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METHOD AND APPARATUS FOR THE 
CONTROLLED FORMATION OF 

CAVITATION BUBBLES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is related to co-pending provisional 
application no. 60/350,849 filed Jan. 18, 2002 entitled 
METHOD AND APPARATUS FOR THE CONTROLLED 
FORMATION OF CAVITATION BUBBLES, and claims 
benefit thereof. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates generally to the formation and 

control of individual micron size and Submicron size cavi 
tation bubbles for use in nanofabrication operations. More 
particularly, embodiments of the invention teach methods 
and apparatus for control of a re-entrant micro-jet formed 
upon collapse of an individual or array of cavitation bubbles 
and directing the impact of the micro-jet toward a work 
Surface with a high degree of precision. 

2. Description of the Related Art 
In general, the production of cavitation has been a phe 

nomena many have tried to avoid. Cavitation in a liquid is 
the formation, growth, and collapse of gaseous and vapor 
bubbles due to the reduction of pressure below the vapor 
preSSure of the liquid at the working temperature. Pump 
impellers, boat props, and Similar applications experience 
cavitation which can produce rapid damage and erosion of 
Surfaces. It has been well known for many years that 
ultraSonic cleaning devices, which function by the creation 
of cavitation bubbles, can produce Significant Surface dam 
age to even the hardest of materials. Studies by a number of 
authors have revealed that one significant element in pro 
ducing the damage caused by cavitation occurs when a 
cavitation bubble collapses in the vicinity of a Surface, 
launching what is called a re-entrant micro-jet toward the 
Surface. This liquid jet can produce Velocities as high as 
1500 m/s, and is capable of damaging the hardest materials 
known. 

Recently, a number of applications have been developed 
utilizing the formation of cavitation bubbles through the use 
of laser light or electrical discharge. Esch et al. (U.S. Pat. 
No. 6,139,543) and Herbert et al. (U.S. Pat. No. 6,210,400) 
disclose the use of laser light introduced into a catheter 
device for the purpose of creating cavitation bubbles, whose 
expansion and collapse are utilized to pump fluids in and out 
of the catheter. Hammer et al. (U.S. Pat. No. 5,738,676) 
discloses a laser Surgical probe with a special lens designed 
to produce the cavitation bubbles further from the end of the 
fiber optics, to reduce the damage formed (presumably by 
the re-entrant micro-jets launching into the lens on the end 
of the cable). Such damage was also reported by Rol et al. 
in “Q Switched Pulses and Optical Breakdown Generation 
Through Optical Fibers”, Laser and Light in Ophthalmol 
ogy, Vol. 3, No. 3, 1990. Palanker (U.S. Pat. No. 6,135,998) 
describes a method for performing electroSurgery using 
Sub-microSecond, high power electrical pulses are applied to 
an electroSurgical probe interface. The tool described by 
Palanker provides a cutting force by both the plasma gen 
erated by the electrical arc and shock waves produced by 
collapsing cavitation bubbles. 

In each of the prior art references cited above, there has 
been no attempt to control the direction and impact of the 
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2 
powerful micro-jets formed upon the collapse of the cavi 
tation bubbles created when highly focused energy is intro 
duced into a liquid. Without Such control, concern of col 
lateral damage cannot be avoided, especially when Such 
tools are used in the human body in a medical application. 

Recently as well, there has been a significant interest 
generated in the field of nanotechnology, for methods 
needed to fabricate micron and Submicron devices and 
nanomachines. There are very few fabrication tools avail 
able that can cut, drill, peen, deform, or otherwise modify 
features of a Surface on a Submicron to nanometer Scale. 
Much of the technology developed by the semiconductor 
industry requires the fabrication of Structures utilizing pho 
tolithographic processing. This technology is not as flexible 
as may be required, and will have certain difficulties when 
applied to biological nanotechnology Systems. Advancing 
the State of the art required by nanotechnology applications 
will require fabrication technologies operating at least 1 to 
2 orders of magnitude below that capable in the Semicon 
ductor process arena. 
The prior state of the art therefore has yet to provide a 

fabrication technology capable of operating in the nanom 
eter region by harnessing the powerful phenomena of the 
re-entrant micro-jet formed during the collapse of a pre 
cisely located cavitation bubble. 

