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(57) ABSTRACT 
An article produced by acoustic cavitation by controlling 
cavitation events in a liquid insoni?cation medium utilizing 
a Waveform to excite a transducer With a series of tone bursts 
having medium recovery intervals betWeen respective bursts 
so that the medium repeatedly recovers from cavitation 
events betWeen bursts. Articles include a device made from 
a semiconductor Wafer that is cleaned or otherWise pro 
cessed by acoustic cavitation, a surface having been de 
coated by acoustic cavitation, a chemical compound made 
from a chemical substance reacted by acoustic cavitation, 
and recycled paper made from inked paper de-inked by 
cavitation. Cavitation events are generated using a trans 
ducer and a Waveform generator, e.g., square Wave tone 
bursts, to excite the transducer With a signal controlled in 
frequency, burst repetition rate, duty-cycle and/or amplitude, 
e.g., utilizing bursts having a frequency betWeen 500 KHZ 
and 10 MHZ, and a duty cycle betWeen 0.1% and 70%. 
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ARTICLE PRODUCED BY ACOUSTIC 
CAVITATION IN A LIQUID INSONIFICATION 

MEDIUM 

CROSS-REFERENCE TO RELATED PATENTS 
AND PATENT APPLICATIONS 

[0001] This invention is a continuation of and claims the 
bene?t of commonly-oWned, co-pending US. application 
Ser. No. 09/488,574 ?led Jan. 21, 2000 in the name of the 
inventor hereof and entitled “Single Transducer ACIM 
Method and Apparatus” (US. Pat. No. 6,395,096 With 
amended title “Method of Producing Acoustic Cavitation in 
a Liquid Insoni?cation Medium). 

[0002] The inventor hereof has also been issued US. Pat. 
Nos. 5,594,165 and 5,681,396, Which disclose microcavita 
tion for submicron particle detection and removal. 

BACKGROUND OF THE INVENTION 

[0003] This invention relates to methods of acoustic cavi 
tation, but more speci?cally, to an article of manufacture 
produced by acoustic cavitation. In particular, the invention 
relates to performing a task by subjecting the article or 
component thereof to microcavitation events generated in a 
liquid insoni?cation medium. 

[0004] Acoustic microcavitation, Which is the inducement 
of micron or sub-micron siZe bubbles in a liquid or ?uid 
medium that survive a feW microseconds or less, is to be 
contrasted With ultrasonic, megasonic, and cyrogenic aero 
sol cleaning methods. 

[0005] Microcavitation has been used on a limited scale or 
conceived for use in microparticle or sub-nanometer particle 
detection in ultrapure liquids, submicron particle eviction 
from silicon Wafers, deinking of recyclable paper, paint 
removal, surgical procedures, destructive and non-destruc 
tion testing and measuring, thin ?lm processing applica 
tions, etc. 

[0006] Previously, at least tWo transducers Were required 
to initiate and maintain cavitation. Prior ACIM Was induced 
using a loW frequency, high intensity primary acoustic ?eld 
and a higher frequency, loW intensity coaxing acoustic ?eld. 
To effect ACIM, the tWo ?elds Were substantially simulta 
neously directed at a site of a Workpiece or object. It Was 
crucial that at least part of the high frequency acoustic Waves 
in the ?uid medium pass the desired ACIM site precisely 
When the tensile part of the loW frequency Waves Was 
present at the site. In this arrangement, it sometimes became 
unWieldy to articulate tWo transducers of different frequen 
cies to achieve the desired ACIM Zone, stationary or mov 
ing, Where the different acoustic ?elds Were to be synchro 
niZed and collocated. 

[0007] Therefore, a need has arisen to simplify ACIM 
apparatuses and techniques to make them more practical to 
apply to the various applications identi?ed herein. 

[0008] In general, cavitation is the formation of cavities or 
bubbles in a liquid Where the ensuing bubble dynamics and 
energy concentration result in implosive collapse of bubbles 
that achieve unique and surprising results. In the design of 
mechanical systems, cavitation has knoWn destructive 
effects and therefore, Was avoided. Cavitation remains enig 
matic today as it Was When Lord Rayleigh ?rst investigated 
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cavitational erosion of propellers almost a century ago. 
Cavitation is a mature subject and an encylopedic collection 
of information on acoustic cavitation is compiled in “Acous 
tic Bubble” by Tim Leighton (1997). Hydrodynamic cavi 
tation is discussed in “Cavitation and Multiphase FloW 
Phenomena” by Frederick Hammitt (1980). Whether 
induced acoustically or associated With hydrodynamic 
?oWs, the mechanics and effects of cavitation are essentially 
the same. Acoustic cavitation has Was also exhaustively 
revieWed by Flynn (1964), Neppiras (1979), Apfel (1981) 
and Prosperetti (1986). 

[0009] Consider, for example, a free bubble in the path of 
a sound Wave. In response to the sound Wave, the bubble 
expands and contracts, and the energy mechanically stored 
during expansion is released in a concentrated manner 
during implosive collapse of the bubble. Should the bubble 
groW to about tWo and a half times its nominal or equilib 
rium siZe during negative excursions of acoustic pressure, 
then during the folloWing positive half cycle of pressure, its 
speed of collapse could become supersonic (Lauterborn, 
1969) thereby releasing excess energy that catastrophically 
explodes the bubble. Such almost single cycle violent events 
are called transient or inertial cavitation, and may explain 
the energetic manifestations of cavitation Which, among 
other things, are useful for surface erosion or particle 
eviction. 

[0010] Unlike dramatic bubble groWth Within a single 
acoustic cycle seen in transient or inertial cavitation, there 
exists a more gradual process, termed recti?ed diffusion. 
Under favorable conditions, a small bubble exposed to a 
continuous sound Wave tends to groW in siZe if recti?ed 
diffusion is dominant. According to Henry’s laW, for a gas 
soluble in liquid, the equilibrium concentration of dissolved 
gas in the liquid is directly proportional to the partial 
pressure of the gas above the liquid surface, the constant of 
proportionality being a function of temperature. When the 
bubble expands, the pressure extant at the bubble’s interior 
falls and gas diffuses into the bubble from the surrounding 
liquid. When the bubble contracts, the pressure in the 
interior increases and the gas diffuses into the solution of the 
surrounding liquid. The area available for diffusion, hoW 
ever, is larger in the expansion mode than in the contraction 
mode. Consequently, there is a net diffusion of the gas into 
the bubble from the surrounding liquid over a complete 
cycle, Which causes bubble groWth due to recti?ed diffusion. 

[0011] HoWever, a bubble can groW only up to a critical 
siZe—to a resonance radius determined by the frequency of 
the impressed sound Wave. For small amplitude oscillations, 
a bubble acts like a simple linear oscillator of mass equal to 
the virtual mass of a pulsating sphere, Which is three times 
the mass of displaced ?uid. Stiffness is primarily given by 
the internal pressure of the bubble times the ratio of speci?c 
heats. Surface tension effects are, hoWever, signi?cant for 
small bubbles. FolloWing Minnaert (1933) and ignoring 
surface tension, there is a simple relation for the resonance 
radius of air bubbles in Water: 

(Resonance radius in ,um)><(insoni?cation frequency in 
MHZ)=3.2 

[0012] This relation is valid Within 5% even for a bubble 
radius of about 10 pm. Bubble response becomes increas 
ingly vigorous at the resonance radius, and is limited by 
damping mechanisms in the bubble environment—e.g., vis 
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cous damping, acoustic radiation damping, and thermal 
damping. A post-resonance bubble may exhibit nonlinear 
modes of oscillations, or become transient if the applied 
acoustic pressure amplitude is adequately high. 

