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Prevention of tissue damage by water jet during cavitation
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Cavitation bubbles accompany explosive vaporization of water following pulsed energy deposition
in liquid media. Bubbles collapsing at the tip of a surgical endoprobe produce a powerful and
damaging water jet propagating forward in the axial direction of the probe. We studied interaction
of such jet with tissue using fast flash photography and modeled the flow dynamics using a
two-dimensional Rayleigh-type hydrodynamic simulation. Maximal velocity of the jet generated at
pulse energies of up to 1 mJ was about 80 m/s. The jet can produce tissue damage at a distance
exceeding the radius of the cavitation bubble by a factor of 4. We demonstrate that formation of this
flow and associated tissue damage can be prevented by application of the concave endoprobes that
slow down the propagation of the back boundary of the bubble. Similar effect can be achieved by
positioning an obstacle to the flow, such as a ring behind the tip. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1593803#
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I. INTRODUCTION

Pulsed lasers and electric discharges delivered into
eye via optical fibers or microelectrodes are capable of p
cise dissection of soft tissue in liquid media. Such techniq
have been applied to intraocular surgery in both anterior
posterior poles.1–5 The mechanism of interaction in most o
these applications involves pulsed energy deposition un
heat confinement conditions, i.e., pulse duration is sh
enough to prevent heat diffusion away from the energy de
sition zone.~Pulses of less than 1ms in duration are required
to limit the heat diffusion to a distance under 1ms!. Over-
heated water~whether by direct absorption of the puls
energy2,4,5 or by heat transfer from the light-absorbing tiss
matrix3,6! undergoes explosive vaporization creating a r
idly expanding vapor cavity.7 The shock wave and shea
stress associated with expansion of this cavity may resu
the fragmentation of the tissue in its proximity. During co
lapse of the cavity~cavitation bubble!, a fast water jet may
form causing severe damage to tissue far away from the
tial energy deposition site. This secondary damage me
nism has been a major factor limiting the precision, safe
and thus applicability of the pulsed endosurgical techniq
to microsurgery.8

In this article, we study the mechanisms of jet formati
during collapse of the cavitation bubble on the endopro
and propose a technique for preventing jet formation.
quantify the extent of collateral damage introduced by
pulsed electrosurgical device, called PEAK~pulsed electron
avalanche knife!, on a model tissue—the chick choriallanto
membrane. Specifically, we measure the width of the indu
damage zone and the maximum distance between probe
tissue at which tissue is damaged as a function of pulse

a!Electronic mail: palanker@stanford.edu
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ergy for various probe geometries. Since water jet is p
duced during the collapse of a bubble only in the presenc
an obstacle~e.g., such as a tissue surface or an endopro!,
we hypothesize that the flow might be reduced by alter
the shape of the probe. We demonstrate that the water jet
indeed be reduced, and even completely eliminated by o
mizing the shape of the endoprobe. This effect leads to s
stantial improvement in precision and safety of the puls
endosurgery.

Finally, in order to find a simple engineering solution f
eliminating the water jet, we numerically simulate the ca
tation bubble dynamics using a two-dimensional Rayle
type hydrodynamic code by applying finite element metho
We determine the minimal size of a ring-shaped obsta
positioned behind the tip of the probe needed for preven
of the formation of the water jet.

II. MATERIALS AND METHODS

A. Experimental methods

In this study cavitation bubbles are created using
pulsed electron avalanche knife~PEAK!—a device for dis-
section of soft tissue in liquid media by plasma-media
electric discharges.4 PEAK was operated with 100 ns-lon
high voltage~several kV! pulses applied to a 25mm wire
embedded in a tapered insulator with various tip shapes.
end of the wire was exposed to a conductive liquid medi
~typically saline! while a concentric stainless steel needle
0.9 mm in diameter~20 G! served as the return electrode.

Dimensions of the cavitation bubbles were measured
ing fast flash~about 0.5ms! shadow photography with a fas
light emitting diode ~LMR51WF, Sunled Corp., Walnu
Creek, California!. For these measurements the probe w
immersed into an isotonic saline solution in a Petri dish p
sitioned on an inverted microscope~IMT-2, Olympus!, and
4 © 2003 American Institute of Physics
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2655J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 Palanker et al.
the image was captured using a charge coupled de
~CCD! camera~NL/CCD-512, Princeton Instruments, Tren
ton, NJ!. For measurement of flow velocity during the poor
reproducible phases of bubble collapse, a double-flash
applied with 1.5ms delay between the flashes. The imag
produced by both flashes were recorded on the same fram
the CCD.

