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ABSTRACT 

Most experimental studies of cavitation in liquid water at negative pressures reported cavitation at 

tensions significantly smaller than those expected for homogeneous nucleation, suggesting that 

achievable tensions are limited by heterogeneous cavitation. We generated tension pulses with 

nanosecond rise times in water by reflecting cylindrical shock waves, produced by X-ray laser 

pulses, at the internal surface of drops of water. Depending on the X-ray pulse energy, a range of 

cavitation phenomena occurred, including the rupture and detachment, or spallation, of thin liquid 

layers at the surface of the drop. When spallation occurred, we evaluated that negative pressures 

below −100 MPa were reached in the drops. We model the negative pressures from shock 

reflection experiments using a nucleation-and-growth model that explains how rapid 

decompression could outrun heterogeneous cavitation in water, and enable the study of stretched 

water close to homogenous cavitation pressures.   
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Liquid water can exist in states metastable relative to the vapor phase, either as a superheated 

liquid or as a liquid under tension (negative pressures).1-3 While small volumes of pure water can 

be superheated to temperatures close to the homogenous boiling temperature,4-5 most studies of 

cavitation in water near room temperature reported cavitation pressures down to −30 MPa,2, 6-9 

although homogeneous cavitation is expected to occur around −150 MPa.10-12 To date, negative 

pressures below −100 MPa were only achieved using isochorically cooled water in mineral 

inclusions with dimensions on the order of 10 µm;11, 13-16 the reason for which water cavitation is 

different in inclusions than in bulk remains unknown.8-9  The apparent −30 MPa cavitation limit 

for bulk water is attributed to heterogeneous nucleation by intrinsic cavitation nuclei present in 

pure water.7, 12  

Since nucleation occurs on a finite time scale, rapid decompression should allow the generation 

of lower negative pressures than in static experiments. Ultrasonic water cavitation experiments7, 

12, 17-18 can apply ~50 ns transient tensions, but reached only ~−30 MPa, far from homogenous 

cavitation pressures. A more rapid decompression can be achieved by reflecting shock waves at a 

free surface. The reflections can produce negative pressure waves with rapidly growing 

amplitudes,19 which lead to spallation—the rupture of solids20-21 or liquids22-26 at a well-defined 

surface. Spallation experiments can determine the maximum negative pressure, or the tensile 

strength, that the material sustains during decompression.20 Several spallation measurements in 

water have been performed to date,27-30 with an experiment using millimeter-sized cells reporting 

negative pressures below −40 MPa.29 A recent microfluidic cavitation experiment also used the 

reflection of shocks to stretch water; in this miniaturized setup, negative pressure pulses shorter 

than 10 ns reached −60 MPa before cavitation.31 

Here, we report spallation in spherical microdrops of liquid water. Our experiment is illustrated 

in Figure 1A. We injected in a vacuum chamber microdrops of deionized water, synchronized such 

that they were intercepted by an ultrafast (30–40 fs) X-ray laser pulse32 propagating 

perpendicularly to the direction of travel of the drops. The X-rays were focused to a beam size 

much smaller than the drop diameters, and passed through the center of the drops. We chose the 

X-ray photon energy (9.5 keV) and the drop diameters (55 and 71 µm) such that the X-rays were 

attenuated by a factor of less than 0.05 in a drop. Under these conditions, the X-rays deposit energy 

within a narrow filament with approximately the same diameter as the beam, and the energy 

density along the filament is approximately constant.33 The X-rays deposited energy densities that 

are equivalent to filament pressures on the order of 100 GPa. The release of the filament pressure 

generates cylindrical shock waves inside the drop, and causes the explosion of the drop. For each 

interaction between a drop and an X-ray pulse, we imaged optically the drop, perpendicularly to 

both the drop motion and the X-ray beam, using pulsed illumination from a femtosecond laser.  