[0013] The above discussion presupposes the presence of 
a free bubble in the path of a sound Wave. Free bubbles, 
hoWever, do not last long in a body of Water. Larger ones are 
rapidly removed due to buoyancy and the smaller ones 
dissolve even in nearly saturated Water. While a 10 pm air 
bubble rises in Water at a terminal speed of 300 pm/s, it can 
survive for about ?ve seconds before dissolving completely. 
Dissolution is driven essentially by the excess pressure 
inside the bubble due to the surface tension. 

[0014] It is very difficult to cavitate clean liquids 
(Greenspan and Tschiegg, 1967). A pure liquid purged of 
particulate impurities and stored in a perfectly smooth 
container can attain its theoretical tensile strength before 
undergoing cavitation or fracture. Under ideal conditions, 
Water can be as strong as aluminum. The tensile strength of 
Water based on the homogeneous nucleation theory exceeds 
1000 bars. In cavitation studies, tensile strength is often 
quoted in terms of negative pressures, and cavitation thresh 
old is understood as the pressure amplitude at Which the ?rst 
occurrence of cavitation is detected. Observed strengths 
(thresholds) in practice, hoWever, are very much loWer, 
rarely exceeding a feW bars for reasonably clean liquids. 
This is because there exist gas pockets Within the liquid 
Which provide the necessary seeding for cavitation to occur 
at loWer pressures. 

[0015] A gas or cavitation site is often stabiliZed in a 
crevice (Harvey et al., 1944), either in a container Wall or on 
a ?uid-borne particle. Incomplete Wetting traps gas at the 
root of a sharp crevice, stabiliZing it against dissolution. 
Unlike a free bubble, though, surface tension in this case acts 
on a meniscus Which is concave toWards the liquid. Over 
pressuring the liquid for suf?cient duration prior to insoni 
?cation can force the meniscus further into the crevice 
thereby causing full Wetting of the crevice, Which then gives 
rise to increased cavitation thresholds. 

[0016] Until recently most acoustically generated, cavita 
tion employed for cleaning applications, primarily used 
standing Waves generated in a bath of liquid in Which objects 
to be cleaned Were immersed. In such ultrasonic cleaners, 
acoustic frequencies used Were typically betWeen 20 kHZ to 
100 kHZ. Some implementations used propagating pulse 
trains instead of standing Waves to improve cleaning ef? 
ciency, to minimiZe hot spot damage, and to reduce poWer 
consumption. Even so, When these applications Were 
extended to semiconductor applications, cavitation Was 
deemed detrimental to the delicate Wafer surfaces, Which 
spaWned the use of megasonic cleaning to avoid cavitation 
(eg US. Pat. No. 4,854,337 to Bunkenburg et al., 1989; 
US. Pat. No. 4,979,994 to Dussault et al., 1990; US. Pat. 
No. to 5,247,954 to Grant et al., 1993; and US. Pat. No. 
5,355,048 to Estes, 1994) thus teaching the use of frequen 
cies in the range of high kilohertZ or loW megahertZ (typi 
cally 1 MHZ). 

[0017] Such high frequencies Were used because it Was 
believed that cavitation does not occur at higher frequencies. 
Quoting from the recent book edited by Takeshi Hattori 
(1998) titled, “Ultraclean Surface Processing of Silicon 
Wafers—Secrets of VLSI Manufacturing;”“[W]hen the 
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oscillation frequency is 1 MHZ or above, cavitation no 
longer occurs.” It is precisely the supposed inability of 
generating cavitation at loW megahertZ frequencies that such 
high frequency acoustics Were used in diagnostic ultrasound 
for medical imaging and fetal monitoring. As a further 
precaution to preclude bubble groWth that may occur due to 
continuous Wave insoni?cation, diagnostic instruments 
deployed short pulses at loW duty cycles, e.g., 1%, Which 
incidentally also facilitates the pulse echo method of infor 
mation collection essential for their function. Therefore, 
prior systems rely on using high frequency tone burst 
acoustics, such as 1 MHZ, When the explicit objective is to 
avoid the occurrence of cavitation. 

[0018] Microcavitation, i.e., the inducement of micron or 
sub-micron siZe bubbles in a liquid or ?uid medium that 
survive a feW microseconds or less, occurs if the pressure 
amplitude in the acoustic beam is signi?cantly greater than 
a threshold value, and if appropriate cavitation nuclei are 
present. In the absence of cavitation nuclei, Water-like 
liquids cannot be fractured or cavitated by pressure ampli 
tudes of less than 1000 bars peak negative, the threshold for 
homogeneous nucleation of Water at standard temperature 
and pressure (STP), Which corresponds to an atomic or 
molecular siZe vacancy or cavity in the liquid bulk caused by 
thermal, stochastic density ?uctuations. Stronger tensile 
pressures are needed to cavitate smaller bubbles or cavita 
tion nuclei. A 60-atmosphere peak negative pressure Wave, 
for example, might cavitate a 50-nanometer bubble nucleus. 

[0019] Planar pieZoelectric transducers cannot generate 
very high pressure amplitudes With moderate poWer inputs. 
With increased poWer, hoWever, cavitation might occur on 
the surface of the transducer crystal itself Which Will cause 
destruction of the crystal. By using focused transducers, 
hoWever, it is possible to achieve additional pressure ampli 
?cation by virtue of the focusing action at a particular site. 
Even so, high intensity acoustic Waves invariably become 
non-linear because of inherent properties of the propagation 
medium. The nonlinearity in shape manifests an enhanced 
compressive peak and reduced tensile peak of the Wave 
pulse. Cavitation at a nucleation site cannot occur if the 
tensile part of the Wave is not stronger than the threshold 
value. If the nonlinear pulse is re?ected at a pressure release 
boundary, then phase reversal takes place and the compres 
sive peak re?ects as a tensile peak and vice versa. 

[0020] Using re?ected nonlinear Waves, it becomes easier 
to bring about cavitation because noW a stronger tensile peak 
is available. US. Pat. No. 5,523,058 to Umemura et al. 
obviates the need for using suitable re?ecting structures to 
achieve enhance tensile peaks by using tWo resonant trans 
ducers—one driven at a fundamental frequency and the 
second driven at a second harmonic frequency, and then 
superposing them in proper phase relation betWeen the 
fundamental driving frequency pulse Wave and its second 
harmonic Wave to obtain a resultant pulse With enhanced 
tensile peak and Weakened compressive peak. This method 
of generation, like other methods of cavitation in the past, 
also relies on the availability of appropriate cavitation nuclei 
in the insoni?ed medium. Without the presence of appro 
priate nuclei the tensile peak is ineffective in causing cavi 
tation. 

[0021] Although Umemura teaches that “the ef?ciency of 
cavitation generation depends on the relative phase relation 
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between a fundamental Wave and a second harmonic” Wave 

and he is able to access smaller bubble siZes (half the 
resonant bubble siZe corresponding to the fundamental fre 
quency), he still relies on the availability of appropriate 
bubbles or bubble bearing crevice structures in the liquid 
host to initiate cavitation. 

[0022] Further, Umemura does not use too high frequen 
cies at Which cavitation ordinarily does not occur. It is 
knoWn in the art that transducers generating high pressure 
amplitudes at high frequencies are technologically unfea 
sible (high frequency resonant crystals are necessarily thin 
and cannot support stresses needed for generating high 
pressures), and yet to generate cavitation at high acoustic 
frequencies, the pressure amplitudes necessary are exces 
s1ve. 