As a model of soft tissue, we used the chorioallant
membrane~CAM! from white leghorn chicken embryo
14–18 days into incubation. The zone of collateral dam
was assessed using propidium iodide~PI!, which has been
shown to be a sensitive fluorescent indicator of c
permeability.9,10 In those cells with loss of membrane inte
rity, whether that loss is temporary or permanent, PI c
enter and bind to its preferred target, nucleic acids.9,10 A
piece of CAM was excised and pinned down to a Petri d
lined with 0.8% agarose. The sample was then covered
a saline solution containing PI at a concentration of 4mM
and loaded onto a fluorescent inverted microscope.
PEAK probe was positioned at a 45° angle to the tis
surface using an XYZ micromanipulator. One pulse and
pulses~at repetition rate of 5 Hz! were applied at various
distances from the tissue. The size of the fluorescent z
was measured using a CCD camera~NL/CCD-512, Princ-
eton Instruments! with WinView-32 software. Reproducibil-
ity of the damage zones created by PEAK was confirmed
repeating the experiments three times.

B. Numerical simulations

Computation of the evolution of a vapor bubble in wa
requires two-dimensional~2D! hydrodynamic simulations
and therefore sophisticated computational capabilities.11 Re-
cently a 2D Rayleigh-type model has been developed
can be applied for an incompressible flow induced by a
lindrically symmetric probe.12

Since the fluid outside the bubble is incompressible a
irrotational to a good approximation throughout most of t
bubble expansion and collapse,13 our model is based on in
troducing a flow potentialf which is a solution to Laplace’s
equation14 and determines the fluid velocity outside th
bubble byu52¹f. This approach was previously applie
for treating cavities using finite differences and bound
integral methods.15,16

In this work we use a general finite element code wh
was designed to solve elliptic partial differential equatio
over a bounded domain with moving boundaries. As in
Rayleigh model we assume that the inside of the bubbl
uniform in pressure and density and derive a moving bou
ary condition forf at the bubble boundary. For every tim
step an unstructured mesh finite element solver12,17is applied
to update the triangulation outside the bubble.

Integrating the hydrodynamic equations of continuity f
the densityr and momentum for the velocityu and assuming
a constantr, we obtain,12

dF~u!

dt
5

p2p`

r
2

U2~u!

2
, ~1!
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whereF andU are the flow potential and the velocity at th
bubble boundary,p and p`51 at are the bubble pressur
and the ambient pressure, respectively,r is the outer fluid
density, andu parametrizes the distance along the bub
boundary. The basis for our 2D time dependent mode
solving the Laplace equation forf applying the moving
boundary condition@Eq. ~1!# and the adiabatic nature of th
process for updating the bubble’s physical parameters.12 This
model assumes incompressible flow of fluid with zero v
cosity. In the final stage of the bubble collapse compress
effects such as acoustic emission and viscosity cause d
pation of the bubble energy.

III. RESULTS AND DISCUSSION

A. Radius of the damage zone

In the first set of experiments we measured the size
the damage zone produced by the PEAK probe applied
contact with the tissue@see Fig. 1~a!#. The damaged area ca
typically be divided into three distinct zones. The first, ce
trally located zone has low fluorescence and corresponds
crater in tissue. The second~paracentral! zone stains with a
dense, confluent fluorescence. Since PI stains prima

FIG. 1. Diagram of the interaction between the cavitation bubble and tis
1: a 25mm wire electrode embedded into glass insulator. 2: a thin tis
sample~CAM! is pinned on top of a transparent gel~3!. The probe and the
sample are immersed into a physiological medium~isotonic saline solution!
bathed with a propidium iodide solution. The Petri dish with sample
mounted on an inverted fluorescent microscope equipped with fast LED
fast shadow photography. 4: is a transient~cavitation! bubble; 5: a crater, 6:
a confluent staining zone, and 7: speckled zone.~a! The endoprobe is posi-
tioned in contact with tissue.~b! The probe is positioned away from tissu
and oriented at 45° to its surface. The point of interaction between the w
jet ~8! and tissue~9! is a tissue damage area.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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nucleic acids,9,10 a zone of confluence suggests that nucl
material in this area has been scattered across the entire
Thus, the confluent zone most likely represents a set of c
that have been structurally disrupted by PEAK. The th
peripheral zone stains in a speckled, much less dense pa
This speckled appearance suggests that only the nucle
some cells in this region have been stained with PI~and that
these stained cells are structurally intact, with nuclear m
rial clearly separated from the rest of the cell! while other
cells in the speckled region do not stain with PI at all.

