs + δh(r, t)) = Π(r, hs(r)) + ∂Π

∂h |Pe
(r, hs(r))δh(r, t),

and considering that these radiation pressure variations
follow instantaneously the surface height variations, leads
to the same set of equations as those governing the stan-
dard propagation of surface waves on a flat liquid surface
except that the restoring hydrostatic pressure term ρgδh
is changed to [ρg − ∂Π

∂h |Pe
(r, hs(r))]δh. Assuming that the

wavelength of the surface wave Λ = 2π/K is large com-
pared to the characteristic diameter of the hump, Λ � w,
the hump can be considered as a sub-wavelength scatterer
that locally increases the surface stiffness by the typical
amount −∂Π

∂h |Pe
(hs), with hs = hs(0). Away from the

hump the surface height perturbation can be written as
δhi(x, t) = Hi cos(Ωt − Kx), where Hi is the amplitude
of the incident surface wave. The associated propagating
perturbation of the liquid pressure below the surface is
δP (x, t) = (σK2 + ρg)δhi(x, t). Assuming that the inten-
sity of the surface wave scattered by the hump is small
compared to the incident intensity, as experimentally con-
firmed later, this pressure perturbation attains the hump
tip where the surface stiffness is modified by the acoustic
spring effect. Consequently, this incident pressure pertur-
bation induces a variation δh = H cos Ωt of the height of
the hump that satisfies δP = (σK2 + ρg − ∂Π

∂h |Pe
(hs))δh.

One finally gets

Hi

H
= 1 −

∂Π
∂h

∣
∣
Pe

(hs)

σK2 + ρg
. (4)

Hi/H is thus predicted to vary linearly with the acoustic
spring stiffness. Since in our experiment ∂Π

∂h |Pe
(hs) < 0

(see fig. 3), one expects to observe only a reduction
of the amplitude of the surface wave on the hump tip
(Hi/H > 1). Moreover, since the dispersion equation of
surface waves Ω2 = gK + σ

ρ K3 implies that K increases
monotonously with Ω, for a given value of ∂Π

∂h |Pe
(hs),

Hi/H is predicted to decrease when Ω is increased. To
conclude this section, we predict that the comparison be-
tween the amplitude of surface waves on the hump and
away from it can be used to quantitatively evidence the
acoustic spring effect.

Fig. 4. (a) Setup used to measure the amplitude of the incident
surface wave. (b) Picture of the reflected light sheet on the
screen in the absence of incident plane wave and in the presence
of a small hump. (c) Picture of the broadened light line in the
absence of hump and in the presence of an incident plane wave
(oscillations of the line broadness at the left of the picture are
near field effects close to the vibrating blade).

5 Experimental evidence of the acoustic
spring effect

The amplitude Hi of the plane, incident wave is measured
using the setup shown in fig. 4a in the following man-
ner. A plane laser sheet impinges on the surface of wa-
ter such that it illuminates the hump. This sheet is re-
flected by the water surface towards a vertical screen. A
picture of the reflected light sheet in the absence of in-
cident plane wave and in the presence of a small hump,
shown in fig. 4b, is used to determine the abscissa of the
hump imprint on the screen x0. When the blade vibrat-
ing at frequency F = Ω/2π = 30–60Hz emits the surface
wave (Λ = 5–10mm), due to the retinal remanence, the
projection of the reflected light sheet on the screen is seen
to broaden proportionally to the wave amplitude. On the
one hand, the width Y of the broadened light line, shown
in fig. 4c, is measured in the absence of hump at x0. The
surface wave amplitude Hi at the hump location in the
absence of hump is deduced from Y using the geometrical
relation Hi = ΛY

8πd(1+tan2 α) , where d is the horizontal dis-
tance between the hump and the screen and α the incident
angle of the laser sheet on the liquid surface.

On the other hand, the amplitude H of the oscilla-
tions of the height of the hump is directly measured on the
pictures of the oscillating hump acquired at 1000 fps dur-
ing an up-and-down V -ramp. The value of Hi, typically
500μm, is chosen so as to measure H with at least a 10
pixels resolution. The h(t) signal acquired in the presence
of an incident surface wave is shown in fig. 2. As expected,
h(t) is the superposition of the quasi-steady hump height
evolution driven by the V ramp hs(t) and of an oscillation
driven by the incident surface wave, H(t) cos(Ωt), where
the slow evolution of H is due to the slow change of the
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Fig. 5. (a-c) Symbols: variations of the surface wave amplitude
ratio Hi/H versus the acoustic spring stiffness − ∂Π

