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A tabletop device uses 1.4 J to drive the symmetric collapse of a 1.8 mm radius vapor bubble in water at

22 bar. Single shot streak imaging reveals a stagnation plasma of 28 micron radius at over 12 000 K and an

unprecedented pressure of 3.2 Mbar. Compared to sonoluminescence, the most commonly studied

cavitation mechanism, this event is greater by factors of 30–40 in size, 1 000 000 in energy, and 100 in

stagnation pressure. This regime of high energy density has previously been accessible only in massive

facilities with very low repetition rates.
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Energy focused by the spherical collapse of a cavitation
bubble can generate thermodynamic extremes at stagna-
tion [1–3]. This phenomenon is commonly studied in the
context of single-bubble sonoluminescence (SBSL) [4–7],
where a bubble of about 50 �m maximum radius is driven
periodically by an ultrasonic standing wave of 1–2 bar in
amplitude. Each collapse has about 50 nJ of kinetic energy
and proceeds to roughly 1 �m radius before emitting a
picosecond burst of light [8–10], with the stagnation state
estimated at 1–60 kbar [11–13] and 104–106 K [14–17].
However, the true stagnation mechanisms and state are
debated [5–21], and SBSL cannot be readily scaled for
practical study or application. SBSL is subject to strict
limitations in parameter space enumerated carefully by
Brenner et al. [6]. These stem from the fact that SBSL is
fundamentally periodic; a single bubble oscillates in qua-
siequilibrium, so all phases of the cycle must be stable.
Above a certain threshold of stagnation energy density,
the bubble always disintegrates on rebound due to the
Rayleigh-Taylor inertial instability when the low density
bubble interior accelerates the liquid [22]. Ultimately, the
same limitation applies to variants of SBSL which employ
modified drive waveforms [23–28] or reduced frequency
[29,30] to achieve larger or brighter events, but not a
quantified increase in energy density. Nonperiodic cavita-
tion mechanisms driven by laser breakdown [31,32] or
plane-wave compression [33] avoid this limitation but
sacrifice symmetry, which likewise limits the ultimate
energy density.

We outline here a simple theory [1,6,22] of energetic
cavitation collapse (ECC) designed to maximize energy
focusing at arbitrary scale. A spherical bubble of radius
R ¼ R0 is initially stationary in an infinite liquid with
uniform density �0 and temperature T0. The bubble
contains vapor at pressure pV0 ¼ fðT0Þ and noncondensa-
ble gas at pressure pG0 � pV0. This bubble is then driven
to collapse by a step increase in far-field liquid pressure
to some large value p�1 � pV0. The collapse energy
is equal to the work done on the collapsing cavity

E ¼ ð4�=3ÞR0
3p�1. The collapse time is tTC ¼

0:915ð�0R0
2=p�1Þ1=2. A stagnation event brings the col-

lapse to a halt when the interior pressure becomes compa-
rable to the inertial forces.
The entire bubble radius evolution of even very ener-

getic collapses can be modeled accurately by the theory of
Gilmore [3]. However, here it is simpler to divide the
collapse into distinct regimes: acceleration, incompressible
coasting, transition, compressible coasting, stagnation, and
shock emission. Acceleration occurs while the bubble
radius proceeds from R0 to R0=3 (losing 96% of its vol-
ume). The applied pressure does work on the bubble and
the energy of the fluid flow increases. This is followed by
incompressible coasting, where the total kinetic energy is
roughly constant and the liquid can be assumed incom-
pressible. Total kinetic energy [1] is given by E ¼
2��0ðdR=dtÞ2R3 and the bubble radius by Ri ¼
ðE=�0Þ1=5ðti � tÞ2=5 (subscript i denotes incompressible).
Then there is a transition phase where the liquid compressi-
bility becomes increasingly significant. Once the fully
developed compressible flow is established [2] the bubble
radius is given by Rc ¼ Acðtc � tÞnc (subscript c denotes
compressible). For water, Hunter [2] finds that nc ¼ 0:555
and Ac is a constant which depends on collapse energy. The
stagnation event then occurs at a radius which depends on
gas content and symmetry. Finally, a shock wave is emit-
ted, shown by Hunter to have radius Rs ¼ Asðt� tsÞns ,
where As and ns are constants while the shock is strong
(subscript s denotes shock). Each of these three forms
includes a time offset (ti, tc, and ts) which corresponds to
a hypothetical instant of zero radius.
The sequence of events designed to approximate ECC

