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Abstract. We report preliminary results on ultrasonic cavitation in freon (1,1,2-trichloro
1,2,2-trifluoro ethane). We use a high intensity 1MHz acoustic wave produced by a
hemispherical transducer to quench a small volume of liquid in the negative pressure
region during a short time, far from any wall. For a sufficiently large pressure oscillation,
we observe the nucleation of bubbles. We describe the three different methods we use
to detect cavitation: diffusion of light, optical imaging and acoustic detection by the
emitting transducer itself. We present our first results on the statistics of cavitation. We
finally address the questions of calibrating the negative pressure reached at the focus and
of the nature of cavitation in our experiment (homogeneous vs. heterogeneous).

1. Introduction

Any liquid may be kept for some time at negative pressure in a metastable
state. However, there is an absolute limit of metastability, called the spin-
odal pressure, at which the liquid becomes macroscopically unstable against
long wavelength fluctuations. In most liquids, the spinodal pressure in-
creases monotonically with temperature. In the case of water, this usual
behaviour is predicted by several theories, but another theory expects the
spinodal pressure to reach a minimum around 40◦C [1]. This second scenario
is related to the existence of a line of density maxima in water, that would
intersect the spinodal line at its minimum.

Experimentally, the liquid-gas spinodal cannot be reached, because va-
pour bubbles nucleate at less negative pressures. In the absence of nucle-
ation seeds like dissolved gases or solid surfaces, this pressure is called the
homogeneous cavitation pressure Ph. It is related to the spinodal pressure.
Therefore, measuring the temperature dependence of the homogeneous cav-
itation pressure in water would be of great interest, because experimental
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Figure 1. Schematic drawing of the experimental setup.

data are lacking in the range from 0 to 40◦C, and they would allow to
decide between the two scenarios mentioned above.

As a preliminary study for this purpose, we have investigated cavitation
in a freon: 1,1,2-trichloro 1,2,2-trifluoro ethane. This substance does not
exhibit any line of density maxima, but allows us to check the efficiency at
room temperature of a method we have previously used to study cavitation
in liquid helium [2]. This method allowed us to obtain some experimental ev-
idence for the existence of a minimum in the spinodal line of liquid helium 3,
for which we have also given theoretical arguments [3, 4]. We have chosen
this freon because it is weaker than water. According to Zel’dovich [5] or
Fisher’s theory [6], we have:

Ph = −
√

16π
3kBT

σ3

ln (NAkBT/h)
(1)

where σ is the liquid-gas interfacial tension; NA is Avogadro number, here
taken as the number of nucleation sites, and the attempt frequency of
nucleation has been estimated by a thermal frequency kBT/h. Eq. 1 gives
Ph = −1320 bar for water and −179 bar for freon at 20◦C.

2. Experimental methods

In our experiments, we quench the liquid in the negative pressure region
with a high amplitude acoustic wave. This wave is focused by a hemispheri-
cal piezo-electric transducer, driven with short bursts of a 1MHz sine wave
(typically 1 to 30 cycles; all the figures shown in this paper were obtained
for 8 cycles). These electric bursts are produced by a homemade amplifier
that reaches up to 1600 W of instantaneous power (200 V on 25Ω).

In this room-temperature experiment, the transducer is immersed in
freon inside a sealed stainless steel cell. A laser beam is shined on the
acoustic focus, through the two windows of the cell and through a hole
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Figure 2. Two signals corresponding to successive bursts produced under the same
experimental conditions. Only the lower curve exhibits a cavitation event.
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Figure 3. Setup for imaging of the acoustic focal area.

drilled in the transducer (see Fig. 1). The scattered light is collected with
a lens (50 mm focal length) in a photomultiplier tube. For a low driving
voltage of the transducer, we observe a modulation due to the acoustic
wave (grey curve on Fig. 2). At sufficiently high voltage, a peaked structure
appears (black curve on Fig. 2) around 10µs after the largest oscillation
of the driving voltage (at time τb = 8.5µs); this corresponds to a bubble.
Because of the finite quality factor of the transducer, its oscillation builds
up over several cycles, and the acoustic wave near its surface is largest at τb;
the 10µs delay comes from the flight time of the sound wave (across 8mm
at 783.7m s−1). The two signals shown on Fig. 2 were actually obtained
with the same driving voltage. Only some of the bursts triggered cavitation,
which allowed us to define and measure a cavitation probability (see Sec. 3).

We now describe two other methods of detection that were not used in
our experiments on liquid helium.

Using the setup shown on Fig. 3, we can make images of the acoustic
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t=0 ms t=40 ms t=80 ms t=240 ms

t=280 ms t=380 ms t=640 ms t=721 ms

t=800 ms t=980 ms t=1020 ms

Figure 4. Sequence of images obtained with the setup of Fig. 3. Each picture is labeled
above with the time; the time origin corresponds to an acoustic impact at the focus.

focal area on a CCD camera. The mask is a small disk made of black tape
placed in the focal plane of the lens; its purpose is to remove the direct
beam and thus suppress the white background on the image. This standard
optical filtering technique allows us to image the sources of light scattering
with an enhanced contrast.