∂h
|Pe(hs) for

several values of the surface wave frequency F . The dashed
lines are best linear fits of the linear parts of each Hi/H
(− ∂Π

∂h
|Pe(hs)) data clusters, the upper (respectively, lower)

cluster corresponding to the lower (respectively, upper) plateau
of the hysteresis cycle. Solid line: eq. (4). (d) Variation of the
slope of the best linear fits of the linear parts of each Hi/H
(− ∂Π

∂h
|Pe(hs)) data cluster versus the surface wave frequency

F . Solid curve: eq. (4). At those frequencies the wavelength of
the gravito-capillary wave is typically Λ = 6mm.

surface effective stiffness during the V -ramp. In the pres-
ence of the surface wave, the jump of the cavity length
toward a more stable average height hs is shown to occur
earlier than in the absence of surface wave, as a conse-
quence of the finite value of the oscillation amplitude of
the hump height. Consequently, small values of the acous-
tic spring effect cannot be investigated using this protocol.

Figure 5a-c displays the variation of the measured sur-
face wave amplitude ratio Hi/H versus the acoustic spring
stiffness −∂Π

∂h |Pe
(hs) for several values of the surface wave

frequency F , together with its prediction using eq. (4).
The acoustic spring stiffness is calculated by differentiat-
ing with respect to hs the best fits using eq. (3) of the
experimental data of fig. 3. This comparison calls for sev-
eral comments. First, as predicted, Hi/H is observed to
globally increase linearly with the acoustic spring stiffness.
Second, for each frequency, the data exhibit two clusters
corresponding to the two plateaux of the hysteresis cycle
stridden by hs(t) shown in the inset of fig. 2, the upper (re-
spectively, lower) cluster corresponding to the lower (re-
spectively, upper) plateau. This plateau-dependent value
of the acoustic spring indicates that, unexpectedly, its
value and/or its effect on the wave propagation actu-
ally depends on hs and not only on the acoustic spring
stiffness. Moreover, the measured acoustic spring stiffness
is found to be systematically weaker than its prediction.
This may be ascribed to the roughness of our descrip-
tion of the propagation of the incident surface wave on
the hump. The acoustic spring stiffness may also be over-

estimated by our model because Hi/H is predicted by
assuming the hump stiffness as constant over the hump
and equal to its maximum value attained at the hump
tip. Finally, for the larger values of the acoustic spring
encountered along the lower plateau, we observe an un-
explained decrease of Hi/H. The variations of the slope
of the linear part of all the Hi/H(−∂Π

∂h |Pe
(hs)) clusters

versus F are shown in fig. 5d together with its prediction
using eq. (4). As theoretically predicted, the efficiency of
the wave amplitude reduction by the acoustic spring ef-
fect is observed to decrease when F increases at a rate
in agreement with our predictions. To conclude this sec-
tion, both the observed linear variation of Hi/H versus
the acoustic spring stiffness and the decrease of the as-
sociated slope with the surface wave frequency tend to
demonstrate that the acoustic spring effect is actually the
cause of the reduction of the surface wave amplitude on
the hump. One may however ask whether the incident
surface wave could noticeably be scattered by the finite
curvature perturbation associated to the hump alone, this
process being hence the main cause of the observed re-
duction of the surface wave amplitude on the hump. As a
matter of fact, eq. (4) is based on the linearization of the
surface curvature κ(hs(r)+δh(x, t)) = κs(r)+Δ(δh)(x, t)
(Δ is Laplacian operator), which is valid for small values
of the surface slope only. Since the characteristic diame-
ter of the hump is 2w � 1mm and its typical height is
1mm, this linearization may be oversimplifying. Devia-
tions from the above presented linear model are expected
to cause the scattering of the incident wave by the curva-
ture field associated to the hump. The experimental test
of this hypothesis is presented in the following section.