and demonstrated here is as follows. (i) In degassed water
held at its vapor pressure, a bubble is nucleated by near-
threshold [34] laser breakdown. (ii) The bubble coasts to its
maximum radius of �2 mm in �1 ms and contains pri-
marily vapor. During this slow, decelerating growth,
spherical symmetry is stabilized by inertial, viscous, and
surface tension effects. (iii) Piezoelectric drivers supply a
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symmetric pressure step function, driving the bubble to
collapse. (iv) The collapse stagnates, emitting light for a
few nanoseconds. (v) A strong shock carries away most of
the collapse energy. (vi) The bubble disintegrates into a
cloud of microbubbles on rebound. (vii) Continuously
circulating fluid carries away the contaminating bubbles
and the process can be repeated after about 20 sec.

The stainless steel vessel shown in Fig. 1(a) has an inner
radius of 25 mm, four fused silica windows, and is filled
with degassed, deionized, room temperature water. A
closed continuous circulation and filtration system (not
shown) eliminates contaminating microbubbles and main-
tains the pressure at or slightly below the vapor pressure
(� 2:3 kPa). A 1 mJ, 9 ns, 532 nm YAG laser pulse is
focused at the vessel center with corrected optics (f=1:3) to
nucleate a bubble with a few microjoules of kinetic energy.
A total of 8 piezoelectric (PZT) stacks 10 mm in diameter
and 60 mm in length penetrate the vessel via 16 mm

diameter aluminum pistons. These PZT elements are ener-
gized with a 1000 V, 200 kW pulser, consuming 1.4 J of
electrical energy. This generates a pressure rise of 22 bar at
the vessel center with a 3 �s rise time and duration greater
than 45 �s, as measured with a transducer (Kistler 601A).
The event is imaged onto a streak camera (Hamamatsu

C7700) with a 100 mW, 660 nm collimated laser backlight.
A central stop in the imaging system blocks weakly
deflected rays as illustrated in Fig. 1(b). The stagnation
location is monitored with a second intensified camera
(ICCD). Two photomultiplier tubes (PMT, Hamamatsu
R9880U) with 100 nm bandpass filters centered at 330
and 780 nm measure luminescence intensity and tempera-
ture with 1 ns resolution. A second 1 mW laser (not shown)
partially blocked by the bubble provides a radius vs time
signal used to anticipate stagnation and generate a trigger
signal for diagnostics.
In an alternate configuration, the imaging optics were

replaced with aluminum off-axis parabolic collection
(f=2) and imaging (0.28 m f.l.) mirrors interposed by a
fused silica dispersing prism. This spectrometer was cali-
brated with the known dispersion relation of fused silica, a
HgAr atomic line lamp, and a calibrated deuterium-
halogen broadband source (Avantes). The dispersion cali-
bration was accurate to about 1 nm. The spectral sensitivity
calibration is specified at�10% overall, but local errors of
up to 26% are suspected below 430 nm (see Fig. 4 caption).
Stroboscopic images of the final stages of an ECC event

are shown in Fig. 2. These illustrate typical collapse symme-
try, and show that low order shape perturbations grow slowly
during collapse. Streak images are shown in Fig. 3.We focus
our quantitative analysis on Fig. 3(b), which lies entirely in
the compressible regime. The fitted parameter values are
Ac¼17:2�0:2�m=ns0:58, nc ¼ 0:58� 0:03, As ¼ 19:2�
0:2 �m=ns0:68, and ns ¼ 0:68� 0:03. The fits are not quite
symmetric; these values represent an effective average.
Other sources of uncertainty include spatial calibration
(1%) and streak camera temporal calibration (less than 1%).

