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The enhancement of acoustic cavitation at a liquid-solid interface following laser-induced bubble for-
mation is studied. The experimental results indicate that metastable ultramicroscopic bubbles formed on
the solid surface cause a long-term “memory effect” on acoustic cavitation. By performing a double-
pulse experiment using two excimer lasers, the temporal decay of this memory effect is determined for
two different liquids on a chromium surface. An explanation of the observed decay mode by a diffusion

model is presented.

PACS numbers: 47.55.Bx, 62.60.+v, 64.60.—i, 64.70.Fx

Acoustic cavitation, i.e., the formation of bubbles or
cavities in a liquid induced by the tensile pressure of an
acoustic field, is of interest for a better understanding of
the liquid-vapor phase-change phenomenon. It is also of
importance in many technical applications, such as sono-
chemistry, ultrasonic cleaning, laser surgery in medicine,
and lithotripsy [1-4]. The inception of cavitation at
acoustic amplitudes far below the theoretically predicted
tensile pressure has been explained by the hypothesis that
long-lived cavitation nuclei, such as ultramicroscopic
bubbles or other inhomogeneities, are usually present in
liquids [5]. However, small bubbles are thermodynami-
cally unstable and may either dissolve and vanish quickly
or grow and rise to the liquid surface [6]. Therefore,
several models have been suggested to account for the
generation and stabilization of microbubbles, including
cosmic radiation [5,7,8], clusters of organic or ionic mole-
cules [9-11], van der Waals stabilization [12], and gas
inclusion in crevices on container wall or solid impurities
in the liquid [13,14]. In addition, for highly purified and
degassed water a significant decrease of the cavitation
threshold due to neutron irradiation has been observed.
This decrease is reversible; i.e., the threshold returns to
the initial level in about half an hour when the source of
radiation is removed [5), which is an example of a
memory effect.

The physical mechanism responsible for this memory
effect has not been understood, and, to our knowledge,
there has not been any study on a possible memory effect
for acoustic cavitation at a liquid-solid interface. The
time scale for previous studies has been limited to mi-
croseconds due to the instability of the transducers to
generate shorter acoustic pulses of sufficient intensities to
cause cavitation. Here, we demonstrate the generation of
acoustic cavitation by nanosecond pulses and show for the

first time the existence of a bubble memory effect at
a liquid-solid interface. The temporal decay of this
memory effect has been measured and can be explained
by a diffusion process.

Recently, we have demonstrated that the optical
reflectance probe is a powerful tool for the nanosecond
time scale studies of laser-induced nucleation and growth
of bubbles at a liquid-solid interface [15]. The same ap-
proach is applied to the acoustic cavitation studies in the
present work. The optical arrangement is indicated in the
inset in Fig. 1. Further details of the experimental setup
appear elsewhere [16]. A thin chromium film has been
used as an absorbing solid sample because it has no in-
trinsic thermoreflectance effects in the fluence range used
(5150 mJ/cm?). Water and methanol are studied as
test liquids. The excimer laser irradiation causes the
temperature at the solid surface to rise above the boiling
temperature of the liquid in about 16 ns. This results in
the formation of bubbles at the liquid-solid interface uni-
formly distributed in the irradiated area, which is moni-
tored by the transient changes in the optical reflectance
signal [15]. The excimer laser irradiation also leads to
the generation of an acoustic pulse via the thermoelastic
effect [17], the intensity of which is strongly increased
due to the collective collapse of bubbles. This high-
intensity acoustic pulse propagates in the liquid, is re-
flected back to the sample by the quartz window, and
causes cavitation at the liquid-solid interface after its
round trip in the cuvette. As a result, repetitive “echoes”
in the optical reflectance signal are observed when the
surfaces of the solid sample and the quartz window are
parallel [18]. An example for a methanol-chromium in-
terface is shown in Fig. 1. While the initial reflectance
drop is due to bubble formation induced by the excimer
laser heating, the succeeding echoes are solely due to
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FIG. 1. Optical reflectance signal due to bubble formation at
a methanol-chromium interface. Aprobe =632.8 nm, unpolarized,
0=15°. The solid sample and the quartz window are parallel as
shown in the inset. (The distance between the solid sample and
the quartz window is ~7 mm.)

acoustic cavitation induced by the traveling pressure
pulse.