[0023] In attempting to clean effectively throughout a 
cleaning tank, Honda (US. Pat. No. 5,137,580, 1992) uses 
at the bottom of the tank a Langvin type resonator With tWo 
resonating segments, and drives them alternately at the tWo 
resonance frequencies for periods of up to several millisec 
onds, Which are adequate to setup standing Wave ?elds in the 
liquid. At the loWer frequency, a standing Wave ?eld causes 
large bubble cavitation to populate at pressure antinodes to 
form bubble bands at speci?c levels in the tank. At higher 
resonance frequency, Honda supposes that these bubbles 
cavitate and collapse to cause some measure of cleaning, but 
more importantly, because the standing Wave pattern is 
broken, the previously structured bubble bands move 
upWards due to buoyancy and radiation forces to bring about 
some cleaning. 

[0024] Honda suggests that these large bubbles Will break 
doWn at higher frequencies and ?ll the tank With smaller 
bubbles. In actuality, the higher frequency Waves merely 
re?ect off the larger bubbles. A given frequency cannot 
signi?cantly affect larger bubbles not corresponding to the 
characteristic resonance siZe. When the loW frequency is 
again sWitched on, these small bubbles nucleate large bubble 
cavitation Whose fragments Will serve a next sWeep by the 
higher frequency. Most cleaning is expected to be done by 
the large bubble cavitation effervescing throughout the 
extent of the tank. Honda does not explicitly state the 
frequencies he is using but the Langevin sandWich type 
transducer and the kind and scale of cavitation he mentions 
leads one to believe that he must be using acoustics in the 
loW kilohertZ range, betWeen 20 kHZ to 60 kHZ. 

[0025] If Honda Were to use only one frequency, he Would 
obtain a banded structure in the tank, and once the bubbles 
are setup in their locations, no signi?cant cavitation Would 
be sustained and no further cleaning effect Would ensue due 
to occurrence of bubble effervescence. While Honda also 
teaches farming effectively available bubble ?elds for cavi 
tation betWeen tWo frequencies, Murry, before Honda taught 
hoW to cultivate bubble ?elds starting from the smallest of 
bubbles that he suggests are available in the liquid. Murry 
(US. Pat. No. 3,614,069, 1971) in his patent “Multifre 
quency Ultrasonic Method and Apparatus for Improved 
Cavitation, Emulsi?cation and Mixing” teaches that operat 
ing on the assumption there Will alWays be some very small 
bubbles in the bulk medium, insoni?cation starts With using 
continuous Wave insoni?cation of a very high frequency 
corresponding to Which the supposed pre-existing small 
bubbles are resonant. Near resonant bubbles exposed to 
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continuous acoustic stimulus Will respond by groWing due to 
recti?ed diffusion. To continue this bubble groWth they Will 
have to be insonated by progressively decreasing the drive 
frequency. This doWnshifting insoni?cation is achieved by 
using broadband transducers, not resonant transducers. 

[0026] As the bubbles groW by doWnshifted continuous 
Wave insoni?cation, Murry applies a loW frequency intense 
?eld to cavitate these bubbles. He upshifts or upconverts this 
loW frequency to high intensity ?eld so as to capture and 
cavitationally collapse any slightly smaller bubbles that may 
exist, as not all bubbles groW uniformly and simultaneously 
to a given siZe. Murry, operating on the assumption that very 
small bubbles exist in the liquid, concentrates on cultivating 
appropriate siZe bubbles by continuous Wave insoni?cation. 
Such bubbles are gas-?lled as a result of recti?ed diffusion, 
they are not vacuous or nearly empty. Implosion of gas-?lled 
bubbles is less energetic because the collapse is cushioned 
by the cavity contents. 

[0027] Starting from a feW tiny seed bubbles Whose exist 
ence is assumed, Murry cultivates bubble ?elds With bubbles 
progressively groWing over time in response to frequency 
doWnshifted insoni?cation, and then violently collapsing 
them by applying loW frequency high intensity acoustic 
?eld, the latter being subsequently upshifted in frequency to 
harvest all possible bubbles for cavitation. He uses tWo 
broad-band transducers to facilitate frequency shifting, and 
even interchanges the roles of the bubble groWer and bubble 
exploder transducers for appropriate cycling and sustaining 
cavitation throughout the extent of the bulk being processed 
for emulsi?cation or mixing. 

[0028] In summary the prior art teaches that a perfectly 
clean liquid absent of bubbles or bubble-like structures 
cannot be easily cavitated. To bring about cavitation in ultra 
clean hosts, especially at high frequencies, is almost impos 
sible primarily because the acoustic drivers, the pieZoelec 
tric transducers used to generate cavitation cannot be made 
to generate high pressure amplitude sound Waves at high 
frequencies. It is possible to a limited extent to generate high 
tensile pulses, but only With reduced compressive pulses if 
one drives the transducer in both fundamental and second 
harmonic excitation in precise phase relationship. 

[0029] To achieve this, one must use tWo transducers. In 
resonant mode excitation, the transducer can only be driven 
at odd harmonics of the fundamental frequency. Even if one 
is able to obtain high pressure amplitude at high frequency, 
one needs to assume that a population of small bubbles 
alWays exist in a liquid, then insonifying the liquid medium 
With continuous acoustic Waves of appropriately high fre 
quency, frequency speci?c to excite resonance in the 
bubbles, can groW the bubbles to a larger siZe through 
recti?ed diffusion, Whence subsequent insoni?cation by a 
loWer frequency of suf?cient intensity one can bring about 
cavitation. Being gas-?lled these long-lived bubbles cannot 
suf?ciently implode to create high energy density points in 
the medium, and are thus ineffective to bring about the 
effects of ACIM described herein. 

[0030] It is knoWn in physics of liquids that free bubbles 
in a liquid are unstable and do not survive for any signi?cant 
duration after their creation. Larger bubbles rise and escape 
out of the liquid because of buoyancy, While smaller bubbles 
dissolve due to surface tension forces Which are dominant 
for small bubbles. Any bubble-like structure that survives in 
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liquid has to be anchored in a crevice like feature in a solid, 
e.g., a Wall or liquid-borne particle. Not all liquid borne 
particles are capable of supporting such partially Wetted 
crevices, particularly, smooth spherical particles cannot har 
bor such gas-?lled cavities. 

[0031] Apart from the inventor’s oWn Work, the teachings 
of the entire prior art appears to rely on cavitation as a 
chance dominated phenomenon. In addition, it is not taught 
or suggested in the prior art hoW to create cavitation nuclei 
When none exist a priori, and then to control such cavitation 
after onset. 

[0032] Therefore, to achieve useful applications provided 
by the present invention in a practical and convenient 
manner, prior systems and methods do not take into account: 
(i) hoW to activate or nucleate a cavitation event from a 
particle, regardless of Whether or not it has a gas bearing 
crevice, (ii) hoW to acoustically activate or nucleate cavita 
tion amongst particles, hoWever, small they may be, or 
Whatever be their composition or surface morphology, (iii) 
consideration of the number of times a cavitation event 
ensues in relation to a given or created gas bearing crevice 
and/or point phase boundary, or (iv) attaining vacuous 
cavitation to the maximum extent possible rather than gas 
eous cavitation. 

[0033] In vacuous cavitation the cavity is nearly empty. 
Only transiently (or inertially) generated cavitation involves 
vacuous cavities. Cavitation generated by continuous Waves 
is gaseous cavitation. Only vacuous cavitation can be 
imploded, unimpeded, unto a point, and hence, only vacuous 
cavitation can culminate in high energy density at points. To 
be able to implement items through (iv) implies that 
cavitation is being constructively controlled in all phases— 
inception, evolution and intensity. 