Application of a single pulse of PEAK in contact wit
tissue at voltages varying between 0.5 and 7 kV~correspond-
ing pulse energies varying between 1mJ and 0.75 mJ! re-
sulted in the damage zones with radii ranging from 0 to 1
mm for the confluent zone, and from 13 to 220mm for the
speckled zone. For comparison, cutting of the detac
retina is performed at 3–4 kV~corresponding to pulse ene
gies of 64–150mJ!.4,18 The largest zone of damage, i.e., t
speckled zone is plotted in Fig. 2. Applications of 50 puls
~when the size of the collateral damage zone in tissue rea
saturation! produced a damage zone with a radius rang
from 0 to 225mm for the confluent zone and from 37 to 41
mm for the speckled zone~see the speckled zone size on F
2!. The size of the maximal damage zone~speckled zone
after application of 50 pulses! is practically identical to the
maximal size of the cavitation bubble at each respective v
age.

B. Minimal safe distance

Tissue damage may be produced not only by an
pingement of an expanding cavitation bubble into tissue,
also by a water flow induced by collapsing bubble in front
the probe. This jet may propagate and impinge on tis
several millimeters away from the probe, similar to the
forming during collapse of the dielectric breakdown-induc
bubbles in a proximity of tissue surface.19 To evaluate the
influence of such water flow on soft tissue we measured
minimal distances between the probe and tissue at w
fluorescence was introduced at various pulse energies@see
Fig. 1~b!#; we dubbed this distance the ‘‘minimal safe di
tance.’’ Results obtained with 1 and 50 pulses applied to

FIG. 2. Radius of the speckled damage zone in tissue produced by 1 a
50 pulses, as compared to the maximal radius of the cavitation bubb
various voltages.
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convex probe with a 200mm tip diameter are shown in Fig
3. Very similar results were obtained with the convex pro
of a 100mm tip diameter~not shown in this graph!. For one
pulse the minimal safe distance at the voltage range ap
cable to vitreoretinal surgery~2 to 4 kV corresponding to
pulse energies ranging from 0.017 to 0.15 mJ! varies from
0.05 to 0.8 mm, while for 50 pulses it reaches 1.1 mm. Th
distances are substantially~by a factor of 4! larger than the
maximal size of the cavitation bubble at respective volta
indicating on the fact that the tissue damage in this case
introduced by the water flow rather than by the direct cont
with the bubble. Another indication on this effect was t
fact that the spot of damage was found always along the
of the probe~positioned at 45° to the tissue!, and not directly
under the probe, where the distance between the tip and
tissue would be the shortest.

C. Dynamics of cavitation

The dynamics of the cavitation bubble growing and c
lapsing on the endoprobe after application of the 0.15
pulse is shown in the sequence of photographs in Fig
Delay ~in ms! between the 100 ns long electric discharge a
500 ns long light-emitting diode flash is shown in the rig
lower corner of each frame. The bubble collapses asymm
cally moving forward from the tip and reaches its minim
size at 56ms. It then regrows and collapses several tim
until it completely disappears at about 200ms after the pulse.

Since the bubble is practically empty during the phase
maximal expansion, its potential energy can be estimate
E5PV, whereP is the ambient pressure, andV is the vol-
ume of the bubble. In our case the energy of the bubble
found to be proportional to the pulse energy with a coe
cient of 0.05~i.e., 5% of the discharge energy is convert
into mechanical energy of the cavity!.

