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Abstract – The ability of a liquid to sustain mechanical tension is a spectacular manifestation
of the cohesion of matter. Water is a paradigmatic example, because of its high cohesion due to
hydrogen bonds. The knowledge of its limit of rupture by cavitation can bring valuable information
about its structure. Up to now, this limit has been obscured by the diversity of experimental results
based on different physical measures of the degree of metastability of the liquid. We have built
a fiber optic probe hydrophone to provide the missing data on the density of the liquid at the
acoustic cavitation limit. Our measurements between 0 and 50 ◦C allow a clear-cut comparison
with another successful method where tension is produced in micron-sized inclusions of water in
quartz. We also extend previous acoustic measurements of the limiting pressure to 190 ◦C, and we
consider a simple modification of classical nucleation theory to describe our data. Applying the
nucleation theorem gives the first experimental value for the size of the critical bubble, which lies
in the nanometer range. The results suggest the existence of either a stabilizing impurity in the
inclusion experiments, or an ubiquitous impurity essential to the physics of water.

Copyright c© EPLA, 2010

Introduction. – The behavior of liquid water under
mechanical tension is relevant to topics as diverse as sap
flow in trees [1,2], efficiency of cephalapod suckers [3],
or microfluidic tension pumps and heat sinks [4]. The
existence of this metastable state has been observed since
the time of Huygens [5], and has since been the subject of
numerous experimental investigations [6]. However, there
is no consensus on the measured cavitation limit —that
at which the metastable liquid “breaks” by nucleation of
vapor bubbles. The cavitation limit has many practical
implications, and it is also of fundamental interest in
understanding the numerous anomalies of water, such as
the well-known fact that the liquid expands when it is
cooled below 4 ◦C. Several reviews have delineated the
scenarios proposed to explain these anomalies [7–11].
Let us first recall the origin of the ability of a liquid

to sustain tension. As its pressure is decreased, a liquid
should begin to boil when it reaches the saturated vapor
pressure, at which the chemical potentials of the liquid
and vapor are equal. However, the liquid-vapor interface
which needs to be created for a bubble to form has a cost

(a)E-mail: caupin@lps.ens.fr

due to surface energy. Therefore, the nucleation of vapor
can be delayed: the liquid is then metastable, and can
even reach negative pressures. The competition between
volume and surface energy results in an energy barrier Eb
which decreases when the pressure becomes more nega-
tive, until the barrier is sufficiently low to be overcome
by thermal fluctuations of the system. This is the basis
of nucleation theory, which predicts that liquid water
can reach pressures beyond −120MPa at room tempera-
ture [12]. This large negative value comes from the high
surface energy, a signature of the strong cohesion of water.
We will first review some experiments on cavitation

in water. We emphasize the difficulty inherent in their
comparison, due to their use of different physical measures
of metastability. We will then describe a direct measure-
ment of the density of liquid water at the cavitation
limit in an acoustic experiment. This allows an unam-
biguous comparison with the cavitation density deter-
mined by another method, based on micron-sized inclu-
sions of water in quartz. We find a large discrepancy at
room temperature. This led us to extend the acoustic
measurements up to 190 ◦C, where our data overlap with
some of the inclusion results. We then compare our data
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with theory and analyze them to calculate the volume
of water involved in the nucleation process. Finally, we
discuss possible explanations for the discrepancy between
experiments.

Previous studies. – An extensive review of cavitation
in water can be found in ref. [6]. Here we only summarize
the three methods that were able to reach a large degree of
metastability over a wide temperature range. Briggs used
the centrifugation method [13], which consists in spinning
a tube full of liquid perpendicularly to its axis. At the
center of rotation, the centrifugal force exerts a tension
on the liquid, P = P0−