SUMMARY OF THE INVENTION 

The present invention provides a method for the con 
trolled formation of individual cavitation bubbles compris 
ing immersing a mask including at least one aperture within 
a liquid, immersing a work piece having a work Surface in 
the liquid proximate to the mask, generating a cavitation 
bubble proximate to the aperture Such that the mask is 
located between the cavitation bubble and the work piece, 
whereby a re-entrant micro-jet formed during the collapse of 
the cavitation bubble is directed through the aperture to the 
work Surface. 
An apparatus for the controlled formation of cavitation 

bubbles in accordance with the present invention includes a 
mask having a first Surface and a Second Surface, and at least 
one aperture, immersed in a liquid, an energy Source having 
an energy flow in the liquid Sufficient to create at least one 
cavitation bubble, whereby the energy flow creates the 
cavitation bubble proximate to the aperture and the collapse 
of the cavitation bubble creates a re-entrant micro-jet 
directed through the aperture. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a schematic view of a cavitation initiation 
Volume in accordance with one embodiment of the present 
invention. 

FIG. 1B is a schematic view of a fully expanded cavita 
tion bubble in accordance with one embodiment of the 
present invention. 

FIG. 1C is a Schematic view of a collapsing cavitation 
bubble in accordance with one embodiment of the present 
invention. 

FIG. 1D is a schematic view of the initial formation of a 
re-entrant micro-jet induced by the collapsing cavitation 
bubble in accordance with one embodiment of the present 
invention. 

FIG. 1E is a schematic view of a re-entrant micro-jet 
directed through an aperture to a work Surface in accordance 
with one embodiment of the present invention. 
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FIG. 2 is a schematic view of a lens focused laser 
apparatus for producing cavitation induced re-entrant micro 
jets in accordance with another embodiment of the present 
invention. 

FIG. 3 is a schematic view of a parabolic mirror focused 
laser apparatus for producing cavitation induced re-entrant 
micro-jets in accordance with another embodiment of the 
present invention. 

FIG. 4 is a Schematic view of a lens focused X-ray Source 
apparatus for producing cavitation induced re-entrant micro 
jets in accordance with another embodiment of the present 
invention. 

FIG. 5 is a schematic view of a parabolic mirror focused 
X-ray Source apparatus for producing cavitation induced 
re-entrant micro-jets in accordance with another embodi 
ment of the present invention. 

FIG. 6 is a schematic view of spatial filter added to a lens 
focused laser apparatus for producing cavitation induced 
re-entrant micro-jets in accordance with another embodi 
ment of the present invention. 

FIG. 7 is a schematic view of an electric discharge 
apparatus for producing cavitation induced re-entrant micro 
jets in accordance with another embodiment of the present 
invention. 

FIG. 8 is an apparatus for the production of an array of 
cavitation induced re-entrant micro-jets in accordance with 
another embodiment of the present invention. 

FIG. 9 is a schematic view of an apparatus for the welding 
of Small particles in a cavitation induced re-entrant micro-jet 
in accordance with another embodiment of the present 
invention. 

FIG. 10 is a table of parameters for the application of 
various pulsed Gaussian TEM00 lasers for a number of 
embodiments in accordance with the present invention. 

FIG. 11 is a table of parameters for the application of an 
electric discharge for one embodiment in accordance with 
the present invention. 

DETAILED DESCRIPTION OF THE 

PREFERRED EMBODIMENT(S) 

The sequence illustrated in FIGS. 1A-E illustrate the 
formation of a re-entrant micro-jet from the formation and 
collapse of a cavitation bubble in accordance with the 
present invention. 