[0034] To the inventor’s knoWledge, the entire prior art 
concerns itself With cavitation as chance dominated phe 
nomenon, and does not teach hoW to manage cavitation in a 
practical and efficient Way to perform a useful purpose, 
except in the inventor’s tWo recent US. Pat. No. 5,681,396 
(1997) and US. Pat. No. 5,594,165 (1997), Which deal With 
acoustic coaxing methods for constructive control of the 
cavitation phenomenon using confocal transducers. 

[0035] ACIM methods described herein, on the other 
hand, employ a single transducer to more effectively control 
the onset, evolution and intensity of microcavitation. Gen 
erating ACIM With a single transducer enables expanded 
utility including, improved deinking of paper (e.g., removal 
of bonded, laser printed Xerox ink, i.e., toner-based ink 
compositions), practical depainting of surfaces (including 
selective removal of layers in a multi-layered painted sur 
face (primer and/or top coat)), thin ?lm strength testing and 
surface preparation prior to thin ?lm deposition; semicon 
ductor Wafer cleaning; improved microparticle detection in 
clean liquids; improved particle removal for precision clean 
ing of delicate surfaces; and better particle siZe control in the 
preparation of nanometer particles like gold sols. In addi 
tion, improved ACIM methods and apparatuses of the 
present invention may be used to erode metallic surfaces, 
help shatter kidney stones, accelerate chemical reactions and 
even lead to light production, i.e., sonoluminescence. 

SUMMARY OF THE INVENTION 

[0036] In a ?rst embodiment, the invention comprises an 
article produced by acoustic cavitation by providing a trans 

Sep. 26, 2002 

ducer, Which is preferably air-backed and operated in reso 
nance mode; providing a liquid insoni?cation medium, e.g., 
clean Water, in Which cavitation is induced; coupling the 
transducer With the article through a continuum of the liquid 
insoni?cation medium; and energiZing the transducer With a 
tone burst Waveform having recovery intervals betWeen 
respective bursts to produce a signal that co-acts With the 
transducer and the medium to generate on or about the 
article an acoustic ?eld having multiple high frequency 
components and multiple loWer frequency components 
Whereby to perform an event relative to the article. 

[0037] In another embodiment, the invention comprises an 
article produced by providing a resonant mode transducer; 
providing a liquid insoni?cation medium in Which cavitation 
is induced; coupling the transducer and the article through a 
continuum of the liquid insoni?cation medium; and ener 
giZing the transducer in a thickness direction With an in 
harmonic tone burst signal having recovery intervals 
betWeen respective bursts that alloW the medium to recover 
from cavitation events Whereby to produce a Waveform that 
co-acts With the transducer and the medium to generate on 
or about the article an acoustic ?eld having multiple high 
frequency components and multiple loWer frequency com 
ponents. 

[0038] Other features and aspects of the invention include, 
but are not limited to, controlling or varying the Waveform 
source in Waveform shape, frequency, duty cycle, tone burst 
repetition rate, amplitude or other parameters. The inven 
tion, though, is pointed out With particularity by the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0039] FIG. 1(a) shoWs an exemplary ACIM apparatus 
including a Waveform source, a transducer, a liquid or ?uid 
medium, a delivery mechanism, and a Workpiece or surface 
subjected to ACIM in accordance With the present invention. 

[0040] FIG. 1(b) shoWs a prior art ACIM apparatus com 
prising a pair of confocal high frequency and loW frequency 
transducers to produce an ACIM ?eld. 

[0041] FIG. 2 illustrates dynamics of gas cap formation 
on a particle subjected to ACIM acoustics that initiates 
microcavitation. 

[0042] FIG. 3 depicts an exemplary tone burst Waveform 
applied to the ceramic transducer of FIG. 1(a) for generating 
acoustic coaxing ?elds. 

[0043] FIG. 4(a) is a tWo-dimensional illustration of a 
ceramic transducer useful for generating acoustic coaxing 
?elds according to the present invention. 

[0044] FIG. 4(b) is a perspective vieW of an elongated 
transducer module in accordance With the present invention. 

[0045] FIG. 5 depicts an exemplary apparatus for subject 
ing a Workpiece or surface to ACIM ?elds according to the 
present invention. 

[0046] FIG. 6 depicts an exemplary apparatus for deink 
ing paper or other planer substrates using ACIM methods 
according to the present invention. 

[0047] FIG. 7 illustrates an exemplary ACIM method 
carried out by the present invention. 
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DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0048] Acoustic coaxing induced microcavitation (ACIM) 
methods and apparatuses described herein may be used to 
control microcavitation at point solid boundaries of an 
object or Workpiece to perform Work on the object; examine 
free bubbles in a ?uid or liquid for testing or measuring; 
induce or assist a chemical reaction; or perform other 
scienti?c, industrial, or medical tasks. ACIM tools may be 
constructed to perform abrasion, cutting, drilling, or other 
action With respect to a variety of organic and inorganic 
materials, including tissue and bone. 

[0049] Controlled ACIM enables one to control the onset, 
evolution, and intensity of acoustic microcavitation stem 
ming from the creation of neW nuclei or the presence of 
available cavitation nuclei in a liquid medium, such as 
de-ioniZed or tap Water. Such nuclei may come from free 
bubbles or from liquid-borne solid particulates With crevice 
like features that stabiliZe signi?cant gas pockets. Sus 
pended particulates may include sub-micron polystyrene 
particles (e.g., 0.984 micrometer mean diameter), silica, 
dust, etc. that enhances the presence of cavitation nuclei for 
enhanced cavitation. Ordinarily only a small fraction of the 
particles present in a host medium (liquid, ?uid, gel, or other 
acoustic propagation medium) is capable of harboring sta 
biliZed gas pockets that serve as potential cavitation nuclei. 
Smooth spherical particles as illustrated in FIG. 2, for 
example, do not easily nucleate cavitation because they have 
no signi?cant crevices to support gas pockets. Microcavita 
tion, therefore, is a chance dominated process primarily 
dictated by the presence of adventitious motes. ACIM, 
hoWever, can cultivate cavitation nuclei Where none existed 
before. 

[0050] FIG. 1(b) shoWs a prior art system Where micro 
cavitation Was brought about by the coordinated con?uence 
of beams (i.e., alignment in space and time) of tWo separate 
acoustic ?elds 10 and 12 deployed substantially simulta 
neously in space and time at a desired ACIM site 14. 
Acoustic ?eld 12 Was produced by a focused, e. g., sectioned 
spherical or parabolic, pieZoelectric transducer 16 of loW 
frequency and high intensity, and the second acoustic ?eld 
10 Was produced by a second transducer 18 operating at high 
frequency but loW intensity. LoW frequency transducer 16 
produced an acoustic ?eld of about one megahertZ and high 
frequency transducer 18 produced an acoustic ?eld of about 
thirty megahertZ. Each transducer Was operated by applying 
a sinusoidal driving voltage at its fundamental resonance 
frequency, in tone bursts of loW duty cycle, and by directing 
their respective acoustic ?elds upon the surface of a Work 
peice at site 14. This arrangement provided only limited 
utility due to limitations on the siZe of the ACIM site 14, and 
complexity and physical constraints of the transducers 16 
and 18, e.g., requirement of spatial and temporal coinci 
dence as Well as alignment of acoustic ?elds, limited latitude 
control of ACIM, and other limitations. 