1
2ρω

2r2, where P0 is the pressure
outside the tube, ρ is the water density, and r is the
distance between the center and the liquid-gas interface.
The cavitation pressure Pcav obtained by Briggs exhibits
a minimum of −27.7MPa at 10 ◦C, with Pcav =−2MPa
at 0 ◦C and −22MPa at 50 ◦C. Note that, as is often the
case, the values reported are the largest tension achieved
and that cavitation usually occured before.
Another way to generate tension is to use a piezo-

electric transducer to generate an acoustic wave, which
successively pressurizes and stretches the liquid. Cavita-
tion occurs at large enough amplitudes. We estimated
Pcav in an acoustic experiment by two methods [14]. The
first relies on a commercial piezoelectric hydrophone. The
second uses the static pressure method (SPM). It consists
in measuring the relation between the transducer voltage
required for cavitation, Vcav, and the ambient static pres-
sure in the liquid, Pstat. The relation between Vcav and
Pstat is linear in the range 1–10MPa, and can be extra-
polated down to zero voltage to get an upper bound on
Pcav [14]. The two methods agree and yield Pcav varying
from −26MPa at 0 ◦C to −17MPa at 80 ◦C. This matches
the values obtained by centrifugation above 10 ◦C [13],
and also those obtained with various other methods over
a reduced temperature range [4,6].
Experiments on microscopic quartz inclusions [15,16]

seem to be the only ones able to reach a higher degree
of metastability: the largest Pcav was estimated to be
−140MPa, which is compatible with theoretical predic-
tions. However, there is some uncertainty in this pressure
estimate, as can be understood from the details of the
method. Small sealed cavities (in the 10–100µm range)
filled with water are prepared in a quartz crystal. Any
vapor bubble present shrinks upon heating along the line
of liquid-vapor equilibrium. The bubble eventually disap-
pears at a temperature from which the liquid density is
deduced. Then, when the inclusion is cooled down, the
bubble does not reappear immediately. Assuming that
the inclusion volume and the amount of water remain
constant, the liquid is brought in the negative pressure
region following an isochore, until cavitation occurs. To
estimate Pcav from the measured density, one must rely
on an equation of state (EoS), which is extrapolated from
data measured in the positive pressure range (e.g. [17]).
As the largest tension reported is −144MPa at 40 ◦C [15],
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Fig. 1: (Color online) Excitation voltage on the transducer
(thin blue line, left axis) and resulting density change (thick
red line, right axis) measured at 1 ◦C and 0.83Vcav. The optical
signal is averaged over 100 bursts to the transducer.

the extrapolation involved can be quite long. In addition,
this large value was only obtained in one sample, and the
data show considerable scatter. The overall results of this
work have been reproduced [18,19].
There is a discrepancy between the pressures reported

for cavitation with the centrifugal and acoustic methods
on the one hand, and with the inclusion method on the
other hand. However, the comparison is complicated by
the use of an extrapolated EoS. Thus, the discrepancy may
only be apparent. This is what led us to devise a method
to directly measure the density of water stretched to the
cavitation limit by an acoustic wave.

Experimental setup. – We use a piezoelectric trans-
ducer driven in bursts of 6 cycles at its resonance frequency
of 1.03MHz with a repetition rate of 1.75Hz (fig. 1).
We have previously described this method in detail [14].
Its main advantage is that focusing of the acoustic wave
enables the study of a small volume of water over a
short period of time and far away from any wall, thus
reducing the influence of heterogeneous cavitation nuclei:
a high nucleation rate is achieved, around 1011mm−3 s−1.
Cavitation bubbles are detected from the echo of the
acoustic wave reflected by the bubble surface back to
the transducer. The high stability of the setup allows us
to repeat the bursts under the same experimental condi-
tions, demonstrating the stochastic nature of cavitation.
Its probability, Σ, changes from 0 to 1 in a narrow range
of values of the excitation voltage, V. We define the cavi-
tation voltage, Vcav, as the value at which Σ= 1/2. The
plot of Σ vs. V , which we call an S-curve, has a char-
acteristic double exponential shape, reflecting the ther-
mally driven nature of cavitation [14]. The transducer
is immersed in ultrapure water in an open Pyrex glass
container. Our previous studies, which included measure-
ments on degassed water transferred under vacuum in a
sealed experimental cell [14], and water saturated with
various gases [20], have shown that the technique is not
sensitive to gas content.
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Fig. 2: (Color online) Density change at the acoustic wave
minimum as a function of V/Vcav at 1

◦C. The solid line is
a parabolic fit to the data where V/Vcav � 0.6; data at higher
fractions of Vcav illustrate that the extrapolation holds. The
inset shows a sketch of the apparatus.