The shock waves and the phase transition dynamics for different pulse energies are presented in 

Figure 1B. A more detailed illustration of the dynamics is available as movies (see Supporting 

Information (SI)). We will refer to the axis defined by the X-ray beam as the axis of the drop, and 

to the midsection perpendicular to this axis as the equatorial plane of the drop. In all experiments 
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shown in Figure 1B, we observed shock waves. They became visible at a distance of 5 to 7 µm 

from the beam axis approximately 1 ns after the X-ray pulse, and then propagated towards the 

surface of the drop with initial velocities around 2000 m/s. We also observed the formation of a 

central region that evolved into a cavity inside the drop. The shock waves later disappeared from 

view, and two wave fronts propagated from the poles of the drop back toward the center. These 

wave fronts are the first consequence of the reflection of the shock at the surface of the drop. 

 

 

 

 

 

 

Figure 1. (A) Experimental design. A focused, ultra-intense X-ray laser pulse deposits energy in 

microdrops of water, forming a high-pressure filament that launches a shock wave and forms a 

cavity inside a drop. These processes are investigated using time-resolved, bright-field optical 

imaging. (B) Images of 55-µm diameter water drops during the experiments. For each column in 

the array of images, the solid arrows indicate the location of the phenomena listed at the bottom 

of the column, in the same font color as the arrows. The shock waves are visible as straight lines; 

they are reflected from the surface of the drops into negative pressure waves that can lead to 

cavitation or spallation inside the drop. Spallation produces a void-liquid interface that reflects the 

illumination light and leads to the appearance of bright regions in the images. 
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The reflection of a shock wave at a free surface generates a counter-propagating negative 

pressure wave,19, 34 which will cause cavitation in liquids if sufficiently strong.35 We observed 

random or no cavitation at low pulse energies (0.08 mJ, Figure 1B), and cavitation in the whole 

volume of the drop at high pulse energies (0.56 mJ). At intermediate pulse energies (0.12 mJ), the 

cavitation was localized near the equatorial plane, and was accompanied by the appearance of 

high-brightness areas in the cavitation region. The cavitation was localized because the spherical 

surface of the drop focuses the negative pressure wave. The high-brightness areas were dark when 

imaged through crossed optical polarizers, and therefore do not represent sonoluminiscence.36-38 

Instead, they most likely represent optically clear regions with low refractive index, such as voids 

caused by spallation. 

We measured the shock wave pressures using the relation between the instantaneous pressure at 

the interface, P(t), and the instantaneous velocity of the interface vi(t),19 

   tvctP iS0
2

1   (1) 

where t is the measurement time, and cS and ρ0 are, respectively, the shock velocity and the 

density of water. Since the reflected wave has a negative pressure with an absolute value equal to 

that of the shock, Eqn. (1) can be used to derive the pressure profiles of the shock and the reflected 

wave, and the time-dependent pressure distribution in the drop. 

We determined the motion of the drop’s surface in the equatorial plane through measurements 

of the diameter of the drop, performed with an edge detection algorithm (see SI). The time 

evolution of the diameter of the drops is shown in Figure 2. The drops started to expand when the 

shock arrived at the interface, then the rate of expansion slowed down, and then the rate of 

expansion increased again. Up to the time when the expansion rate increases again, the diameter 

data can be differentiated to measure vi(t) and, using Eqn. (1), P(t). Later, the pressure of the shock 

cannot be determined by this method, because additional variations of the surface velocity are 

caused by either secondary reflections of the pressure waves (0.08 mJ), or by spallation inside the 

drop (0.12 and 0.56 mJ). 
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Figure 2. Evolution of the diameter of the drop in the equatorial plane. The diameter does not 

change until the shock arrives at the surface. The subsequent expansion of the drop occurs at a rate 

that increases with the pulse energy, and has variations related to the shock wave dynamics. (A) 