FIG. 1A is a schematic view of a cavitation initiation 
Volume in accordance with one embodiment of the present 
invention. The energy from a cavitation initiation device 
(not shown) is focused into a Volume 2 aligned over aperture 
4, at a nominal distance 3 from aperture mask 6 placed in 
proximity to a work piece Surface 8. The intense energy 
focused into the small focus volume 2 is absorbed by the 
fluid 1, causing rapid boiling and expansion of vaporized 
gasses. Arrows 10 represent the rapid movement of the gas 
liquid boundary of the cavitation bubble formed in volume 
2. Energy Sources may include, but are not limited to: lasers, 
X-ray Sources, ultrasound, electrical discharge, and 
positrons. 

FIG. 1B is a schematic view of a fully expanded cavita 
tion bubble in accordance with one embodiment of the 
present invention. Cavitation bubble 12, formed from the 
rapid expansion of vaporized fluid in Volume 2 and the 
momentum of liquid moving away from the center of the 
focus Volume 2, has reached its maximum diameter 5. 
Typically, the maximum diameter 5 of the fully expanded 
cavitation bubble 12 is approximately 10 to 50 times the 
diameter of the focus volume 2 shown in the previous FIG. 
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4 
1A. Gas pressure inside fully expanded cavitation bubble 12 
may be as low as the vapor pressure of fluid 1 at it’s bulk 
temperature. The pressure of the Surrounding fluid 1, typi 
cally at 1 atmosphere absolute or higher, creates a preSSure 
differential on the outer surface of the bubble 12, driving its 
Subsequent collapse. For fluids 1 Such as water at 1 atmo 
sphere and 25 C., the pressure differential can exceed 700 
tOrr. 

FIG. 1C is a Schematic view of a collapsing cavitation 
bubble in accordance with one embodiment of the present 
invention. Cavitation bubble 14 has begun a rapid collapse 
illustrated by rapid inner movement of its outer Surface and 
arrows 16. 

FIG. 1D is a schematic view of the initial formation of a 
re-entrant micro-jet 20 induced by the collapsing cavitation 
bubble 16 in accordance with one embodiment of the present 
invention. Re-entrant micro-jet 20 is launched through aper 
ture 4 toward work Surface 8. Aperture mask 6 serves to 
block Subsequent shock waves produced by collapsing cavi 
tation bubble 16 from work surface 8, allowing only the high 
Velocity, focused re-entrant micro-jet to impact the Surface. 

FIG. 1E is a schematic view of a re-entrant micro-jet 
directed through an aperture to a work Surface in accordance 
with one embodiment of the present invention. The fully 
formed re-entrant micro-jet 24 impacts the work Surface 8 
through aperture 4. The re-entrant micro-jet 24 may impact 
the work surface with velocities as high as 1500 meters/ 
Second, and is capable of removing material from the hardest 
Surfaces known, Such as diamond. These jets may be used to 
cut, machine, drill through, erode or deform features on the 
work surface 8. The diameter of the jets are determined by 
the size of the cavitation bubble 12 formed, which in turn is 
determined by the dimensions of the focus volume 2 and the 
level of energy introduced into Said focus Volume. AS will be 
illustrated in Subsequent figures, the re-entrant micro-jet 24 
diameters may vary from about 1 micron to about 1 nanom 
eter for focused laser and X-ray energy Sources. Electric 
discharge Sources may produce re-entrant micro-jet diam 
eters on the order of 10 to 15 microns. The velocity of the 
re-entrant micro-jet through the aperture is primarily deter 
mined by the distance 3 of the focus volume 2 to the aperture 
mask 6, and can vary from /2 the expanded bubble diameter 
5 to about 6 times the expanded bubble diameter 5, with the 
optimum distance being approximately 3 expanded bubble 
diameters 5. The impact force of the re-entrant micro-jet 24 
on work Surface 8 may be adjusted by altering the distance 
7 between the aperture mask 6 and the work surface 8. At a 
given jet Velocity (or fixed distance between the focus 
Volume 2 and aperture mask 6), the impact force will vary 
inversely with the distance 7, in a range from approximately 
Zero to 6 expanded bubble diameters 12, but preferably in a 
range from Zero to 4 bubble diameters 12. The diameter of 
the aperture 4 can be in a range from about 1% to 30% of 
the expanded bubble diameter. The re-entrant micro-jet 
diameter is on the order of about 0.2% of the expanded 
bubble diameter 12. 
The aperture mask 6 and aperture 4 play an essential role 