A typical image sequence showing cavitation is displayed on Fig. 4. For
the sake of clarity, the contrast was inverted and the static background due
to dusts and defects in the optics was removed. The magnification was not
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Figure 5. Observation of the echo on the transducer for two successive bursts produced
under the same experimental conditions.

yet calibrated: we estimate the actual width of the picture to be of the
order of 1mm. The first image gives the time origin; it corresponds to the
arrival of the sound wave at the acoustic focus. As explained above, this
produces some light scattering, which can be seen here as a diffuse grey
zone; many tiny bubbles might also be present here. The eight following
images show the evolution of several large bubbles: first they diverge from
the acoustic focus; then they move upward because of the buoyancy forces;
finally, they collapse in the liquid at atmospheric pressure. The last two
images are around time 1 s: the first shows that the disappearance of the
last bubble, and the second one shows the halo and bubbles created by the
next burst.

The third method we used is based on the echo phenomenon. When
the acoustic wave travels back to the transducer surface, the corresponding
displacement is converted into voltage; this signal is shown on Fig. 5. In
the absence of bubble, one observes the dashed grey curve: there is a small
1 MHz signal, which we attribute to some ringing of the transducer or
transmission of the wave from one side to the other near its equator. When
a bubble is present at the focus, one observes the solid black curve: it is
undistinguishable from the dashed curve until a time τecho = 30µs. We have
τecho ' τb + 2τflight: the wave reaching the bubble at the end of the burst is
reflected by it and goes back to the transducer where it is detected.

To conclude this description of the experimental details, it is important
to note that the three methods we used have always detected consistently
the onset or the absence of cavitation.
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Figure 6. Cavitation probability as a function of driving voltage. The horizontal and
vertical error bars respectively represent the noise on the voltage amplitude and the
statistical uncertainty. The solid curve is a fit with Eq. 4.

3. Results and discussion

All three methods described in Sec. 2 lead to the same conclusion that
cavitation is a stochastic phenomenon: for a certain voltage range, when we
repeat the experiment under the same conditions, we obtain cavitation only
in some of the bursts. This was also noticed in liquid helium [2]; following
the same analysis, we define the cavitation probability as the fraction of
bursts showing a nucleation event. We have performed a first measurement
of the cavitation probability as a function of the driving voltage (see Fig. 6).
Each probability was computed over one hundred bursts. One can see that
the probability raises smoothly from 0 to 1, over a width which is larger than
the experimental noise on the voltage; this means that the phenomenon is
intrinsically random, and not an all-or-none process smoothed by noise.

Cavitation is a thermally activated process: there is a pressure-depen-
dent energy barrier Eb(P ) to overcome to nucleate the vapour phase. The
cavitation rate Γ follows an Arrhenius law:

Γ = Γ0 exp
(
−Eb(P )

kBT

)
(2)

where Γ0 is a prefactor. The cavitation probability Σ in an experimental
volume Vexp and during an experimental time τexp can then be written:

Σ = 1− exp (−ΓVexpτexp) (3)

The largest negative pressure P reached in the wave is a function of the
driving voltage V , and by using Eqs. 2 and 3 and expanding around the
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cavitation voltage Vcav where Σ = 1/2, we obtain:

Σ = 1− exp
{
− ln 2 exp

[
ξ

(
V

Vcav
− 1

)]}
(4)

with ξ = Γ0Vexpτexp(∂ ln P/∂ lnV )Vcav . Fig. 6 shows that the measured
probability is satisfactorily fitted by this formula.

The main difficulty in our experiment is to estimate the negative pres-
sure Pcav corresponding to Vcav. By comparing Pcav with Ph = −179 bar
(see Sec. 1), we will be able to decide whether we observed homogeneous
or heterogeneous cavitation. We can estimate the relation between P and
V in the case where the focusing of the wave is linear; the corresponding
analysis is described elsewhere [2]. Among other parameters, we need to
know the value of the quality factor Q of the transducer; it is determined
by measuring the cavitation voltage as a function of the number of cycles
in the burst [2]: we find Q to be around 20. Because the signal delivered
by our homemade generator has not a square envelope, there are some
difficulties in the analysis. A very rough estimate gives Pcav > −370 bar.
This is a lower bound because of the non-linearities; they are due to the
large decrease in the sound velocity at negative pressure, and their effect
is to reduce the efficiency of the focusing. Since it is more negative than
Ph, but also of comparable amplitude to it, we consider our result as a
preliminary indication of homogeneous nucleation. This regime is likely to
be reached in our experiment because of the small experimental volume
(tens of microns in diameter) and time (tens of nanoseconds) involved,
which make the probability to find an impurity very low.

Of course, this point requires further investigation. We plan to improve
the accuracy in the estimate of Pcav first by improving the quality of the
amplifier to obtain a more reliable value of the lower bound; then we can
also obtain an upper bound by measuring the variation of Vcav with the
static pressure, as was done for liquid helium [2]. At room temperature,
another solution is available, which would consist in measuring directly the
pressure at the focus by inserting an hydrophone with an active area smaller
than the sound wavelength.

4. Conclusion

We have reported preliminary measurements on cavitation in freon at room
temperature. We have detailed three different methods used to detect cav-
itation, and presented our first measurements of the cavitation probability.
We have discussed the homogeneous character of cavitation. By using a
more powerful amplifier, we should be able to produce and study cavitation
in water at large negative pressure.

freon.tex; 20/11/2002; 16:42; p.7



8 F. CAUPIN AND V. FOURMOND

Acknowledgements
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