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ABSTRACT 

The formation of bubbles at a Iiquid-solid interface due to acoustic cavitation depends particularly on the pre- 
conditions of the interface. Here, i t  wiIl be shown that following laser-induced bubble formation at the interface 
the acoustic cavitation efficiency is strongly enhanced. Optical reflectance measurements reveal that this observed 
enhancement of acoustic cavitation due to preceding laser-induced bubble formation, which could be termed as a 
memory effect, decays in a few hundred microseconds. By performiag a double-pulse experiment using two excimer 
lasers the influence of process parameters, such as liquid temperature and sdt concentration, on the temporal decay 
of the memory effect has been studied. An analysis of the experimental results by a diffusion madel is presented. 

1. INTRODUCTION 

Acoustic cavitation, i.e., the formation of bubbles or cavities in a Iiquid induced by the tensile pressme of an 
acoustic field, is of importmce in many technical applications, such a sonochemistry, ultrasonic cleaning, laser 
surgery in medicine, and l i th~tripsy.l-~ Theoretically, it has been predicted that a tensile pressure of about 500 MPa 
is needed to generate cavitation in water. However, cavitation can experimentally be achieved at acoustic amplitudes 
of the order 0.1 MPa. In order to account for this discrepancy it haz- been assumed that long-lived cavitation nuclei, 
such as ultramicroscopic bubbles or other inhomogeneities, are usually present in However, small bubbIes 
are thermodynamically unstable and may either dissolve and vanish quickly or grow and rise to the liquid surface." 
Therefore, several models have been suggated to account for the generation and stabilization of microbubbles, 
including cosmic sadiati~n,~,~,~ dusters of organic or ionic rn~lecules,~-~~ van der Waals stabili~ation,'~ and gas 
inclusion in crevices on container wall or solid impurities in the liquid.13~14 In addition, Ilor 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 r e rno~ed ,~  and can be termed as a memory effect- 

The physical mechanism underIying this effect has not been understood yet, and, to our knowledge, there has not 
been any study on a possible memory effect for acoustic cavitation at a liquid-solid interface. 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 determined and can be 
explained by a diffusion process. 

2. EXPERIMENTAL PROCEDURE AND ELESULTS 

A detailed description of the experimental approach can be found in Refs. 15 and 16, and shall be discussed in 
the following only briefly: A solid film (0.2 - 0.3 pm thick chromium films on a sapphire substrate) is immersed in 
a test Iiquid contained in a quartz cuvette. A short pulsed laser irradiation heats the surface of the solid film above 
the boiling temperature of the liquid in about 20 as. As a result, bubbles are formed at the liquid-solid interface, 
which can be monitored by the transient change of an optical reflectance signal. The laser irradiation also leads to 
the generation of an acoustic pulse of high intensity via the thermoelastic effectx7 and bubble colIapse.'~reviously, 
it has been observed that this high intensity acoustic pulse causes cavitation at the liquid-solid interface after being 
reflected at the quartz window of the cuvette, giving rise to repetitive "echoesn in the optical reflectance signal when 
the surfaces of the solid sample and the quartz window are parallel>"."g 
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Fig. I. Optical reflectance signal due to bubbIe formation at 
a methanoJ.-chrominm interface. Xpmbc = 632.8 nm, nnpoIax- 
ized, O = 15". The solid sample and the quartz window are 
parallel as shown in the inset. The initial reflectmce drop is 
due to thermally indnced bubbles and the following echoes are 
due to acorntic cavitation c a d  by the travelling acoustic 

o 25 50 75 pulse. (The distance between the solid sample and the quartz 
Time (m) window is .y 7 mm.1 

An example for a methanol-chtomiurn interface is shown in Fig. 1. While the initid reflectance drop is due to bubble 
formation induced by the excimer laser heating, the succeeding echoe are solely due to acoustic cavitation induced 
by the travelling pressure puke. The decrease of the amplitude of t hee  successive echo signals had been ascribed to 
the attenuation of the awllstic p&.l%owever, as shaU be seen, this decrease is also due to  the slow decay of the 
cavitation efficiency, is., the memory effect. 

Fig. 2. (a) Experimental setup used to proof the existence of Fig. 3. (a) The optical reflectance signal for the three regions 
the memory effect. Solid h e  represents the path of the laser s h m  Fig 2(a) confirming the existence of a memory effect 
beam, dashed line the path of the acoustic pulse in the liquid. at the laser-irradiated area. (b) The echo signal peak ampli- 
(b) Experimental setup for the measurement of the temporal tude as a function of delay time between the laser pnlse and 
decay oi the memory effect. The first laser pulse initiates the the acoustic pulse (tempord decay of the memory effect) for 
memory effect and the second generate the acoustic puke. liquid-chromium interface. The lines represent the  fit of the 

experimental data with the djffnsion model. 

The memory effect is demonstrated using the experimental configuration shown in Fig. 2(a). The quartz window is 
tilted with mpect to the solid sample so that after a round-trip travel in the cuvette the acoustic pulse is displaced 
and partly overlaps with the Iaser-irradiated area. Consequently, there are three distinct regions on the solid surface. 
Region I is irradiated by the excimer laser pulse only. Region I1 is irradiated 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 111 
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 initial bubble formation induced by the 
excimer laser heating. For Region 11, two separate reflectasce signals are observed. The first is due to the initid 
bubble formation and the second due to acoustic cavitation. For Region 111, no reflectance signal is observed, i.e., 
the acoustic pulse cannot cause any cavitation at a previously unirrdated surface. Thus, the laser-induced bubble 
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formation at the solid surface results in a long-term enhancement of acoustic avitation. Any thermal effect can be 
excluded as a possible explanation for this effect since our heat dfiion computations reveal that the temperature 
at the water-chromium interface decreases to room temperature in about 1 ps following the laser pulse.'= Therefore, 
it is hypothesized that the laser-induced bubbles collapse into metastable ~Itramicroscopic bubble, i.e., long-lived 
cavitation nuclei. These nuclei, which are deemed absent Qn the unirradiated surface, subsequently enhance acoustic 
cavitation. 