[0051] FIG. 1(a) depicts one arrangement of the present 
invention Where a single transducer 20 ef?ciently produces 
coaxing high and loW frequency acoustic ?elds at a site 22. 
The exemplary ACIM apparatus of FIG. 1(a) comprises a 
tone burst generator 40, an RF ampli?er 42, an optional 
oscilloscope 44, transducer support 46, a ?uid chamber 45 in 
Which the support 46 and transducer 20 are immersed, and 
a ?xture 48 for supporting a Workpiece at coaxing site 22. 
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[0052] Use of a single transducer 20 facilitates control of 
the onset, evolution, and intensity of ACIM events to 
achieve more useful industrial, scienti?c and medical appli 
cations. Akey factor required in acoustic coaxing is that the 
frequency (MHZ) pressure (peak negative bars) product is 
maintained above a certain value (typically greater than 5 
MHZ-bars). ACIM is achieved by driving transducer 20 not 
only With “sinusoidal” signal but also With a complex 
Waveform, such as square Wave tone bursts (FIG. 3) Where 
duty-cycled controlled bursts have Fourier components that 
produce a combination of acoustic ?elds Which, When con 
verged at ACIM site 22, produce substantially the same or 
similar effect as multiple acoustic ?elds generated by prior 
art confocal transducers 16 and 18 of FIG. 1(b). 

[0053] Fluid chamber 45 may comprise a tank, reservoir, 
channel, conduit, noZZle, or other con?ne Which couples the 
acoustic ?eld With an object, Workpiece, tissue, or surface 
and Which con?nes the liquid medium about the transducer 
and ACIM site 22. In transducer support 46, the liquid 
medium ?lls the space betWeen the transducer 20 and the 
ACIM site 22. Liquid may be con?ned to the container, it 
could be made available as a liquid jet medium betWeen 
transducer 20 and ACIM site 22, it may be contained by a 
sponge or other liquid retaining structure, or it may be a gel 
or any other medium that can undergo phase changes 
involving liquid (or liquid like) phase and gas phase (bubble 
like or vacuum). In some cases, to minimiZe the gel or liquid 
volume the ACIM transducer is coupled to the Workpiece 
With an acoustic horn and using the liquid or the gel in the 
small gap betWeen the horn and the Workpiece surface. 

[0054] Still referring to FIG. 1(a), generator 40 produces, 
for example, one megahertZ square Wave tone bursts (i.e., 10 
us pulse Width) With a burst repetition rate of about one 
kilohertZ. This differs from sinusoidal Waves previously 
used. The duty cycle of the generator output may be con 
trolled betWeen about 0.1% to 50%. Higher duty cycles, e. g., 
up to 80 to 90%, can be used but may cause the transducer 
to overheat and lose its ef?ciency and transducing capacity. 
LoWer duty cycles, on the other hand, improve cooling of the 
transducer. Conventional cooling systems, such an circulat 
ing the ?uid medium through a heat exchanger, can also be 
used With ACIM. As indicated above, it is preferable to 
induce transient cavitation With neWly formed bubbles in 
order to obtain a more intense and vigorous release of energy 
during implosion. LoWer duty cycles enable recovery peri 
ods for bubble formation betWeen burst repetitions. At duty 
cycles beyond 50%, cavitation tends to result also from 
recti?ed diffusion, e.g., gaseous, Which results in loWer 
intensity upon collapse of the bubbles due to the bubble’s 
ingestion of gases from the surrounding medium, thus 
diminishing the overall intensity of energy release. For 
cleaning, particle eviction, or destructively removing par 
ticles from a surface, it has been found that only a feW tone 
bursts are needed, Which means that deinking of paper 
(substrate or bulk form), for example, Will occur in a feW 
milliseconds or less, or a fraction of a millisecond. Accord 
ingly, most ACIM applications can be accomplished using 
very loW duty cycles. 

[0055] Thus, the intensity of cavitation at site 22 may be 
controlled the burst repetition rate and duty cycle of gen 
erator 40, and/or by controlling the gain of ampli?er 42. 

[0056] Square Wave tone bursts produced by generator 40, 
for example, When Fourier-decomposed, yield harmonics 
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With amplitudes decreasing inversely as the harmonic fre 
quency increases. So a transducer driven With square Wave 
tone bursts Will contain odd harmonics (half Wavelength 
thick acoustic transducers suppress even harmonics) With 
precisely reducing amplitudes While maintaining the fre 
quency-pressure product uniform. Instead of using a square 
Wave, other Waveforms or harmonics may be selected and/or 
combined to achieve constructive control of cavitation. 
Thus, coaxing becomes more ef?cient, permitting one to use 
a single transducer to induce cavitation. 

[0057] Instead of square Wave tone bursts, microcavitation 
may be induced by generator 40 producing triangular Waves 
for driving the transducer. This Will produce all odd har 
monics With a 1/N2 amplitude dependence. For ef?cient 
coaxing, 1/N dependence is appropriate, hoWever, a coaxing 
effect can occur at any non-Zero amplitude dependence of 
high frequencies. To attain coaxing effects, the transducer 
produces a range of acoustic intensity at the focal point, or 
in the effective coaxing Zone, up to about ten kiloWatts/cm2 
at loWer frequencies to about several hundred Watts/cm2 at 
higher frequencies. Depending on the application, one may 
choose the required harmonics and amplitudes to be used. At 
high intensity, it is also possible to achieve coaxing effect 
merely by using fundamental excitation frequencies, e.g., a 
sinusoidal driving voltage. 

[0058] To aid understanding of the invention, FIG. 2 
shoWs bubble dynamics. Weak high frequency planar Waves 
of about thirty megahertZ and a pressure amplitude of 0.5 bar 
create very high accelerations (6.5><105 g units) of particle 
34 during the passage of sound Wave 32 in the medium 30. 
As knoWn, air is 830 times lighter than Water—strong 
density contrast With respect to Water host. At high accel 
eration in a reduced pressure environment, the tensile envi 
ronment expropriates dissolved gas or vapor from the liquid 
onto the solid particle resulting in cavitation nuclei. 

[0059] The onset of cavitation may be enhanced by adding 
particles to the medium 30, such as 0.984 pm, 0.481 pm, and 
0.245 pm diameter smooth polystyrene latex particles; 0.784 
pm silica particles variously sintered; and tap Water With its 
natural particulate content—varying the dissolved air con 
tent of the host Water. Varying the number density of 
particles present and different acoustic duty cycle settings 
invariably can achieve reduced microcavitation thresholds. 
Moreover, coaxing induced cavitation activity at or near 
threshold intensity is directly proportional to the particle 
number density in the test cell. 