in directing and controlling the action of the re-entrant 
micro-jet 24. Without the aperture mask, the collapse of the 
cavitation bubble (12, 14, 16) would still launch a re-entrant 
micro-jet toward the Surface 8, but the location of impact 
and the force imparted would be unpredictable, especially 
on a nanometer Scale. In addition, the aperture mask tends to 
keep shock waves created in the expansion and contraction 
Stages from damaging the Surface 8. Accurate placement of 
the aperture and the focus Volume allow nanometer Scale 
precision cutting, punching, peening, drilling, or deforming 
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operations on Sub-micron Scale features of the work Surface. 
Many prior art applications are capable of accurate place 
ment of the initial focus volume, but do little or nothing to 
control the Shock waves and re-entrant micro-jet formed 
upon collapse of the cavitation bubble. 

FIG. 2 is a schematic view of a lens focused laser 
apparatus for producing cavitation induced re-entrant micro 
jets in accordance with another embodiment of the present 
invention. Sealed tank 30 contains liquid filled to a level 32. 
Various liquids can be used, but high purity water (>100 k 
ohms resistivity) is preferred. The beam from laser 34 is 
directed to lenses 4.0a and 40b to collimate the beam, which 
is then focused by lens 48 at a focal distance 50. Beam focus 
positioner 36 determines the location of the focus volume 2 
relative to the aperture mask 6, at a distance 52. Work 
surface 8 is moved by precision XYZ stage 60, to adjust the 
distance from aperture mask 6 to the work Surface, as well 
as locate the Specific area on the work Surface to be impacted 
by the jet 24. Recall from previous FIGS. 1A-E, that the 
position of the focus Volume determines the location of the 
Subsequent cavitation bubble 44 and re-entrant micro-jet 24. 
Fluid inlet 56 and outlet 58 are utilized to provide a constant 
flushing of the fluid in the tank 30, in part to remove any 
debris produced by the machining occurring on the work 
Surface 8. This debris may negatively impact the absorption 
of Subsequent laser light pulses in the focus Volume, as well 
as potentially contaminate the Surface with entrained particle 
matter introduced into the re-entrant micro-jet. For similar 
reasons, it may be desirable (although not essential) to filter 
the incoming fluid Stream 62 to remove any particulate 
contamination. Tank 30 is equipped with a pressure trans 
ducer 38 to monitor and control the back pressure. For a 
Sealed tank as shown, this may be done Simply by raising the 
inlet pressure of incoming fluid Stream 62 with respect to the 
outlet pressure of outlet Stream 64, by choking the outlet 
flow until the tank ambient preSSure is as desired, the 
re-equilibrating the flows once again. 

FIG. 3 is a schematic view of a parabolic mirror focused 
laser apparatus for producing cavitation induced re-entrant 
micro-jets in accordance with another embodiment of the 
present invention. As was shown in FIG. 2, laser 34 directs 
a beam into collimator lenses 4.0a and 40b. The collimated 
beam is directed onto a parabolic mirror 66, which also 
contains the aperture 4. Parabolic mirror 66 focuses the 
collimated laser beam to a focus Volume at a distance 52 
from the aperture. In this embodiment, distance 52 is fixed 
by the curvature parameters of the parabolic mirror 66, and 
therefore the velocity of the re-entrant micro-jet 24 is also 
fixed. An XYZ stage 60 determines the distance 54 from the 
aperture to the work Surface, as well as the XY coordinates 
of the area to be worked on. All other features are as 
described in FIG. 2. 