Xn order to determine the temporal decay of the rnemory effect, we have performed a series of double laser-puke 
experiments. The setup of this experiment is shown in Fig. 2(b). The beams from two separate 24&nm KrF excirner 
laser units are directed to the solid sample without any spatial overlap. The HeNe laser beam probes the location 
which corresponds to Region 3 for the first pulse and to Region III for the second pulse. The first laser pulse initiates 
the memory effect and the second pulse generates the high-intensity acoustic pulse of short duration. While the time 
delay between the first and the second laser pulses is varied, the ffuences are kept constant to assure that at each 
time 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 LI). With increasing 
delay time the ampf tude of the second reflectance signal decreases, i.e., the memory effect decays. Eventually, the 
acoustic cavitation returns to normal efficiency. Representative results for water-chromium and methanol-chromium 
interfac~ are shorn in Fig. 3(b). The temporal decay in the reflectance signal can be well fitted with the following 
formula: 

where AR(t) is the peak reflectance drop nomalimed with respect to the initid reflectance d u e ,  C the proportionality 
constant, t the delay time betwen the laser p u k  and the acoustic pulse t 3 0, and t a  a constant to account for the 
time required for the laser-induced stabilized nuclei formation. Typicd values for C are ranged as 0.1 - 0.2 @'I2 for 
water and 0.2 - 0.4 for methanol. The d u e s  for to are found to be 0.3 - 3.2 ps for water and 0.9 - 9.7 pi 
for methanol. These constants are dependent upon the h t  arid the second laser fluences. The values of t o  are 
wmistent with the expected higher bubble collapse speed for water because of its higher surface tension compared 
to methanol. The fitting equation resembles the well-known equation for the surface history for a one-dimensional 
diffusion process.lg,The change on the reflectance signal due to scattering losses caused by s m d  non-absorbing 
particles in a host medium, such as micron-sized bubbles in a liquid, can be approximated by:20p21 

where N ( t ,  T )  is the bubble number density of radius r. Thus, the reflectance signd is only a function of the distributed 
bubble radius and number density. Since the intensity of the acoustic pulse is kept constant, the changes on these 
properties of grown-up bubbles (post-cavitation bubbles) are directly related only to the changes on the properties 
of laser-induced metastable ~Itramicroscopic bubbles (cavitation nuclei). Therefore, the observed temporal decay of 
the peak reflectance drop, i.e., the diffusive decay of the quantity C, N ( t ,  r ) r2 ( t ) ,  is attributed to a net diffusive 
change on the properties of laser-induced uitrarnicroscopic bubbles. 

The observed diffusive decay of the memory effect could be ascribed to three different mechanisms. First, the 
bubble radius can decrease by diffusion of entrapped gases into the liquid. Second, stable microbubbles may diffuse 
away from the sample surface to yield a smaller bubble number density. However, this effect is expected to be 
small since the diffusion velocity for bubbles is smd16J1 and the time scale considered is l ~ s  than hundreds of 
microseconds. The third mechanism is the coalescence of microbubbles to form bigger bubbles. From the present 

. data it is not possible to rank the fust a d  the third mechanisms because the bubble size and the number density 
have not been independently determined. 
The interpretation of the temporal decay in the reflectance signal by a diiwion process of microbubble properties 
could be verified by varying the Iaser flueaces in the double-pulse experiments. When the fluence of the first laser is 
increased more microbubble will be formed on the solid surface. Similarly, when the fluence of the second laser is 
increased an acoustic pulse of htgher intensity wiII be generated. Both mechanisms will lead to an increase of cavitation 
yield. This has indeed been observed as shown in Fig. 4(a) for water-chromium interface, where the decay of the 
memory effect is compared for two different fluence values of the first laser pulse. The amplitude of the reflectance 
drop increases as the laser fiuence is increased. The same trend is observed when the fluenee for the second laser is 
varied. An Interesting result is obtained when the ion concentration of water is inc~eased by introducing NaCI. Figure 
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F o Fig.4. {a) Effect of flnence e a t i o n  for the first laser pnlse 
6 on the memory effect. (b) Stabilizing effect of ion cancentra- 
c 0 .-., ' tion on the temporal decay of the memory effect for water- 

sQ chromium interface. Fi = 82 rn3/cm2 (first puke) and F2 = 
o 120 r n ~ / c r n ~  ( m u d  puke). The lines represent the fit of the 
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4(b) shows the r d t s  for pure (spectroscopic grade) water and for water with NaCl (0.5%). As e m  be seen, the 
introduction of ions has a stabilizing effect on the microbubbles and consequently the memory effect is prolonged. This 
result could be explained by the hypoth& of the ionic cluster f o r m a t i ~ n ~ ~ l ~ ~  as a possible stabilization mechanism 
for ultramicroscopic bubbles. 

3. CONCLUSION 

We have demonstrated the e t e n c e  of a long-term memory effect, i-e., the enhancement of acoustic cavitation 
at a liquid-solid interface. following laser-induced bubble formation. The temporal decay of the memory effect for two 
different Iiquids on a chromium stdace has been determined and could be explained by a diffusion pro-. 
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