To measure the density of water during the application
of an acoustic burst, we have built a fiber optic probe
hydrophone (FOPH) [21] (fig. 2). It uses a step index fiber
(core/clad of 50/125µm) with a pure silica core of index
nf . A laser beam is directed through a 2× 2 fiber coupler
to a bare fiber tip immersed in the liquid. The reflection
coefficient of the fiber-liquid interface,

R (t) =

(

n(t)−nf
n(t)+nf

)2

, (1)

is measured with a photodiode (PD) located on the other
input of the coupler to obtain n(t), the index of water
at the fiber tip, modulated in time by the acoustic wave.
The modulation of the reflected light intensity is small,
therefore we use an average over 100 bursts at each
voltage to improve the signal-to-noise. Finally, the index is
converted into density using the IAPWS formulation [22].
Figure 1 shows the drive applied to the transducer and
the resulting change in density, Δρ, occurring after a delay
corresponding to the time-of-flight of the ultrasonic wave.
At each temperature the excitation voltage is ramped from
0.1 to 0.6Vcav. An S-curve is measured before and after
each ramp. The drift in Vcav is always less than 5%, and
the average is used in the analysis.

Cavitation density. – The density change at the
focus and at the acoustic wave minimum, Δρmin, is plotted
as a function of V/Vcav (fig. 2). We note that the variation
is slightly less than linear (see below). We have extrapo-
lated the data below 0.6Vcav with a parabola up to Vcav.
We have checked at 1 (fig. 2), 12, 20, and 47 ◦C that this
extrapolation reproduces correctly the data up to 0.9Vcav.
For other temperatures, the ramp was limited to below
0.6Vcav to avoid cavitation on the fiber tip. Repeated
checks of the data at 20 ◦C were performed to ensure that
no damage occurred, otherwise the fiber was re-cleaved.
The cavitation densities, ρcav, determined from extrap-

olations of the parabolic fit are shown in fig. 3. Note
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Fig. 3: (Color online) Cavitation density as a function of
temperature. The green curve gives the density of water at
saturated vapor pressure. In the acoustic experiment, water
is streched along an isentropic (quasi-isothermal [14]) path,
illustrated by the vertical arrow. ρcav is obtained by direct
FOPH measurements (red circles) and by converting into
density Pcav estimated with the SPM (blue open [14] and filled
(this work) diamonds). Statistical errors are smaller than the
symbol size. In the inclusion experiment [16], water follows
an isochoric path, illustrated by the horizontal arrow, until
it cavitates (open black squares). Cavitation also occurs in
inclusions heated along the metastable ice-liquid equilibrium
(filled black squares).

that we have repeated the procedure with acoustic
bursts at 2MHz and obtained the same ρcav (not shown)
within the error bars. We can now compare our results
directly with the inclusion work. The discrepancy is
obvious (fig. 3). For inclusions in a high-density sample
(900.3� ρ� 907.4 kgm−3), cavitation temperatures
ranged from 39.9 to 143.3 ◦C [16]. This shows consid-
erable scatter in the data, but is nonetheless markedly
different from our results at comparable tempera-
tures. For example, at 39.9 ◦C, ρcav = 903.6 kgm

−3 was
reported [16], much lower than the present 981 kgm−3. As
the density is the measured quantity in both experiments,
the discrepancy we find is independent of any assumption
on the EoS. However, because of the extreme repro-
ducibility of the acoustic method [14], this discrepancy is
surprising, and one wonders if it arises from a fundamental
phenomenon. For instance, as the two experiments follow
different paths in the phase diagram (see arrows in fig. 3),
a path-dependent nucleation mechanism might be
involved. To clarify this issue, we decided to extend the
acoustic measurements to higher temperatures.
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Fig. 4: (Color online) Acoustic cavitation pressure as a function
of temperature. The open [14] and filled (this work) circles show
the values obtained with the SPM. The curve shows the CNT
prediction, using a rescaled surface tension, σeff = 0.237σbulk.