FIG. 4 is a Schematic view of a lens focused X-ray Source 
apparatus for producing cavitation induced re-entrant micro 
jets in accordance with another embodiment of the present 
invention. X-ray source 70 directs a beam into X-ray lens 72, 
which focuses and concentrates the X-ray beam into a focus 
Volume at a distance 52 from an aperture mask 6. Aperture 
positioner 76 adjusts distance 52 to alter re-entrant micro-jet 
velocity through the aperture 4. Dimension 54, or the 
distance of the aperture mask to the work Surface 8 is 
adjusted by XYZ stage as has been previously described. All 
other features are as described in FIG. 2. 

FIG. 5 is a schematic view of a parabolic mirror focused 
X-ray Source apparatus for producing cavitation induced 
re-entrant micro-jets in accordance with another embodi 
ment of the present invention. X-ray source 70 directs a 
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6 
beam onto parabolic X-ray mirror 80 containing an aperture 
4. The X-ray beam is focused into a focus Volume at a 
distance 52 from the aperture 4. The dimension 54 between 
the aperture mask 6 and work surface 8 is adjusted by the 
XYZ stage 60. In this embodiment, distance 52 is fixed by 
the curvature parameters of the parabolic mirror 80, and 
therefore the velocity of the re-entrant micro-jet 24 is also 
fixed. 

FIG. 6 is a schematic view of spatial filter added to a lens 
focused laser apparatus for producing cavitation induced 
re-entrant micro-jets in accordance with another embodi 
ment of the present invention. Spatial filter 86 can be 
optionally added to the previously described embodiments 
to further clean up the laser beam or X-ray beam to allow 
smaller focus volumes. The spatial filter 86 comprises a 
entrance lens 82, a pinhole 85, and an exit lens 83. Exit lens 
83 and lens 40 makes up part of the collimator lens pair as 
shown in previous figures. 

FIG. 7 is a schematic view of an electric discharge 
apparatus for producing cavitation induced re-entrant micro 
jets in accordance with another embodiment of the present 
invention. A positive electrode 88 and negative electrode 90 
are immersed in fluid 32 and positioned to generate an arc 
at a position a distance 52 above aperture mask 6. Actuator 
76 adjusts dimension 52 to position the focus volume a 
known distance from the aperture mask 6. The arc is created 
by rapid discharge of capacitor 96 through switch 94. Full 
circuit details are not shown in FIG. 7, but are well known 
to those skilled in the art. Capacitor 96 is a low inductance, 
high Voltage device as is used in pulse lasers and flash tubes. 
The rapid discharge and Subsequent transient arc create a 
cavitation bubble 44 as illustrated in FIG. 1A-E. 

FIG. 8 is an apparatus for the production of an array of 
cavitation induced re-entrant micro-jets in accordance with 
another embodiment of the present invention. Work surface 
8 is placed parallel to an aperture mask 6" containing a 
plurality of apertures. Cavitation bubbles 44a, 44b (only two 
are shown for clarity) are formed directly over each aperture 
in the array by any number of techniques, as previously 
discussed, Such that the re-entrant micro-jets 24a, 24b 
formed following the collapse of the cavitation bubbles are 
directed through the apertures 4a, 4b normal to the Surface 
6' and impact work surface 8. The cavitation bubbles may be 
formed Simultaneously or Sequentially, or in Some other 
pattern (such as every other aperture, every two apertures, 
etc.). If the cavitation bubbles 44 are formed over each 
aperture Simultaneously, then the aperture spacing dimen 
sions 100 and 102 must be determined such that they are at 
least 6 expanded bubble diameters 12 long. These dimen 
Sions may be shortened, for example, to 3 expanded bubble 
diameters 12 if the cavitation bubbles are formed over every 
other aperture, as long as there remains at least 6 fully 
expanded bubble diameters between any two cavitation 
bubbles in the array being formed simultaneously. For 
cavitation bubble spacing closer than the 6 expanded bubble 
diameters, there is Some probability (increasing with 
decreasing bubble spacing) that the re-entrant micro-jets 
produced on collapse of the adjacent cavitation bubbles will 
be directed toward each other, as opposed to being directed 
through the apertures. This is undesirable. Alternatively, 
aperture mask 6" may be moved relative to work Surface 8 to 
place the impact location of the various re-entrant micro-jets 
in any desired location on the work Surface. 
The array of cavitation bubbles may be produced by a 