Diameter evolution when shock waves are generated, but spallation is not observed in the images 

of drops. (B) Diameter evolution near the pulse energy threshold for spallation, which causes an 

easily identifiable second increase in the expansion velocity. (C) Diameter evolution for high pulse 

energy. The change in the expansion velocity due to spallation becomes difficult to resolve against 

the background of a high expansion velocity. 
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The mechanism of spallation in the drops is illustrated in Figure 3A. The initial shock is reflected 

as a negative pressure wave whose amplitude increases until it reaches a maximum negative 

pressure; the water ruptures shortly thereafter, at the spall surface. The rupture generates a void, 

whose surface reflects part of the negative pressure wave into a radially outward, positive pressure 

wave. This twice-reflected wave arrives at the drop surface and causes the second increase in the 

interface velocity (Figure 2B). In the case of planar shocks reflected at planar interfaces, the 

maximum pressure Pplanar can be evaluated using Eqn. (2), which approximates the velocity of all 

waves with the speed of sound c0,39-40  

 2100
2

1
VVcPplanar    (2) 

where V1 is the surface velocity just after the arrival of the shock (proportional to the pressure 

of the reflected wave at the spall plane) and V2 is the interface velocity just before the second 

increase in surface velocity (proportional to the pressure in the trailing part of the shock at the spall 

plane). We measured V1 and V2 by fitting the evolution of the drop diameter, as shown in Figure 

3B. 

In our experiments, Eqn. (2) must be modified to include the focusing of the reflected wave by 

the spherical surface of the drop. We quantified the focusing using two amplification factors, C1 

and C2, which assume geometric small-angle reflections, and that all waves propagate at the speed 

of sound without losses, 

spall

d

R

R
1C  (3) 

dspall

d

RR

R




2
C 2  (4) 

where Rd is the initial drop radius, and Rspall the radial position of the spall surface (see Figure 

3A and the SI). In particular, C1 is the “equatorial plane” amplification, which applies to both the 

shock and the reflected wave, and C2 the “axial” amplification, which applies only to the reflected 

wave. We determined the position of the spall surface from the travel time of the twice-reflected 

wave, assuming that it originates at Rspall when spallation is first observed in the drops (tSint; see 

Figure 3B), and arrives at the drop surface when the surface velocity increases again (tSext). With 

focusing, the maximum negative pressure generated in the drops, Pspall, is 

 2112100 CCC
2

1
VVcPspall    (5) 

We calculated Pspall only for experiments in which high-brightness areas were observed, and the 

edge of the drop maintained its optical contrast after spallation; the results are given in Table 1 and 

indicate Pspall  <  −100 MPa. Since the drops cool evaporatively in vacuum, we modeled 



 

8

numerically the temperature distribution in the drop,41 and in Eqn. (5) we used the density and the 

speed of sound for water at the temperature of the surface. 

 

 

 

 

 

Figure 3. Spallation mechanism and its characterization. (A) Time-space schematic. Spallation is 

caused by the reflected negative pressure wave, and generates a spall surface that reflects the 

negative pressure wave. (B) Diameter measurements when spallation occurred. The key velocities 

and delay times can be determined from the images and the diameter data. The time axes in panels 

(A) and (B) are aligned to help identify the spallation parameters. 
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Table 1. Experimental results.a  

Data 

set 

Drop 

radius 

[µm] 

Pulse 

energy 

[µJ] 

V1 

[m/s] 

V2 

[m/s] 

Rspall 

[µm] 

Temperature 

at surface 

[°C] 

Temperature 

at Rspall 

[°C] 

C1 C2 
Pspall 

[MPa] 