High-temperature results. – In order to access the
acoustic focus, density measurements with the FOPH
are performed in an open container, which can be used
only below 50 ◦C. To investigate higher temperatures, we
returned to a closed high-pressure cell and the SPM.
We thereby extended the acoustic data for Pcav up to
190 ◦C, as shown in fig. 4. We convert to ρcav using
an extrapolated EoS [17]. The result displayed in fig. 3
shows that ρcav converted from SPM values agree with the
direct FOPH measurements. We note that the former are
systematically slightly larger than the latter; this might
arise from the extrapolated EoS or from non-linearities
in the focusing of the sound wave, as observed in fig. 2,
which would affect the estimate of Pcav [14]. Regardless,
the difference is much less than the one with the inclusion
results, and becomes smaller as the temperature increases.
This probably stems from the lower penetration in the
metastable region achievable at higher temperature. We
can thus rely on the SPM above 50 ◦C, where direct FOPH
measurements are not available. We find that, above
130 ◦C, the acoustic data merge with the inclusion results
showing the least metastability (fig. 3). This means that
the thermodynamic path followed by inclusions showing
larger metastability (e.g. the sample able to reach 40 ◦C)
crosses the path followed by water in the acoustic method.
This excludes the possibility that the discrepancy between
experiments is due to path-dependent nucleation.

Comparison with theory. – Classical nucleation
theory (CNT) describes the nucleation of a spherical
vapor bubble separated from the liquid at pressure P
by a sharp interface [6]. The critical radius is Rc =
2σ/(Psat−P ), where σ is the surface tension and Psat
the saturated vapor pressure. The nucleation rate is Γ =
Γ0 V τ exp[−Eb/(kBT )], where

Eb =
16π

3

σ3

(Psat−P )2
. (2)
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Fig. 5: (Color online) Volume of the critical bubble as a function
of temperature. The open [14] and filled (this work) circles
show the value deduced from the cavitation statistics with
the nucleation theorem. The dashed and solid curves show the
CNT prediction, using the bulk surface tension of water and a
rescaled value (σeff = 0.237σbulk), respectively.

Our definition of Pcav from the S-curve corresponds to
Γ= ln 2, which we solve using the values of the prefactor
Γ0 and of the experimental volume V and time τ given
in ref. [14] (see in particular table I). This choice is
not critical, since Pcav depends only logarithmically on
these parameters. The bulk surface tension of water
σbulk [22] gives Pcav much more negative than in our
experiment [6]. However, at each temperature, one can fit
the experimental Pcav by adjusting σ in eq. (2). Remark-
ably, this procedure yields an effective surface tension
σeff whose ratio to σbulk is nearly constant over the
whole temperature range (0.237 average, 0.012 standard
deviation). Figure 4 shows how well a simple modification
of CNT with a constant σeff/σbulk reproduces our data
for Pcav. We now investigate if the cavitation statistics
can also be accounted for with this rescaled σeff .

Size of the critical bubble. – The nucleation theo-
rem [23] states that the number of molecules Δnc that
need to be removed to form the critical bubble is equal
to (∂Eb/∂µL)T , where µL is the chemical potential of the
liquid. This relation is model independent, and holds even
if Eb is different from eq. (2). Our accurate cavitation
statistics, combined with the pressure calibration, give us
(∂Eb/∂PL)T (eq. (13) of [14]). Let vL be the volume per
molecule in the liquid. We have

(

∂Eb
∂PL

)

T

=

(

∂µL
∂PL

)

T

(

∂Eb
∂µL

)