Previously, the decrease of the amplitude of these suc-
cessive echo signals had been ascribed to the attenuation
of the acoustic pulse. However, as we shall see, this de-
crease is also due to the slow decay of the cavitation
efficiency, i.e., the memory effect. The memory effect is
demonstrated using the experimental configuration shown
in Fig. 2(a). The quartz window is tilted with respect to
the solid sample so that after a round-trip travel in the
cuvette the acoustic pulse is displaced and partly overlaps
with the laser-irradiated area. Consequently, there are
three distinct regions on the solid surface. Region I is ir-
radiated by the excimer laser pulse only. Region II is ir-
radiated by the excimer laser and additionally subjected
to the acoustic pulse with a delay time corresponding to
its round-trip period in the cuvette. Region III is free
from laser irradiation and is subjected to the acoustic
pulse only. The HeNe laser beam is positioned to probe
each of the three different regions. Representative results
for a water-chromium interface are shown in Fig. 3(a).
For region I, only one reflectance signal is observed,
which is due to the initial bubble formation induced by
the excimer laser heating. For region II, two separate
reflectance signals are observed. The first is due to the
initial bubble formation and the second is due to acoustic
cavitation. A temporal shift of the second reflectance sig-
nal with respect to the first is observed as the probe beam
is displaced across the sample. It agrees well with the
traversed path length of the acoustic wave and the speed
of sound in the liquid. For region III, no reflectance sig-
nal is observed; i.e., the acoustic pulse cannot cause any
cavitation at a previously unirradiated surface. Thus, the
laser-induced bubble formation at the solid surface re-
sults in a long-term enhancement of acoustic cavitation.
Our heat diffusion computations have affirmed that the
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FIG. 2. (a) Experimental setup for proof of the existence of
the memory effect. Solid line represents the path of the laser
beam, dashed line the path of the acoustic pulse in the liquid.
(b) Experimental setup for the measurement of the temporal
decay of the memory effect. The first excimer laser initiates the
memory effect and the second generates the acoustic pulse.

temperature at the water-chromium interface decreases
to room temperature in about 1 us after the laser pulse
[16]. Consequently, any thermal effect can be excluded
as a possible explanation for this memory effect. There-
fore, it is hypothesized that the laser-induced bubbles
collapse into metastable ultramicroscopic bubbles, i.e.,
long-lived cavitation nuclei. These nuclei, which are
deemed absent on the unirradiated surface, subsequently
enhance acoustic cavitation.

In order to determine the temporal decay of the
memory effect, we have performed a series of double
laser-pulse experiments. The setup of this experiment is
shown in Fig. 2(b). The beams from two separate 248-
nm KrF excimer lasers are directed to the solid sample
without any spatial overlap. The HeNe laser beam
probes the location which corresponds to region I for the
first pulse and to region III for the second pulse. The first
laser pulse initiates the memory effect and the second
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FIG. 3. (a) The optical reflectance signal for the three re-
gions shown in Fig. 2(a) confirms the existence of a memory
effect at the laser-irradiated area. (b) The echo signal peak re-
flectance drop as a function of delay time between the two ex-
cimer laser pulses for the water-chromium and methanol-
chromium interface. The lines represent the fit of the experi-
mental data with the diffusion model.
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pulse generates the high-intensity acoustic pulse. The
time delay between the first and the second laser pulses is
varied. The fluences are kept constant to assure that both
the amount of microbubbles formed and the intensity of
the acoustic pulse are about the same. When the two
lasers are fired simultaneously, the same signal as in Fig.
3(a) is observed (signal for region I1). With increasing
delay time the amplitude of the second reflectance signal
decreases; i.c., the memory effect decays. Eventually,
acoustic cavitation returns to normal efficiency. Rep-
resentative results for water-chromium and methanol-
chromium interfaces are shown in Fig. 3(b). The tem-
poral decay in the reflectance signal can be well fitted
with the following formula:

AR() =C/Jt+1g,

where AR(1) is the peak reflectance drop normalized
with respect to the initial reflectance value, C the propor-
tionality constant, ¢ the delay time between the laser
pulse and the acoustic pulse (t = 0), and t¢ a constant to
account for the time required for the laser-induced stabi-
lized nuclei formation. Typical values for C range from
0.1 to 0.2 (us)'? for water and 0.2 to 0.4 (us)'/? for
methanol. The values for 7o range from 0.3 to 3.2 us for
water and 0.9 to 9.7 us for methanol. These constants
are dependent upon the first and the second laser flu-
ences. The fitting equation resembles the well-known
equation for the surface history for a one-dimensional
diffusion process [19]. Graphing the data in semiloga-
rithmic scales also reveals the 1 ~'/2 dependence. The de-
crease in the reflectance signal due to scattering by small
nonabsorbing particles in a host medium, such as bubbles
in a liquid, is given by [20]