1 27.6±0.1 120±3 86±5 1±2 21±1 −6.1±0.7 5.0±1.1 1.3±0.1 1.9±0.3 −146±34b 

2 35.7±0.1 118±6 56±7 2±3 25±2 −7.0±0.7 9.7±1.2 1.4±0.1 2.6±0.5 −137±41b 

3 35.7±0.1 166±8 78±11 0±4 26±1 −7.0±0.7 8.0±1.2 1.3±0.1 2.1±0.2 −152±35b 

 
aThe diameter data for set 1 is displayed in Figures 1B and 2B. The diameter data for sets 2 and 3 is 

available in the SI. The error differentials are standard deviations (drop radii, surface velocities V1 and V2), 
spread of data (pulse energies), or estimated uncertainties for the rest of the parameters (temperatures, C1, 
C2, PSpall).  C1, C2, and PSpall are defined in Eqs. (3), (4), and (5), respectively. bThe uncertainty of PSpall was 
calculated by propagating the error differentials of V1, V2, and RSpall, assuming that they are independent 
variables. 

 

Our experiment is distinguished from previous spallation experiments by the focusing of the 

reflected wave, which amplifies several-fold the negative pressure. The focusing of shock 

reflections inside free water drops was observed previously,42 but this phenomenon is mostly 

unexplored. The amplification factors C1 and C2 represent a first-order approximation of shock 

wave reflections, and may overestimate the negative pressures given in Table 1. Therefore, we 

cannot conclude that spallation occurred through homogeneous nucleation. Instead, our results 

show that negative pressures below −100 MPa could be achieved in bulk water, despite 

heterogeneous cavitation. 

The large negative pressures we observed are primarily due to rapid decompression times (~2 

ns) from zero pressure to PSpall, shorter than achieved previously.17, 29, 31 Shorter decompression 

times lead to larger negative pressures, and previous studies reported changes of several MPa in 

the cavitation pressure of water when the decompression times were decreased by a factor of ~2.17, 

29 This dependence was explained using cavitation models based on nucleation kinetics.17, 29 These 

models fail to explain the combined measurements of Bogach and Utkin,29 Ando et al.,31 and ours, 

which indicate that as decompression times decrease from ~20 ns to ~2 ns, the negative pressures 

increase from ~−40 MPa to below −100 MPa. 

The negative pressures we observed (Table 1) can be explained by taking into account both the 

nucleation and the growth of cavitation bubbles. Nucleation-and-growth models have been applied 

previously to the problem of dynamic tensile failure in solids and liquids40, 43-45 and it was found45 

that the growth of voids can be modeled using the Rayleigh-Plesset equation,46  
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Rdt
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Rdt
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dt
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PP bext
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
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3)(
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2
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







  (6) 

where R is the bubble radius, Pext the pressure in the liquid, Pb the pressure inside the bubble, 

and ρ, η and σ are, respectively, the density, viscosity, and surface tension of the liquid. 

 We modeled the cavitation that leads to spallation using separate stages of heterogeneous 

cavitation and bubble growth. Heterogeneous cavitation nuclei in water have been proposed to be 

either (i) nuclei with a lower surface tension than water (type-I) or (ii) stabilized nanobubbles that 

start to grow below a threshold pressure (type-II).7 Ultrasonic cavitation experiments that reached 

negative pressures around −30 MPa can be explained by type-I nuclei.7 Our model, which applies 

to larger negative pressures, assumes instead the existence of a fixed concentration of type-II nuclei 

that nucleate at a threshold pressure near −30 MPa. 

Our model of the dynamic decompression is illustrated in Figure 4A. A volume of water initially 

at room temperature and zero pressure is stretched at a constant rate until the water, in the absence 

of cavitation, would approach the liquid-vapor spinodal density, ~900 kg/m3, predicted by 

extrapolating3, 18 the IAWPS equation of state for water.47 A fixed concentration of type-II nuclei 

is present in water, and all nuclei start to grow as bubbles once the threshold negative pressure is 

reached. The growth of bubbles reduces the tension in the stretched water, but since the rate of 

growth of bubbles is finite, the tension is only partially relaxed during the decompression. We 

integrated numerically the Rayleigh-Plesset equation (Eqn. (6)) to calculate the bubble volume, 

and the pressure in the liquid phase (see SI). 