T

= vLΔnc, (3)

which is the volume Vc that the molecules involved in
the critical bubble would occupy in the liquid. Thus, our
macroscopic measurement gives access to a microscopic
information: the size of the critical bubble. Figure 5
compares the experimental values with the prediction of
CNT, Vc = 4πR

3
c/3, with σbulk and σeff . No choice of σ

is able to simultaneously account for our Pcav and Vc
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data. Another modification is required. For instance, to
reduce Vc, the CNT bubble could be filled with a fluid
at a density intermediate between those of the liquid and
the vapor. Rather than CNT, more elaborate nucleation
theories, such as density functional theory [12], may be
needed. Another possibility is an impurity scenario (see
below), where the impurity would provide a simultaneous
reduction of the energy barrier and of the critical volume.
For comparison, it would be interesting to know Vc for the
inclusions, but it is not possible with the available data.
Simulations are called for to provide more insight.

Discussion. – The discrepancy between acoustic
and inclusion experiments remains to be explained.
This section proposes some speculative ideas. Before
proceeding, let us exclude two reasons sometimes invoked.
One might think that the acoustic experiment quenches
the liquid too rapidly compared to the inclusion method.
However, the acoustic tension lasts around 50 ns, much
longer than microscopic relaxation times. There is a
dependence of Pcav on the experimental time, but it is
logarithmic, and has the opposite effect than required
to explain the discrepancy: Pcav is more negative for a
shorter time [14]. Furthermore, other experiments (e.g.
with the centrifugal [13] or artificial tree [4] methods) have
timescales comparable to the inclusion method, but still
reach values of Pcav close to the acoustic ones. One might
also wonder if water in the inclusions is somehow stabilized
by a confinement effect from the silica walls. However,
any such effect would have a range that is certainly much
smaller than the inclusion size (a few microns).
We are therefore left with an explanation involving

impurities. There are two possibilities: i) a stabilizing
impurity that extends the achievable range of metasta-
bility is present only in some of the inclusions; or ii) a
destabilizing impurity that reduces the achievable range
of metastability is present in all experiments, except in
some inclusions.

i) Stabilizing impurities could be created from the
quartz during the fabrication of inclusions, when
water reaches supercritical conditions where it is
known to dissolve silica. Silica nanoclusters could
be formed. However, their effect on cavitation is not
clear. They might stabilize the neighboring hydrogen
bond network, but this influence is expected to have
only a short range, and thus stabilization of the whole
sample would require a large cluster concentration,
which might be detected by suitable methods.

ii) Destabilizing impurities may be present in all
experiments, but disappear during the fabrication of
inclusions. This could happen thanks to the high pres-
sure and temperatures reached: “surfactant molecules
cluster destroyed by annealing at the higher temper-
atures” have been invoked in [15]. We emphasize
that an extremely ubiquitous impurity is required to
explain the reproducibility of our cavitation statistics

from one water sample to another. For at least one
impurity to be present in the volume involved in the
acoustic experiment at 2MHz, the impurity concen-
tration c must exceed 6.3× 10−14mol L−1 [14]. On
the other hand, in the most metastable inclusions,
there should be no impurity in the inclusion volume of
around (10µm)3, requiring c < 1.7× 10−12mol L−1.
The overlap between ranges is compatible with the
hypothesis that the acoustic experiment is sensitive
to impurities whereas the inclusion experiment is
not, but the margin is narrow. Another possibility is
that the impurities present in bulk water are deac-
tivated by adsorption sites present on the inclusion
walls. Assuming c= 10−7mol L−1 in bulk water,
a cubic inclusion with side a= 10µm contains 60
impurities, and 1 site per (100 nm)2 would be needed.
c= 10−7mol L−1 was chosen because hydronium and
hydroxide ions are spontaneously created in neutral
water (pH= 7) with this concentration by autopro-
tolysis. This speculation gains support from the fact
that inclusions filled with a 1mol L−1 NaOH solution
give much less scattered results than with pure
water, and on average more negative pressures [19].
Hydronium ions would therefore be good candidates
for an ubiquitous impurity, spontaneously present in
sufficient quantity in water.