[0060] Strong density contrast combined With high accel 
eration enhances kinetic buoyancy effects, Which further 
encourage formation of gas caps 36, 37 of diameter d on the 
oscillating particle 34. Unlike a free bubble in a liquid, the 
gas cap structure is provided by an isotropic tensile envi 
ronment 30 surrounding the entrained particle 34, and not by 
the pressure of the cavity contents. In fact, the gas caps 36, 
37 Will be mostly vacuous, and only provide a necessary 
discontinuity that develops opposition betWeen the surface 
tension forces anchoring along the contact perimeter and the 
tensile forces trying to pull the caps off. The particle 34 is 
much smaller compared to the acoustic Wavelength and 
therefore experiences a uniform pressure over its extent— 
maximum particle siZe of 1 pm, Wavelength in Water a 1 
MHZ and 30 MHZ are 1500 pm and 50 pm, respectively, and 
the particle 34 is fully entrained in the host ?uid. 
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[0061] For cavitation to occur, the negative pressure p in 
the tensile environment of the loW frequency cavitation ?eld 
should overcome the surface tension 0 (Where surface 
tension force=orcd) acting on the contact perimeter of the 
gas cap 36, 37 is represented by: 

[0062] FIG. 3 shoWs the signal output of exemplary tone 
burst generator 40 (FIG. 1(a)), Which is a square Wave tone 
burst 38 of about 1 MHZ (1/C) and a duty cycle of 
about 1%. In the exemplary Waveform, A=10 us, B=1 
millisecond, and C=1 us. The value of these parameters may 
be Widely varied Without departing from the spirit of the 
invention, the objective being to excite a single transducer 
62 With a Waveform comprising harmonics that cause the 
transducer to produce an ACIM region. Generator 40 is 
capable of generating a bi-polar square Wave With or Without 
an adjustable baseline bias. Waveforms having other shapes, 
e.g., triangular, or a combination of Waveforms of various 
shapes may be used provided they effect ACIM ?eld gen 
eration by transducer 62. The frequency of the square Wave 
during the “on time” may range betWeen 500 kHZ and 10 
MHZ (more or less), With one megahertZ being generally 
used for ACIM. The Waveform has a maximum open circuit 
voltage amplitude sWing of one volt rms (peak-to-peak) 
before being suitably attenuated and applied to a 50-ohm 
input impedance of broadband (bandWidth typically 
betWeen 500 kHZ and 100 MHZ), linear poWer ampli?er 42, 
Which has a typical maximum available gain of 55 to 60 dB. 
It is particularly useful if the Waveform generator 40 has the 
capability to generate arbitrary Waveforms of any desired 
shapes that have high frequency harmonics. Very high 
frequency components are diminished and/or damped due to 
inherent material properties of the ACIM transducer. Har 
monic frequencies up to about 100 MHZ are usable in 
coaxing effects over short ranges of ?uid paths. 

[0063] To induce microcavitation, the Waveform 38 pro 
duced by generator 40 need not be symmetrical over the time 
axis 39 of the Waveform shoWn in FIG. 3. The primary 
Waveform should be convertible tone bursts of various duty 
cycles ranging from about 0.1% to 50%, or even continuous 
for short duration of intermittent schedule. Waveform gen 
erator 40 may be controlled in frequency and/or duty cycle 
and the ampli?er 42 control the amplitude of the tone bursts 
applied to transducer 20 in order to control the onset and 
evolution of induced cavitation. 

[0064] As indicated, coaxing is a mechanism of inducing 
a phase change as it expropriates a miniscule amount of 
dissolved gas from the liquid onto a liquid-borne solid 
particle, hoWever small the particle may be. The gas phase 
inoculated on the particle is independent of the surface 
morphology or the material attributes of the solid phase. The 
gas phase may also include local vaporiZation of the host 
liquid itself. This nucleation of the gas seed on the particle 
can occur even When there are no preexisting crevice 

trapped gas sites or any bubble precursors present. It is 
almost a homogeneous nucleation induced or promoted by a 
local tensile environment and high acceleration ?eld. The 
frequency-pressure product produced in medium 30 (FIG. 
2) Which determines the Wave associated acceleration must 
be high enough to ensure around a million-g units of 
acceleration in the vicinity of a particle. This means the 
harmonic content and strengths of the Waveform produced 
by generator 40 and ampli?er 42 cause transducer 20 to emit 
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acoustic ?elds such that the frequency-pressure product is 
almost a uniform value exceeding 5 bar-MhZ in a relatively 
clean liquid environment. 

[0065] The duty cycle of Waveform 38 should not be 
100% because one Wants to induce fresh nucleation sites. If 
the duty cycle is 100% or insoni?cation is of longer duration 
or continuous, then once the nucleation site is formed it Will 
groW by recti?ed diffusion, the bubbles Will be gassy, and 
the transient or inertial cavitation is diminished. For ener 
getic ACIM effects, generator 40 should be controlled to 
induce transient cavitation events involving vacuous or 
empty cavities imploding. ACIM also Will not be effectively 
brought about by spike pulses of generator 40 because one 
Wants the leading Wave pulses to initiate the nucleation ab 
initio and the folloWing pulses or Waves in the tone burst to 
modulate the inertial cavitation implosion. 

[0066] High surface tension increases the energy intensity 
of point ACIM events, and high viscosity of medium 30 
(FIG. 2) sloWs the rate of deposition of energy. The net 
strength of the implosion is not so much determined by the 
compressive peak of the driving tone burst 38, but by the 
converging induced momentum in the medium 30 surround 
ing the expanding cavities 36 and 37, i.e., the return of the 
stored inertial effect. Cavitation activity does not occur at all 
intensities of insoni?cation. There is alWays a threshold 
intensity for a given environment beloW Which cavitation 
does not occur. With ACIM it is possible to loWer the 
threshold or even increase it, and also the cavitation activity 
above threshold can be controlled. 

[0067] Medium 30 should be clean i.e. particle free 
(except the particles inducing the ACIM event) at least in the 
region 22 Where ACIM events are expected. Medium 30 also 
should be slightly undersaturated at ambient (STP) condi 
tions, and free of any chemicals or surfactants that compro 
mise the surface tension properties. The use of tap Water or 
de-ioniZed Water as medium 30 has produced good ACIM 
effects. 

[0068] FIG. 4(a) shoWs an exemplary transducer module 
useful for implementing the methods and apparatuses of the 
present invention. The transducer module is a loW loss, high 
ef?ciency, impedance matched, air-backed or re-re?ection 
backed high Q (resonance mode operation) transducer. It has 
resonant peaks at all odd harmonics of the fundamental 
frequency. The module comprises a parabolic, spherical 
section, or hemispherical ceramic transducer 62, a similarly 
shaped impedance matching layer 64, and air-backed reso 
nator or housing 60 communicating With a rear surface of 
ceramic transducer 62, and an electrode 66 and conductor 68 
that energiZe the ceramic transducer 62. The transducer 
module is a custom-design Which uses LTZ-l (Lead Titanate 
Zirconate) shaped (focused spherical or other shaped seg 
ment) pieZoelectric ceramic available from Transducer 
Products, Inc. LTZ-l is a trade name for the transmitter 
application PZT. Driven by a square Wave, transducer 62 
naturally generates all odd harmonics With a l/N amplitude 
dependence. One may use quartZ, lithium niobate, a com 
posite material, or any high frequency acoustic device. 

[0069] Instead of being parabolic or spherically shaped, 
transducer 62 may take on other shapes that preferably focus 
to concentrate the acoustic ?eld at a site upon the surface of 
an object. With certain high intensity acoustic ?elds, or in 
the presence of a medium having loW cavitation threshold, 
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there Would be no need to focus or concentrate acoustic 
energy thereby permitting the transducer to have any suit 
able shape, e.g., ?at surface, to induce microcavitation. A 
spherical section transducer 62 having a 6“ radius, for 
example, may produce an ACIM area of about 40-50 square 
millimeters and a “depth-of-?eld” of about 2.0 to 5.0 mm 
Where cavitation is most prominent, e.g., at or above its —6 
dB nominal intensity level. At suf?ciently high ACIM driv 
ing intensity, the cavitation threshold may be exceeded in 
regions of insoni?cation other than the focal region of 
transducer 62 thereby achieving ACIM effects in larger 
volumes of the medium. The siZe and location of cavitation 
is de?ned by transducer geometry, Whereas the duty cycle 
and ampli?er gain de?ne the intensity of cavitation at that 
location. Surprisingly, the focal length may be relatively 
long since medium 30, e. g., Water, transmits acoustic energy 
fairly Well. In addition, the transducer module may be 
elongated or formed as a cylindrical section, as illustrated in 
FIG. 4(b), to establish a linear acoustic ?eld, Which is more 
useful for cleaning planar substrates (e.g., a sheet of paper 
or a painted panel) in a sWeeping action. In FIG. 4(b), the 
elongated transducer module comprises an air-backed cham 
ber 60, a ceramic transducer 62, an impedance-matching 
layer 64, and an electrode 66 for energiZing the transducer 
62. A spherical or cylindrical, elongated module produces a 
linear ACIM ?eld along an axis in front of the module at a 
distance equal to a radius r or focal length of the transducer. 
When deployed in a cleaning device, the linear ?eld is sWept 
across the surface of a substrate (e.g., paper or Wafer) by 
moving either the transducer or the substrate. It folloWs that 
the geometry, physical dimensions, con?gurations, or other 
parameters of transducer 62 may be varied to meet the 
requirements of any scienti?c, medical, or industrial appli 
cation. 