As an example of this model, the evolution of the negative pressure for a nuclei concentration 

of 10−10 mol/L and a decompression time of 4 ns is shown in Figure 4B. The pressure in the liquid 

initially follows the one expected in the absence of cavitation, then reaches a minimum pressure, 

and then increases. In our model, the negative pressure depends primarily on the nuclei 

concentration and on the decompression time. Figure 4C shows the maximum negative pressures 

given by our model for a range of decompression times and for several nuclei concentrations, along 

with experimental measurements,29, 31 and a prediction of the cavitation pressures according to a 

nucleation-only model.17 To obtain the experimental values, we selected and interpreted the 

published data (see Experimental Methods),29, 31 and we evaluated the decompression time as the 

rise time of the negative pressure wave (see SI). 
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Figure 4. (a) Nucleation-and-growth model. Heterogeneous cavitation occurs at −30 MPa at 

preexisting nuclei and is followed by bubble growth, which reduces the negative pressures but not 

completely. (b) Modeled negative pressures if bubbles grow, and if cavitation is absent. The 

negative pressure in the liquid reaches a limit if bubbles grow. (c) Maximum negative pressures 

predicted by the model for different nuclei concentrations, experimental measurements, and an 

extrapolation of cavitation pressures from ultrasonic studies. The maximum negative pressures 

approach rapidly the spinodal pressure in liquid water as the decompression times become shorter 

than ~10 ns. 
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Our dynamic two-phase model provides a better explanation of the maximum negative pressures 

than nucleation-only methods, but given the limited number of experiments that reported pressures 

significantly below −30 MPa, we cannot rule out a more complex process of nucleation and 

growth. Our analysis highlights the importance of bubble growth during dynamic decompression 

and the possibility of multiple heterogeneous cavitation mechanisms in water, and suggests that 

nucleation-and-growth models can connect spallation experiments with cavitation experiments 

that detect the nucleation of single bubbles. In particular, such models may explain the big spread 

of negative pressures reported by microfluidic shock reflection experiments.31, 48-49  

Just as significantly, the measurements in Figure 4C are consistent with a nuclei concentration 

between 10−9 and 10−10 mol/L. This concentration is 2–3 orders of magnitude lower than the 

concentration of hydronium ions, which may be related to the heterogeneous cavitation nuclei in 

water.12 If water contains intrinsic type-II nuclei at this concentration, the bubble growth at large 

tensions is inertial,46 and we can estimate analytically the 100%–90% decay time, t90, of a suddenly 

applied negative pressure Pneg due to cavitation (see SI) 

3/16/13/1

0
90

1

||

1

K
353.0

cneg nP
t


  (7) 

where K is the bulk modulus of water and nc the concentration of nuclei. Eqn. (7) predicts that 

large negative pressures can be sustained for ~1 ns in water. 

The possibility of stretching water to achieve pressures below −100 MPa, through 

decompression in less than a few nanoseconds, opens new possibilities for the study of stretched 

water. For example, decompression of supercooled water produces doubly metastable water.16, 50 

Our experiments were performed close to the melting curve expected at negative pressures,13, 16 

and can be extended to deeply doubly-metastable conditions. Nanosecond decompression times 

are long enough to study the properties of stretched water through time-resolved optical 

spectroscopy,51-53 and with X-ray lasers.54-55 In particular, multi-pulse X-ray laser techniques56-57 

could enable experiments in which stretched water is both produced and studied using ultra-intense 

X-ray pulses. 
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EXPERIMENTAL METHODS 

We used deionized water supplied by a water purification system (Milli-Q Integral, EMD 

Millipore). During handling and injection, water came in contact with polypropylene, 

polyetheretherketone (PEEK), stainless steel, and silica surfaces. All recipients, tubing and 

injectors have been only used with pure water since purchased, and were thoroughly rinsed and 

multiply flushed before the experiments. 