number of techniques in accordance with the present inven 
tion. For example, an array of lasers as illustrated in FIGS. 
2, 3, and 6 may be employed. Or a Single laser having a fiber 
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optic array employing multiple collimators located over 
each aperture 4a, 4b may also be used. Additionally, a Single 
laser and collimator may be Scanned over the aperture array 
Such that each "firing of the pulse laser produces a focus 
Volume of light energy over the appropriate aperture posi 
tion. The same proceSS may also be utilized with the X-ray 
Source. Additionally, the aperture location may be moved by 
XYZ stage 60 while holding the aperture mask 6' fixed over 
the work Surface 8, utilizing a single laser or X-ray Source. 
For the case of the electrical discharge, a multiple electrode 
array may be used, or the array may be positioned under a 
Single electrode pair via the XYZ stage. An array of cavi 
tation bubbles may also be produced by ultrasound tech 
niques. It is well known to those skilled in the art, that many 
ultrasound transducers produce a three dimensional array of 
cavitation bubbles in a tank of fluid corresponding to a 
Standing wave pattern of Sound waves in the fluid. By 
creating and positioning Such a Standing wave pattern over 
the aperture mask 6", cavitation bubbles formed due to the 
ultrasound will collapse, directing the previously described 
re-entrant micro-jets through the apertures to the work 
surface. Not every cavitation bubble produced in the stand 
ing wave field need be located over an aperture. Those that 
are not will simply launch their respective jets against the 
mask 6'. It is important that no cavitation bubbles are formed 
between the mask 6' and the work Surface 8. These bubble 
may damage the Surface Since the impact of their jets would 
uncontrolled and potentially misdirected. The properties of 
the ultrasound generated cavitation bubbles should conform 
to previously determined requirements as discussed in FIG. 
1E. 

FIG. 9 is a schematic view of an apparatus for the welding 
of Small particles in a cavitation induced re-entrant micro-jet 
in accordance with another embodiment of the present 
invention. Introduction of particulate matter 112 into the 
re-entrant micro-jet may result in the welding of the particles 
to each other and/or to the work surface 8. Small particles 
108 stored in a container 106 are released into Solution via 
valve 110 in the vicinity of the focus volume 2, where a 
cavitation bubble will be nucleated, as previously described. 
Particles 108 may be stored in a dry form, but preferably are 
mixed and Suspended in a compatible fluid. Once in Solu 
tion, these particles 112 will accumulate at the gas liquid 
interface of the cavitation bubble, and may be entrained into 
the re-entrant micro-jet as the cavitation bubble collapses. 
The very high impact forces of the micro-jet hitting the work 
Surface causes the welding of these particles to each other 
and the work surface 8. This process may be used to build 
microStructures of various types of materials on the work 
Surface. One application of importance would include the 
construction of photo resist masks for micro and nano circuit 
fabrication. Since photo lithography is not required for this 
process, the lower limits imposed by that process can be 
easily exceeded. The fabrication of Submicron and nano 
Scale particles is well known to those skilled in the art, as is 
the technology for Suspending Such particles in a fluid. By 
translating work Surface 8 under aperture 4 while Sequen 
tially forming a Series of cavitation bubbles 2, many types of 
Submicron layer Structures can be built. The materials mak 
ing up these structures can also vary considerably, and may 
include polymers, metals, and inorganic ceramic materials. 
Some of these materials may have Superior etch resist 
properties that conventional organic films used today do not 
posses. Additionally, cavitation welded films may not need 
curing and baking as is required for conventional polymer 
photo resists. 
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FIG. 10 is a table of parameters for the application of 