Remaining issues with inclusions. A difficulty with
these impurity scenarios is that inclusion experiments
exhibit large scatter in the cavitation thresholds for
samples with similar densities (fig. 3); therefore, there
should be several types of impurities involved, which
affect Eb in quantitatively different ways. Furthermore,
a fully consistent picture should also explain the surprising
behavior of ice-melting in inclusions [16], which has been
hitherto overlooked. After an inclusion has been frozen to
be filled with ice, the ice melts upon heating. Because of
the higher density of the liquid, the system is put under
tension, following the metastable liquid-ice equilibrium
line, until cavitation occurs. Surprisingly, the largest Pcav
obtained with this method is −22.8MPa [16] (fig. 3,
lowest filled black square), in an inclusion which cavitated
at −103.7MPa with the usual isochoric liquid cooling
method [16]1. The only change is the presence of the
liquid-ice interface. In case i), it would force the stabilizing
impurities to disappear or lose their efficiency, by being
incorporated in ice or deactivated at its surface, but the
mechanism remains unclear. In case ii), ice would trigger
heterogeneous nucleation. With CNT, this can occur due
to incomplete wetting of a substrate [6]. However, a
reduction of Pcav by a factor of 4.5, as observed in one
of the inclusions, would require a contact angle of the
liquid on ice of 113◦, far above the observed 1◦ [25].

1We note that ice-liquid equilibrium was observed up to 6.5 ◦C in
natural-fluorite inclusions [24]. However, this work involved aqueous
solutions of unknown composition and contained no corresponding
study of high-temperature cavitation.
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Amicroscopic interpretation is needed: ice being less dense
than the liquid, the interface might provide heterogeneous
nucleation sites facilitating the formation of vapor.

Path-dependent nucleation. We have mentioned above
a nucleation mechanism depending on the thermodynamic
path followed in the phase diagram to stretch water.
We have seen that the discrepancy between the acoustic
and inclusion experiments cannot be explained by such
a mechanism, because our high-temperature experiments
cross the path followed by the inclusions. Nevertheless,
this scenario might be invoked to explain the behavior of
ice-melting in inclusions just mentioned. What could be
the microscopic origin of such a path-dependent cavita-
tion? Using CNT with σbulk yields Pcav values close to
those estimated for isochorically cooled inclusions [12,15].
During ice-melting in inclusions, nucleation could occur
through an intermediate metastable state which would
lower Eb because of a lower interfacial tension: this is
called the Ostwald step rule, often invoked in crystal-
lization, and recently verified experimentally [26]. This
intermediate state could be another liquid phase of water,
such as the low-density liquid phase found by all molecu-
lar-dynamics simulations [7–11]. However, the first-order
transition they predict usually ends with a metastable
critical point (MCP) at positive pressure in the super-
cooled regions. Yet some simulations have also found an
MCP at negative pressure [11,27,28]. Analytic models have
also shown that a change of parameters could move the
MCP to negative pressures and room temperature [29,30].
Furthermore, simulations of a model globular protein have
shown how the vicinity of a fluid-fluid MCP in the phase
diagram of the protein largely reduces Eb for its crystal-
lization [31]. When water in the inclusions is stretched
during ice-melting, cavitation could thus be affected by
the vicinity of an MCP at negative pressure. On the other
hand, the isochoric path usually followed by the inclusions
goes through a region of large tension at high tempera-
ture. Thus, it may avoid the critical region and yield Pcav
expected from CNT with σbulk. To check the possibility of
this mechanism, simulations are clearly needed.

Conclusion. – Using a method with great repro-
ducibility, we have measured the density of liquid water
at the acoustic cavitation limit, and obtained the size of
the critical bubble through the nucleation theorem. Our
results stand in contrast with both theory and one experi-
ment based on inclusions of water in quartz. However, the
acoustic cavitation limit at high temperature merges with
the inclusions showing the lowest metastability. We have
discussed possible explanations to account for these find-
ings; one of them involves the role of hydronium ions, and
calls for simulations of cavitation in their presence.
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