Backlight

ICCD

Streak

YAG

PMT

PMT
PZT

PZTPZT

PZT

g

Focal
plane

Objective
lens

Imaging
lens

Stop

a

d

b

f
e

c

(a)

(b)

FIG. 1 (color online). A flattened top section view of the
cavitation vessel (a) shows 4 of the 8 piezo (PZT) elements
and diagnostics arranged for spatial streak imaging. Illustrative
diagram (b) (not to scale) shows representative rays of the
collimated backlight deflected by the bubble and density gra-
dients [2] of the compressible collapse phase. The infinity
corrected plan-apochromatic objective (numerical aperture
0.23) and imaging lenses have focal lengths (f.l.) fo and fi for
magnification M, and resolve about 2 �m. The spherical-dome
vacuum window is designed to be optically passive and is shown
in (a) but not in (b).

FIG. 2. Stroboscopic imaging backlit with 140 fs pulses
at 80 MHz (12.5 ns interframe time) from a Ti:sapphire oscillator.
The ICCD camera is gated to collect 8 superimposed exposures.
The collapsing bubble (a) is primarily in the transition phase. The
reflected shock and slowly rebounding bubble (of a different but
similar event) are imaged in (b). Scale bars are 100 �m.
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Another error source which may be significant but is
difficult to quantify is the deformation of the image as a
result of refraction in the density gradients in the liquid
near the bubble. We believe this error to be small due to
conceptual analysis of Fig. 1(b) as well as the fact that
bubble and shock motion appear consistent in data which
span both compressible and incompressible phases and
spatial regions (e.g., Fig. 3(a), along with data at much
longer time scales, not shown). Quantification of this effect
would be a major undertaking, and may be attempted in
future work.

The event in Fig. 3(b) had a measured collapse time of
tTC ¼ 35 �s (the difference between known pressure pulse
arrival and observed luminescence emission times) and

energy of E ¼ 57 mJ. (Energy was measured during in-
compressible coasting of similar events, standard deviation
1.5 mJ.) The calculated maximum radius and effective
driving pressure for this collapse are then R0 ¼ 1:8 mm
and p�1 ¼ 22 bar. The solution of the Gilmore theory at
these parameters, when fit in the same way as the data,
gives values of Ac ¼ 15:3 �m=ns0:545 and nc ¼ 0:545.
The small discrepancy with the measured values given
above may result from the simplified equation of state for
water employed by both Gilmore [3] and Hunter [2]. An
estimate of the liquid pressure in the vicinity of the bubble
based on the measured wall acceleration just before stag-
nation (1:4� 1012 m=s2) shows that it slightly exceeds
100 kbar, the validity limit of that state equation.
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FIG. 3 (color online). A representative single shot spatial streak image which begins during the transition collapse phase (a) has
regions labeled which correspond to the rays in Fig. 1(b). The bubble wall is accurately imaged by rays similar to g which are
moderately deflected by total internal reflection from the bubble wall at glancing incidence. The density discontinuity at the reflected
shock is opposite, so total internal reflection does not occur, and the shock appears in the image as a shadow where glancing rays are
strongly refracted [not depicted in Fig. 1(b)]. Features illuminated by the low intensity laser backlight are rendered in ‘‘cold’’ colors
(below 700 counts). The plasma emission can be distinguished by its far greater intensity, rendered in ‘‘hot’’ colors (1000–4096
counts). A similar image entirely in the compressible phase (b) has time resolution of about 1 ns. The bubble and shock radii are fitted
with models Rc and Rs (white dotted and dash-dot lines). These fits are also shown in (c) along with the luminescence intensity at the
bubble center. The zero of time is set to the hypothetical moment of zero shock radius ts, which also corresponds with the onset (10%
peak) of plasma emission. The hypothesized converging shock and bubble rebound are sketched for illustration.
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Figure 3(c) shows the bubble and shock fits Rc and Rs