The drops were produced by triggering the Rayleigh capillary breakup of free jets, using 

piezoelectric drop injectors (MJ-AT series, MicroFab Inc.) with orifice diameters of 25 and 30 µm 

to make drops with diameters of 55 and 71 µm, respectively. The electrical signal to the injector 

was synchronized electronically with the X-ray pulse timing signal to ensure that each X-ray pulse 

passed through the center of one drop. 

The experiments were conducted at the Coherent X-ray Imaging instrument (CXI)58 at the Linac 

Coherent Light Source (LCLS),32 using self-amplified spontaneous emission X-ray pulses of 9.5 

keV photons with a duration from 30 to 40 fs, and a total pulse energy up to ~1 mJ arriving at the 

drops. The X-ray beam was focused using a Kirkpatrick-Baez mirror system59 to a spot size of ~1 

µm full width at half maximum (FWHM). The measurements were conducted as experimental 

“runs” in which the pulse energy and the drop diameter were constant, but the time delay between 

the X-rays and the optical imaging was varied to determine the dynamics induced by X-rays. 

Within a run, we acquired data at the repetition rate of the X-ray laser, 120 measurements (or 

“shots”) per second. This experimental setup is based on the design we used previously to 

investigate explosions induced by X-ray laser pulses in liquid jets and drops,33 but was upgraded 

to image the drops at higher spatial and temporal resolutions. 

The imaging system is based on a 50X long-working distance objective (Mitutoyo) with a 200-

mm focal length tube lens, and has an optical resolution better than 780 nm when imaging 

resolution test targets (USAF 1951 pattern, Edmund Optics). We recorded images with a 

magnification of 200 nm/pixel using a high-speed camera (Phantom Miro M340, Vision 

Research). We used pulsed illumination from a 800-nm femtosecond laser (Legend Elite, Coherent 

Inc.); the light pulses were decompressed temporally to ~100 ps duration to avoid damage to the 

optical components, and then decohered by passing them through a diffuser (600 grit size, 

ThorLabs) and an optical fiber bundle (1/8” diameter, Edmund Optics). The imaging light was 

linearly polarized, with the polarization axis along the X-ray direction. The delay between the X-

ray pulses and the imaging light pulses was varied from shot to shot by scanning the position of 

the delay stage of the femtosecond laser, and was measured with a fast photodiode whose signal 

was recorded by a fast digitizer (Acqiris 1065A, Keysight Technologies).  The temporal resolution 

of the imaging setup was given by the time acquisition window of the digitizer, 125 ps, and the 

temporal accuracy of measurements was ~250 ps. 

The data collected in an experimental run did not correspond to identical conditions of 

interaction between the X-ray pulses and the drops, because of X-ray pulse energy jitter, and of 

mechanical vibrations that affected the alignment between the X-rays and the center of the drops. 
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For spallation measurements, we selected from the raw data shots in which the X-ray pulse was 

aligned to the center of the drop, and in which the energy of the pulses fell within a narrow band 

around the mean pulse energy. The width of the pulse energy band (5% to 10% of the mean value) 

was chosen such that enough data points were available to calculate the parameters of spallation. 

The data from literature included in Figure 4C was selected and interpreted as follows. Instead 

of using the cavitation pressure reported by Ando et al.31 (−60 MPa), we deduced a spallation 

pressure of ~−80 MPa from the pressure contour enclosing the area in which cavitation bubbles 

were fully overlapping each other (see Figure 3(c) in their paper); we made this choice because 

spallation in water should generate on the order of one bubble per cubic micron, and thus darken 

completely the spall region in their optical images. From the nine experiments reported by Bogach 

and Utkin,29 we selected for display in Figure 4C experiments 2, 6 and 7, which were performed 

with distilled water, and for which the interface velocimetry curves were noise-free and allowed 

us to estimate of the depth at which the spall occurred (see Table 1 and Figure 2 in their paper). 
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