AR =1—expl—y()L]
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where y(t) =X, N(t,r)Cex(t,r) is the total extinction
coefficient from the collection of bubbles per unit volume
of the liquid, N(¢,r) is the bubble number density of ra-
dius r, Cex(7,r) is the extinction cross section, and L is
twice the thickness of the layer of bubbles in the liquid
traversed by the optical beam. Previous works [6,11]
have shown that the diffusion velocity for bubbles is small
and since the time scale considered is less than hundreds
of microseconds, the expected displacement of the bub-
bles by diffusion is small. Therefore, L is essentially con-
stant.

We note that CexlEanZ is the asymptotic limit for
Mie scattering which is valid for grown-up bubbles at
peak reflectance drop. Also our data show that AR(r) is
generally of the order 0.1 or smaller. With these sim-
plifications, the above equation can be approximated by

AR < XN, r)r().
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FIG. 4. (a) Effect of fluence variation for the first laser pulse
on the memory effect. (b) Stabilizing effect of ion concentra-
tion on the temporal decay of the memory effect for water-
chromium interface. F;=82 mJ/cm? (first pulse) and F,=120
mJ/cm? (second pulse). The lines represent the fit of the exper-
imental data with the diffusion model.

The diffusive nature in AR(¢) can be interpreted to be
caused by three mechanisms. First, the bubble radius can
decrease by diffusion of entrapped gases into the liquid.
Second, stable microbubbles may diffuse away from the
sample interface to yield a smaller bubble number densi-
ty. However, this effect is expected to be small as de-
scribed above. The third mechanism is the coalescence of
microbubbles to form bigger bubbles. In this respect, the
decrease in N, dominant over the increase in r, produces a
net reduction in the extinction cross section. It is not pos-
sible from the present data to rank the first and third
mechanisms because the bubble size and number density
have not been independently determined.

The interpretation of the temporal decay in the
reflectance signal by a diffusion process of microbubble
properties can be verified by varying the laser fluences in
the double-pulse experiments. When the fluence of the
first laser is increased more microbubbles will be formed
on the solid surface. Similarly, when the fluence of the
second laser is increased an acoustic pulse of higher in-
tensity will be generated. Both mechanisms can lead to
an increase of cavitation yield. This has indeed been ob-
served as shown in Fig. 4(a) for a water-chromium inter-
face on which the decay of the memory effect is com-
pared for two different fluence values of the first laser
pulse. The amplitude of the reflectance drop increases as
the laser fluence is increased. The same trend has been
observed when the fluence for the second laser is varied.
Similar results have been obtained with methanol as a
test liquid. We have also bubbled gaseous nitrogen into
the liquid and observed no significant change in the
memory effect. This lack of change may be due to the
presence of atmospheric gases already dissolved into the
liquid sample because the cuvette is not sealed. On the
contrary, a significant change on the decay rate is ob-
served when the ion concentration of water is increased
with NaCl. Figure 4(b) shows the results for pure (spec-
troscopic grade) water and for water with NaCl (0.5%).
As can be seen, the increase in ion concentration has a
stabilizing effect on the microbubbles and consequently
the memory effect is prolonged. This result can be ex-
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plained by the hypothesis of the ionic cluster formation
[10,11] as a possible stabilization mechanism for ultrami-
croscopic bubbles.

In conclusion, we have demonstrated the existence of a
long-term memory effect, i.e., the enhancement of acous-
tic cavitation at a liquid-solid interface following laser-
induced bubble formation. The temporal decay of the
memory effect for two different liquids on a chromium
surface has been determined and can be explained by a
diffusion process.
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FIG. 1. Optical reflectance signal due to bubble formation at
a methanol-chromium interface. Aprobe =632.8 nm, unpolarized,
8=15°. The solid sample and the quartz window are parallel as
shown in the inset. (The distance between the solid sample and
the quartz window is ~7 mm.)
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FIG. 2. (a) Experimental setup for proof of the existence of
the memory effect. Solid line represents the path of the laser
beam, dashed line the path of the acoustic pulse in the liquid.
(b) Experimental setup for the measurement of the temporal
decay of the memory effect. The first excimer laser initiates the
memory effect and the second generates the acoustic pulse.