various pulsed Gaussian TEM00 lasers for a number of 
embodiments in accordance with the present invention. In 
this table, the relationships between various laser parameters 
(Such as laser type, spectrum of the emitted radiation and 
wavelength, collimated beam radius, focus diameter, and 
cylindrical focus volume) and the resulting cavitation bubble 
parameters (Such as the cavitation bubble diameter and the 
re-entrant microjet diameter) are shown. All parameters are 
normalized to a collimated laser beam diameter of 10 mm. 
This dimension was chosen for convenience, and does not 
imply that collimated laser beams of larger or Smaller 
dimensions are not applicable. In one example, a CO2 laser 
beam of 10 mm producing an infra-red wavelength of 10.6 
microns is focused to a 10.8 micron diameter in the fluid. 
This focused beam results in a control volume 2.8x10 cm, 
generating a cavitation bubble 520 microns in size at maxi 
mum diameter. After collapse, this cavitation bubble pro 
duces a re-entrant micro-jet of 1200 nanometers in diameter. 
In a Second example, an excimer laser beam of 10 mm 
producing an ultra-violet wavelength of 0.13 microns is 
focused to a 0.13 micron diameter in the fluid. This focused 
beam results in a control volume 5.1x10 cm, generating 
a cavitation bubble 6.4 microns in Size at maximum diam 
eter. After collapse, this cavitation bubble produces a re 
entrant micro-jet of 14 nanometers in diameter. In yet a third 
example, an X-ray beam of 10 mm producing an X-ray 
wavelength of 0.01 microns is focused to a 0.01 micron 
diameter in the fluid. This focused beam results in a control 
volume 2.3x10 cm, generating a cavitation bubble 0.49 
microns in size at maximum diameter. After collapse, this 
cavitation bubble produces a re-entrant micro-jet of 1.1 
nanometer in diameter. AS can been seen from the afore 
mentioned examples, re-entrant micro-jets ranging over 3 
orders of magnitude in diameter can be produced by chang 
ing the type of laser energy used to create the cavitation 
bubble, and can produce the Smallest jets on the order of 1 
nanometer in diameter. 

FIG. 11 is a table of parameters for the application of an 
electric discharge for one embodiment in accordance with 
the present invention. For convenience, the data presented is 
based on the discharge of a 1 micro Farad capacitor. Capaci 
tor values greater or Smaller than this value are also equally 
applicable. In one example, the 1 micro Farad capacitor is 
charged to 5000 volts and discharged into the fluid gener 
ating a cavitation bubble 6 mm in diameter, creating a 
re-entrant micro-jet of approximately 14 microns in diam 
eter. In a Second example, the 1 micro Farad capacitor is 
charged to 2000 volts and discharged into the fluid gener 
ating a cavitation bubble 3 mm in diameter, creating a 
re-entrant micro-jet of approximately 8 microns in diameter. 
What is claimed is: 
1. A method for the controlled formation of individual 

cavitation bubbles comprising: 
immersing a mask including at least one aperture within 

a liquid; 
immersing a work piece having a work Surface in Said 

liquid proximate to Said mask, Said mask being Sepa 
rated from Said work Surface; 

generating at least one cavitation bubble proximate to Said 
at least one aperture, wherein Said mask is located 
between Said at least one cavitation bubble and Said 
work piece; and, 

directing a re-entrant micro-jet formed during the collapse 
of Said at least one cavitation bubble through Said at 
least one aperture to Said work Surface. 



US 6,960,307 B2 

2. The method as recited in claim 1 wherein said at least 
one cavitation bubble is generated by focusing laser radia 
tion at a focal point proximate to Said at least one aperture 
in Said liquid. 