along with the plasma emission (luminescence) intensity at
the centerline of the image. The bubble and shock intersect
at a radius of 28 �m, bringing the collapse to a halt. The
remainder of the bubble fit is unphysical (dotted). The
apparent rise time of the plasma emission is roughly
1 ns, equal to the resolution of the measurement, and it
begins before the bubble and shock intersect. In Fig. 3(b) it
appears that the emission begins at the center of the bubble
and propagates outward with time. From these observa-
tions we suggest that the plasma emission is initiated by
the reflection of a converging shock as predicted by Wu
and Roberts [18]. The presumed approximate form of the
converging shock and the rebounding bubble are sketched
in Fig. 3(c). (Neither is visible in the data, though the final
quasistatic�40 �m radius of the bubble is.) The existence
of shock waves within the bubble is corroborated by the
fact that here the parameter �p defined by Lin et al. [35]

has a value at least ten times greater than in the cases
considered there, due to the greater drive pressure [1].

Figure 3(c) also shows the velocity magnitude of the
bubble wall and the reflected shock wave, which crosses
into the liquid at 1.8 ns. At that instant, the liquid is
moving inward at Rc ¼ 7 km=s and the shock outward
at Rs ¼ 11 km=s, so the velocity of the shock relative to
the upstream fluid is us ¼ 18 km=s. The shock is unsup-
ported by an energy source so it has the character of a
blast wave [36] (shock compression followed immedi-
ately by a rarefaction), and the hot emitting plasma in
the bubble interior quenches quickly after the shock
enters the liquid. The shock nearly reverses the inward
liquid flow, but the trailing rarefaction almost immedi-
ately decelerates it back to near zero in the lab frame.
This is predicted by Wu and Roberts [18] and observed
here by the nearly stagnant bubble radius after the wave
passes. Unfortunately, the fluid velocity immediately
behind the shock front is not directly measured. However,
we may apply an approximate theory in the strong shock
limit [36] since the ratio of preshock (�100 kbar) to post-
shock (�Mbar) pressure is roughly 10. The postshock
pressure is then ps ¼ �0us

2 or 3.2 Mbar. A conservative
lower bound for the shock pressure can be found from
exact theory [36] by recognizing that the liquid flow is
certainly arrested if not reversed, so the particle velocity
up�7km=s. This lower bound is then �0usup�1:3Mbar.

The disturbance in the shock wave at about 25 ns
after stagnation observed in both Figs. 3(a) and 3(b)
(labeled *) may result from a second shock wave, also
predicted byWu andRoberts [18], which overtakes the first.

Figure 4 shows time-resolved luminescence emission
spectra. (Measurements with the two PMTs yield results
consistent with these.) The rise and fall times are slightly
longer than in Fig. 3(c), probably as a result of reduced
symmetry. (Symmetry could not be monitored while col-
lecting spectral data.) Still, the temperature peaks very

early in the event as the reflected shock forms. Intensity
peaks later as the radiating shock propagates outward to
larger radius. A peak temperature between 12 000 and
14 000 K is typical of all data at various collapse energies.
Both temperature and intensity drop abruptly when the
shock crosses the bubble wall into the cool liquid. A slow
exponential decay in temperature and intensity follows.
The plasmas generated here fall into the regime of

high energy density known as warm dense matter, the
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FIG. 4 (color online). Single-shot, time-resolved spectroscopy
of the stagnation luminescence has resolution of about 1 ns. Zero
time is defined at 10% peak intensity, so this time scale corre-
sponds roughly to Fig. 3(c) (though it is a separate event).
Instantaneous spectra (solid) at several times (a) are shown
with blackbody fits (dashed). The raw spectral data (not shown)
are very smooth; the obvious deviations from the fits at wave-
lengths below 430 nm result from known imperfections in the
calibration provided by the manufacturer of the deuterium-
halogen reference lamp. (b) Fitted blackbody temperature as a
function of time, along with intensity at three representative
wavelengths.
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subject of active research in astrophysics and in the
pursuit of inertial confinement fusion [36,37], and pre-
viously accessible only in massive facilities with low
repetition rates [38–40]. ECC is well controlled, repeat-
able several times per minute, and accessible by detailed
diagnostics. This type of event could be employed to
investigate the equation of state of materials at high
energy density, as well as the dynamics of spherical
implosions relevant to inertial confinement fusion.
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