[0070] An impedance matching layer is often used to 
improve transmission and coupling of acoustic energy to the 
medium. In an optional embodiment of the invention, 
impedance matching layer 64, if used, may comprise a 
variety of materials Whose property are dictated by the 
tensile strengths and damping characteristics of the trans 
ducer and the insoni?cation medium 30. In one embodiment, 
polyurethane or other polymeric material is employed. The 
thickness of the layer 64 is chosen to be about one-quarter 
Wavelength of the acoustic ?eld generated in the medium in 
order to reduce re?ection losses, Which serves to optimiZe 
the exchange acoustic energy betWeen transducer 62 and 
insoni?cation medium 30. 

[0071] FIG. 5 illustrates another embodiment of an ACIM 
cleaning or surface treatment system Where cavitation region 
50 about the surface of a Workpiece 54 lies beneath a 
transducer module 53. Transducer module 53, as previously 
described in connection With FIG. 4, is disposed Within a 
noZZle 52 Which includes a jet 55 through Which liquid 
medium 56 ?oWs When pumped or otherWise transferred to 
chamber 57 via conduit 59 from the reservoir of tank 51 or 
external source. Medium 56 need not be recirculated 
through conduit 59, as shoWn in FIG. 5 or elseWhere in this 
description, but may instead be continuously fed from a 
fresh external source. The system of FIG. 5 provides acous 
tic coupling betWeen the transducer and the ACIM region 
50. The How of ?uid 56 maintains an acoustic communica 
tion path betWeen chamber 57 and ACIM region 50 so that 
the ACIM ?eld generated by the transducer module 53 in the 
chamber 57 is directed through the jet 55 onto the surface of 
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workpiece 54. Workpiece 54 may, for example, be a semi 
conductor Wafer or other substrate immersed Within a ?uid 
medium 56 of deionized Water, for example. A holder or 
platen 58 supports the substrate so that its surface lies in the 
effective ACIM region 50. In a practical application, platen 
58 may spin, oscillate, or laterally move the Workpiece 54 
across region 50 to expose the entire surface to the ACIM 
region. Alternatively, the module 52 may be sWept across the 
surface of Workpiece 54. 

[0072] Again, the noZZle 52 may take on a variety of 
geometries. The distance betWeen noZZle 52 and Workpiece 
54 may range from a feW millimeters to several centimeters 
or more, as desired, depending on the application so long as 
acoustic coupling is maintained. 

[0073] FIG. 6 shoWs an ACIM arrangement useful for 
deinking paper. In operation, a sheet of paper 60 is de-inked 
as it is pulled through an insoni?cation medium 65 by roller 
pairs 62, 63 across an ACIM ?eld 61 generated by a 
transducer module 64 disposed above the paper 60. Instead 
of being located above the paper, module 64 may be located 
beneath the paper 60 or at any angular orientation With 
respect to the paper. Multiple transducer modules 64 may be 
deployed and/or the depth of ?eld of such transducer mod 
ules may be staggered in order to provide serial, in-line 
stations for more effective de-inking or cleaning. Alterna 
tively, in case of pulp deinking, for example, the pulp can be 
pumped through a pipe or conduit having ACIM transducers 
disposed on the internal Wall thereof. This permits bulk 
processing of large quantities of pulp. Slurries other than 
pulp may be similarly processed using ACIM. 

[0074] FIG. 7 illustrates a method of acoustic coaxing 
induced microcavitation. The method comprises providing a 
transducer module 76 that generates an ACIM ?eld 77 using 
a single transducer 78, providing a Waveform generator 70 
that produces tone bursts having a given or controllable duty 
cycle and frequency, amplifying the output of the Waveform 
generator 70 by an ampli?er 72, optionally sWitching the 
output of the ampli?er 72 using a on-off (transmit-receive) 
sWitch 74 before supplying the same to the transducer 
module 76, directing the transducer to an ACIM region 79 
on an object, and providing acoustic coupling through an 
acoustic transmission medium betWeen the transducer 78 
and ACIM region 79 during microcavitation. When the 
transmit sWitch is on, the ACIM ?eld is activated Whereas, 
When the receive sWitch is on, a detector (e.g., passive 
detector 19 (FIG. 1(b) or even the ACIM transducer itself 
could act as a detector in receive mode), is activated to 
receive echoes. The transmit/receive sWitch operates mutu 
ally exclusively. 

[0075] The method may be modi?ed by sWeeping the 
ACIM ?eld across the object by moving the object or the 
transducer, providing square Wave tone bursts of about one 
1 MHZ With a burst repetition frequency of about 1 KHZ, 
varying or controlling the duty cycle of the tone bursts, 
varying or controlling the gain of the ampli?er 72, enhanc 
ing the acoustic coupling medium With cavitation nuclei, 
providing a transducer having an elongated shape for pro 
ducing a linear ACIM region, providing an array of ACIM 
transducers, and/or providing an ACIM transducer to per 
form a useful operation including, but not limited to, abra 
sion, cutting, drilling, lapping, polishing, machining, induc 
ing a chemical reaction, measuring and testing, surface or 
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thin ?lm treatment, paint removal, deinking, surface erosion, 
Wafer cleaning, surgery, submicron particle detection or 
eviction, or any other useful purpose. Multiple transducers 
may also be provided in communication With a common or 
multiple insoni?cation chambers. Based on the description 
of the apparatus set forth above, various other apparatuses 
may be constructed to carry out the stated methods. 

[0076] The invention is also useful for thin ?lm analysis. 
Binding or adhesion strength, for example, can be easily 
determined by observing the time required to remove a patch 
of the ?lm by ACIM of a given intensity. A plot of ?lm 
residence time versus insoni?cation pressure amplitude has 
an inverse reverse relationship Which can be used to deter 
mine binding or adhesion strength of the ?lm to the sub 
strate, or to determine substrate erosion strength—the 
extrapolated intersection With the pressure axis directly 
corresponds With the spontaneous removal time of the thin 
?lm, and hence determines the binding or adhesion strength. 

[0077] In vieW of the above teachings, it is apparent that 
single-transducer ACIM methods and apparatuses, as a core 
technology, may be used to perform various useful scienti?c, 
medical and industrial tasks With respect to an object, a 
substance, or as an investigatory tool for measuring and 
testing. Methods and the design of apparatuses for carrying 
out the methods can be con?gured or constructed to match 
the speci?c needs encountered in Which microcavitation is 
used, constructively or destructively. The single-transducer 
teachings set forth above provide distinct advantages over 
dual loW and high frequency transducers for ACIM in terms 
of the design or construction of a noZZle, platen, transducer 
shape, Work tool and/or transducer head design. Multiple 
single-transducer modules may be ganged together or 
arrayed in a common or in separate ?uid reservoirs. Various 
Waveforms or combination of Waveforms having high and 
loW frequency components, other than those described 
herein, can be applied to the single-transducer to effect 
ACIM in addition to square or triangular Wave tone bursts. 
Various materials for impedance matching layers may be 
deployed. Thus, the description of the illustrative embodi 
ments should not be considered limiting of the invention. By 
the appended claims, it is the intent to include all such 
modi?cations and adaptation that may come to those skilled 
in the art based on the teachings herein. 