3. The method as recited in claim 2 wherein said laser 
radiation is focused by lenses. 

4. The method as recited in claim 2 wherein 
Said mask has a curved reflective Surface; and 
Said laser radiation is focused by Said curved reflective 

Surface. 
5. The method as recited in claim 2 wherein said laser 

radiation is produced by a laser chosen from among a group 
consisting of a CO2 laser, a Nd-YAG laser, a dye laser, a 
ruby laser, and an excimer laser. 

6. The method as recited in claim 1 wherein said at least 
one cavitation bubble is generated by focusing X-ray radia 
tion at a focal point proximate to Said at least one aperture 
in Said liquid. 

7. The method as recited in claim 6 wherein said X-ray 
radiation is focused by X-ray lenses. 

8. The method as recited in claim 6 wherein 
Said mask has a curved reflective Surface; and 
Said X-ray radiation is focused by Said curved reflective 

Surface. 
9. The method as recited in claim 1 wherein said at least 

one cavitation bubble is generated by an electrical discharge 
device having electrodes immersed in Said liquid. 

10. The method as recited in claim 1 wherein 
Said at least one cavitation bubble attains a maximum 

diameter prior to collapsing, and 
Said at least one cavitation bubble is generated at a 

distance less than six times said maximum diameter 
from Said aperture. 

11. The method as recited in claim 10 wherein a diameter 
of said at least one aperture is between 1% and 30% of said 
maximum diameter. 

12. The method as recited in claim 1 wherein 
Said mask is separated from Said work Surface by a first 

distance; 
Said at least one cavitation bubble is generated in a focus 
Volume located a Second distance from Said work 
Surface; 

Said first and Said Second distance are measured along a 
line from Said focus Volume to Said work Surface, Said 
line passing through Said at least one orifice, Said line 
being approximately perpendicular to Said work Sur 
face; 

Said first distance is greater than a diameter of Said at least 
one aperture; and, 

15 

25 

35 

40 

45 

10 
Said Second distance is greater than two times the diam 

eter of Said at least one aperture. 
13. The method as recited in claim 12 wherein said first 

distance is greater than five times diameter of Said at least 
one aperture, Said Second distance is greater than ten times 
the diameter of Said at least one aperture. 

14. A method for the controlled formation of individual 
cavitation bubbles comprising: 

immersing a mask including at least one aperture within 
a liquid, Said mask having a curved reflective Surface; 

immersing a work piece having a work Surface in Said 
liquid proximate to Said mask, and 

generating at least one cavitation bubble proximate to Said 
at least one aperture Such that Said mask is located 
between Said at least one cavitation bubble and Said 
work piece, wherein 
a re-entrant micro-jet formed during the collapse of 

Said at least one cavitation bubble is directed through 
Said at least one aperture to Said work Surface, Said 
at least one cavitation bubble is generated by focus 
ing laser radiation at a focal point proximate to Said 
at least one aperture in Said liquid, and Said laser 
radiation is focused by Said curved reflective Surface. 

15. A method for the controlled formation of individual 
cavitation bubbles comprising: 

immersing a mask including at least one aperture within 
a liquid; 

immersing a work piece having a work Surface in Said 
liquid proximate to Said mask, and 

generating at least one cavitation bubble proximate to Said 
at least one aperture Such that said mask is located 
between Said at least one cavitation bubble and Said 
work piece, wherein 
a re-entrant micro-jet formed during the collapse of 

Said at least one cavitation bubble is directed through 
Said at least one aperture to Said work Surface, and 
Said at least one cavitation bubble is generated by 
focusing X-ray radiation at a focal point proximate to 
Said at least one aperture in Said liquid. 

16. The method as recited in claim 15 wherein said X-ray 
radiation is focused by X-ray lenses. 

17. The method as recited in claim 15 wherein 

Said mask has a curved reflective Surface; and 
Said X-ray radiation is focused by Said curved reflective 

Surface. 