6 Wave scattering by the hump

The technique used to detect the wave scattered by the
hump is the following. A parallel beam of white light il-
luminates the water surface around the hump at almost
normal incidence. The reflected beam is directed toward
the camera, which images the water surface, see fig. 6a. A
picture of the surface is shown in fig. 6b, where the hump
is seen as a dark spot on the right-hand side of the picture
of the surface. The crests (respectively, troughs) of the in-
cident surface wave de-focus (respectively, focus) the light
reflected by the surface, resulting in dark (respectively,
bright) stripes in fig. 6b which propagate from the left to
the right of the picture. Although the amplitude of the
wave backscattered by the hump is so small compared to
that of the incident wave that is is barely visible, it can
be detected by summing the successive pictures of the sur-
face captured at 1000 fps over one period of the wave. This
corresponds to determine the sliding-window time aver-
age of the picture of the surface. In the absence of hump,
this sliding-window time-averaged picture of the surface
is characterized by a homogeneous light distribution. In
the presence of hump, the backscattered wave interferes
with the incident wave and produces an inhomogeneous,
stationary wave of small amplitude compared to the in-
cident wave. But since a stationary wave is characterized
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Fig. 6. (a) Experimental setup used to image the backscat-
tered surface wave. (b) Instantaneous picture of the surface
imaged by the camera in the presence of incident surface wave.
(c) Time-averaged picture of the surface revealing the station-
ary wave resulting from the interference between the incident
wave and the wave backscattered by the hump. The black
frame indicates the small area in which the amplitude of the
stationary wave is measured

.

by non-propagating, alternating crests and troughs distant
of Λ/2, and since the dark stripes produced by the crests
are less contrasted than the bright stripes produced by the
troughs, as shown in fig. 6b, the sliding time-averaged pic-
ture of the surface displays a Λ/2-periodic pattern, which
is visible in fig. 6c, and whose contrast increases with the
amplitude of the stationary wave. Since the backscattered
wave has a cylindrical symmetry, the amplitude of the
stationary wave rapidly decreases with the distance to the
hump. This is why we measured the contrast of the peri-
odic pattern in a small area of the picture located close to
the hump, see fig. 6c.

The variation of this contrast versus time is measured
during an up-and-down V -ramp striding only the lower
plateau of a hysteresis. According to the bistability model
presented above and given the chosen experimental con-
ditions, during the V up-ramp the hump height is the-
oretically predicted to monotonously increase, as shown
in fig. 7a, while the acoustic spring is predicted to de-
crease, as shown in fig. 7b. Moreover, since the hystere-
sis cycle is not stridden in this experiment, both quan-
tities are predicted to follow a reversed evolution during
the V down-ramp. Consequently, if the incident wave is
scattered mainly by the curvature field of the hump, dur-
ing the up-ramp (respectively, down-ramp) we expect to
observe an increase (respectively, decrease) of the ampli-
tude of the scattered wave, hence of the contrast of the
periodic pattern appearing on the sliding time-averaged
picture of the surface. Conversely, if the incident wave is
scattered mainly by the acoustic spring effect, during the
up-ramp (respectively, down-ramp) we expect to observe
a decrease (respectively, increase) of the amplitude of the
scattered wave. The temporal evolution of the contrast of
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Fig. 7. (a) Dashed curve: predicted variation versus time of
the pressure amplitude Pe of the beam emitted by the trans-
ducer and entering the cavity during an up-and-down V -ramp
(scale on the left-hand vertical axis). Solid curve: predicted
corresponding variation of the hump height hs(t) (scale on the
right-hand vertical axis). (b) Dashed curve: predicted varia-
tion of the acoustic spring stiffness − ∂Π

∂hs
|Pe(t) (scale on the

left-hand vertical axis). Solid curve: measured contrast of the
periodic pattern shown in fig. 6c resulting from the interference
between the incident surface wave and the wave backscattered
by the hump.

the periodic pattern is displayed in fig. 7b. It decreases
during the up-ramp and displays the reversed evolution
during the down-ramp. This indicates that the main cause
of the wave scattering is actually the acoustic spring ef-
fect and the associated change of the surface impedance
on the hump, and that the pressure perturbation associ-
ated to the incident surface wave is not noticeably altered
by the time-averaged curvature distribution associated to
the hump.