1. An article produced by acoustic cavitation comprising 
the steps of: 

providing a transducer, 

providing a liquid insoni?cation medium in Which cavi 
tation is induced, 

coupling the transducer With the article through a con 
tinuum of the liquid insoni?cation medium, and 

energiZing the transducer With a tone burst Waveform 
having recovery intervals betWeen respective bursts to 
produce a signal that co-acts With the transducer and 
the medium to generate on or about the article an 
acoustic ?eld having multiple high frequency compo 
nents and multiple loWer frequency components 
Whereby to perform an event relative to the article. 
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2. The article produced according to claim 1, further 
comprising: 

providing an impedance-modifying layer on the trans 
ducer to compensate for variance in acoustic properties 
betWeen material of the transducer and the liquid 
insoni?cation medium Whereby to improve energy 
transfer betWeen the transducer and the medium. 

3. The article produced according to claim 2, Wherein the 
impedance-modifying layer has a thickness of about one 
quarter Wavelength of a component of the acoustic ?eld 
generated by the transducer. 

4. The article produced according to claim 2, Wherein the 
impedance-modifying layer comprises a polymeric material. 

5. The article produced according to claim 1, Wherein the 
transducer is made from one of a lead titanate Zirconate 
pieZoelectric ceramic material and a lithium niobate mate 
rial. 

6. The article produced according to claim 1, further 
including providing a non-?uid chamber on a side of the 
transducer opposite the medium. 

7. The article produced according to claim 1, further 
comprising: 

controlling an eXtent of cavitation events generated by the 
transducer in accordance With a desired rate of Work 
performed. 

8. The article produced according to claim 1, Wherein the 
article includes a surface and the energiZing step includes 
directing cavitation events upon a coating of the surface via 
a liquid coupling betWeen the transducer and the surface in 
order to de-coat the coating on the surface. 

9. The article produced according to claim 8, Wherein the 
liquid coupling is formed by a streaming jet providing a 
liquid communicating path betWeen the transducer and the 
surface. 

10. The article produced according to claim 1, Wherein the 
insoni?cation medium comprises clean Water, the article 
comprises a device made from a semiconductor Wafer, and 
the energiZing step includes directing cavitation events in 
the vicinity of the semiconductor Wafer via liquid coupling 
betWeen the transducer and the Wafer in order to clean the 
Wafer by evicting particulates therefrom. 

11. The article produced according to claim 1, Wherein 
said article comprises a paper substrate having fused ink 
thereon and said energiZing step includes directing cavita 
tion events upon the paper substrate via an acoustic coupling 
betWeen the transducer and the substrate in order to de-ink 
the substrate. 

12. The article produced according to claim 1, Wherein the 
article comprises a chemical compound produced by react 
ing a chemical substance, and the energiZing step includes 
directing cavitation events toWards the substance in order to 
stimulate a liquid-based chemical reaction. 

13. The article produced according to claim 1, Wherein the 
article comprises a surface and the energiZing step includes 
directing cavitation events upon the surface via a liquid 
coupling betWeen the transducer and the surface in order to 
remove a coating adhered to the surface. 

14. An article produced by a method of acoustic cavitation 
comprising: 

providing an air-backed resonant mode transducer, 

providing a liquid insoni?cation medium in Which cavi 
tation is induced, 
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coupling the transducer and the article through a con 
tinuum of the liquid insoni?cation medium, 

energiZing the transducer in a thickness direction With a 
tone burst Waveform having recovery intervals betWeen 
respective bursts of a frequency betWeen 500 KHZ and 
10 MHZ to produce a Waveform that co-acts With the 
transducer and the medium to generate on or about the 
article an acoustic ?eld having multiple high frequency 
components and multiple loWer frequency components, 
and 

controlling a duty cycle of the tone burst Waveform 
betWeen a range of 0.1% and 70%. 

15. The article produced according to the method of claim 
14, Wherein the method further comprises providing an 
impedance-matching layer on the resonant mode transducer. 

16. The article produced according to the method of claim 
15, Wherein the transducer comprises one of a polymeric 
material, a lithium niobate material, and a titanate Zirconate 
material. 

17. The article produced according to the method of claim 
15, Wherein the bursts comprise a series of in-harmonic 
Waves. 

18. An article produced by an acoustic cavitation method 
that comprises: 

providing a resonant mode transducer, 

providing a liquid insoni?cation medium in Which cavi 
tation is induced, 

coupling the transducer and the article through a con 
tinuum of the liquid insoni?cation medium, and 

energiZing the transducer in a thickness direction With an 
in-harmonic tone burst signal having recovery intervals 
betWeen respective bursts that alloW the medium to 
recover from cavitation events Whereby to produce a 
Waveform that co-acts With the transducer and the 
medium to generate on or about the article an acoustic 
?eld having multiple high frequency components and 
multiple loWer frequency components. 

19. The article produced according to claim 18, Wherein 
the insoni?cation medium comprises clean Water, the article 
comprises a device made from a semiconductor Wafer, and 
the energiZing step includes directing cavitation events in 
the vicinity of the semiconductor Wafer via liquid coupling 
betWeen the transducer and the Wafer in order to clean the 
Wafer. 

20. The article produced according to claim 18, Wherein 
the article comprises paper made from a paper substrate 
having fused ink thereon and the energiZing step includes 
directing cavitation events upon the paper substrate via an 
acoustic coupling betWeen the transducer and the substrate 
in order to de-ink the substrate. 

21. The article produced according to claim 18, Wherein 
the article comprises paper made from paper pulp including 
fused ink thereon and the energiZing step includes directing 
cavitation events toWards the pulp via an acoustic coupling 
betWeen the transducer and the pulp in order to de-ink the 
pulp. 

22. The article produced according to claim 18, further 
comprising: 

providing an impedance-modifying layer on the trans 
ducer to compensate for variance in acoustic properties 
betWeen material of said transducer and the liquid 
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insoni?cation medium whereby to improve energy 
transfer between the transducer and the medium. 

23. The article produced according to claim 22, Wherein 
the impedance-modifying layer has a thickness of about 
one-quarter Wavelength of a component of the acoustic ?eld 
generated by the transducer. 

24. The article produced according to claim 22, Wherein 
the impedance-modifying layer comprises a polymeric 
material. 

25. The article produced according to claim 18, Wherein 
the transducer comprises one of a lead titanate Zirconate 
pieZoelectric ceramic material and a lithium niobate mate 
rial. 
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26. The article produced according to claim 18, further 
including providing a non-?uid chamber on a side of the 
transducer opposite the medium. 

27. The article produced according to claim 18, further 
comprising: 

controlling an eXtent of cavitation events generated by the 
transducer in accordance With a desired rate of Work 
performed. 

28. The article produced according to claim 27, further 
comprising controlling a duty cycle of the tone burst signal 
betWeen 0.1% and about 70%. 

29. The article produced according to claim 27, further 
comprising providing a frequency of said tone burst betWeen 
500 KHZ and 10 MHZ. 

* * * * * 