7 Spontaneous hump oscillations

Spontaneous oscillations of the hump height at a typical
frequency of 110 Hz have also been observed when the
liquid surface did not coincide with the transducer focal
plane. A typical record of such oscillations during an up-
and-down V -ramp is shown in fig. 8a, and for a constant
value of Pe in fig. 8b. The intervals in Pe and hs over which
these oscillations are observed versus the distance between
the focal plane and the liquid surface at rest L0 − df are
shown in fig. 8c and d, respectively. These oscillations are
shown to occur in narrow Pe and hs intervals. No oscilla-
tion is observed in the range −2.4mm < L0−df < 0.3mm.
Whereas the mean value of these hs intervals does not ex-
hibit any noticeable dependence on L0, the mean value
of these Pe intervals clearly increases when |L0 − df | in-
creases. Moreover, the oscillation frequency does not vary
by more than 10% around 110Hz. Finally, we noticed
that these oscillations could not be observed when using a
transducer having a central hole such as that used in [25].
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Fig. 8. (a) Time-dependent height of the hump undergo-
ing spontaneous oscillations during an up-and-down V -ramp.
The liquid surface at rest is 1.4 mm above the transducer fo-
cal plane. (b) Steady-state spontaneous hump height oscilla-
tions observed under steady acoustic irradiation at frequency
f = 2.5 MHz and pressure oscillation amplitude of the emitted
wave Pe = 1.8 MPa. (c) Pe intervals over which these oscilla-
tions are observed as a function of the distance between the
focal plane and the liquid surface at rest L0 − dF . (d) Corre-
sponding intervals of time-averaged hump height hs in which
these oscillations are observed as function of L0 − dF .

In order to explain these spontaneous vertical oscilla-
tions of the hump, let us consider the effect of a delay of
adaptation of the intra-cavity intensity and of the asso-
ciated radiation pressure exerted on the free surface to a
sudden variation of the cavity length on the hump dynam-
ics. In the following, expressions are understood as valid as
scaling laws, and their numerical evaluations as orders of
magnitude. This delay is equal to the timescale of leakage
of the acoustic cavity τ = 2L0

c(1−(RR′)2) � 50μs. Considering
harmonic oscillations of the cavity length around its equi-
librium value hs at frequency ωosc/2π, δh = H exp iωosct,
the complex amplitude of the corresponding oscillations
of the radiation pressure exerted on the hump tip is
H ∂Π

∂h |Pe
(hs) exp(iφ), where φ = −ωoscτ < 0. Conse-

quently, the effective stiffness of the hump with half-
width w is changed into σw−2 + ρg − ∂Π

∂h |Pe
(hs) cos φ

and the effective damping of its motion is reduced by
an amount proportional to −ω−1

osc
∂Π
∂h |Pe

(hs) sin φ [17, 27].
Since the experimentally investigated equilibrium states
correspond to negative values of ∂Π

∂h |Pe
(hs) (see fig. 3),

the damping of the hump motion is expected to be re-
duced, or even possibly becoming negative, leading in
this case to spontaneous oscillations at the natural fre-
quency of oscillation of the hump. We indeed note that
the observed oscillation frequency agrees well with the
value of 200Hz deduced from the dispersion equation
of surface waves involving the effective stiffness of the

hump fosc = [(σw−2 +ρg− ∂Π
∂h |Pe

(hs) cos φ)/(ρw)]1/2/2π,

with ∂Π
∂h |Pe

(hs) � 1MPam−1 inferred from fig. 5 and
|φ| � 10−2. Negative effective damping is indeed well-
known to trigger self-oscillations of opto-mechanical de-
vices [12]. Consequently, this delay may be the cause of
the observed vertical oscillations of the hump. It is how-
ever difficult to evaluate the natural damping associated
to the motion of the hump and hence to determine whether
the anti-damping regime has been attained in the present
experiment because this natural damping involves viscous
dissipation and radiation of surface waves. Moreover, the
onset of oscillations has been found to depend on the de-
tails of the geometry of the cavity, i.e. the position of the
liquid surface relative to the focal plane, the curvature of
the hump tip, and the defects of sphericity of the trans-
ducer surface, which are not taken into account by our
one-dimensional model. But since these oscillations have
never been observed when an acoustically transparent in-
terface was involved [28], we believe that they are actually
associated to the mutual feedback between the surface de-
formation and the acoustic cavity.

8 Conclusion

We have evidenced the acoustic spring effect in a dynam-
ical configuration by characterizing the reduction of the
amplitude of surface waves on the hump induced by acous-
tic radiation pressure and whose surface stiffness was in-
creased by the mutual feedback between the acoustic field
and its height. This demonstrates the universality of the
effects of radiation pressure, be it of optical or acousti-
cal origin. Moreover, this study opens the way toward
possible applications of the acoustic spring effect to the
control of the position, stiffness, and self-oscillations of
cantilevers. We have also shown that the acoustic spring
effect results in a change of the impedance of the liquid
surface, thus inducing surface wave scattering. This shows
that the acoustic spring can be used to locally modify the
impedance of a liquid surface on demand and hence to in-
duce virtual surface scatterers. This can be compared to
the phenomenon of scattering of surface waves by hydro-
dynamic vortices [29].
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