Velocity of the bubble boundaries can in principle b
measured by acquiring two pictures at different delay tim
measured in two separate discharges. The lifetime of
bubble is proportional to the maximal radius of the bubb
and thus it varies with the pulse energy. Since the pulse–
pulse variation of the discharge energy was on the orde

by
atFIG. 3. ‘‘Minimal safe distance’’ between theconvexprobe and tissue at
which no damage is induced by application of 1 and 50 pulses as a func
of the voltage~lower scale! or pulse energy~upper scale!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2%, the corresponding collapse jitter was on the order o
ms. Such a substantial variation in timing of the collap
makes the measurements of the boundary displaceme
two separate events quite unreliable. To overcome this d
culty we applied a series of two flashes~0.5 ms duration
separated by 1.5ms! for each photograph. In this approac
the two boundaries can be clearly observed~see for example
Fig. 5!, and thus the boundary velocity can be reliably c
culated. We measured axial component of the flow veloc
at the back~upper! and front~lower! boundaries of the col-
lapsing cavity, and the results are plotted in Fig. 6. Sin
velocity of the back boundary is substantially higher than
velocity of the front part of the bubble, the water jet formin
during the collapse of the bubble propagates in the forw
direction. The application of repetitive pulses results in
formation of a stationary flow easily observable by surge
and indicating on direction of the jet.

FIG. 4. Dynamics of PEAK cavitation bubble growth and collapse in fro
of the endoprobe after application of a 100 ns long, 0.15 mJ pulse. Dela~in
ms! between the pulse and a 0.5ms long flash is shown in the corner of eac
frame. Scale bar shown on the first frame is 0.5 mm.

FIG. 5. Collapsing bubble on a convex tip photographed with two 0.5ms-
long pulses of LED separated by 1.5ms. Delay between the beginning of th
discharge and beginning of the flash is shown in the corner of each fra
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D. Effect of the probe geometry on jet formation

Asymmetry in the collapse of the bubble is introduc
by the presence of the nearby boundaries, such as the su
of tissue20 or a probe.21 In the case of a symmetric collaps
of a spherical bubble, the flow is radial, and thus the bub
would probably be undisturbed if the probe would have
conical shape with its apex located in the center of
bubble.~In this statement we neglect possible effects of
surface tension and friction at the interface of the bub
with the probe!. However, in practice the surgical probes a
never ideally conical: to avoid piercing of the soft tissue

FIG. 7. The back boundary~radiusRb) of the bubble collapsing on a conve
probe @frames ~a! and ~c!# is accelerated due to the fact that the flow
converging faster than in the spherical front part of the bubble~radiusRf),
since part of the liquid volume~2! is replaced by the probe. Position of th
bubble at maximal expansion phase is indicated by number 1. Relative
celeration of the back boundary is shown in frame C by the arrow 5. On
concave probe@frames~b! and ~d!#, the relative cross-section of the flow
increases as the bubble collapses and thus the boundary is decelerated~5!, as
compared to the spherical front part of the bubble.

t

e.

FIG. 6. Vertical component of the bubble boundary velocity measured 1ms
before collapse on a convex probe. Back side of the bubble propag
forward about 2.5 times faster than the front side propagates backward
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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mere contact with the probe the radius of curvature at the
must be at least 50mm, thus making the probe convex. Th
convexity ensures that a part of the volume that would
available for an unhampered water flow with the conical
is instead occupied by the probe@see Figs. 7~a! and 7~c!#.
Thus, according to the Bernoulli equation, flow is accel
ated with decreasing cross-sectional area.

Assuming that distortion of the bubble from its spheric
shape is determined by the deviation of the probe geom
from an ideal cone, we plot in Fig. 8 a normalized factor of
asymmetry of the bubbleE5(Rforw2Rback)/(Rforw1Rback)
as a function of a cumulative difference in volumes betwe
the conical and the experimental tips, as shown in Figs.~a!
and 7~b!. Each series in the plot on Fig. 8 represents a hist
of the collapse of a bubble on one type of the probe. D
charge energy of 0.15 mJ was applied in each of these
periments. Zero volume corresponds to the beginning of
collapse~i.e., maximal expansion of the bubble!, and maxi-
mal volume corresponds to the end of the collapse. Th
different types of the convex probes are presented on
right side of the graph: a cylindrical probe with a flat end

FIG. 9. Dynamics of bubble collapse on a concave probe. Delay betw
the pulse and the flash is shown in the corner of each frame. Note
bubble boundary reaches the surface of the probe almost simultaneou
every part of the boundary and thus no water jet is created.

FIG. 8. Normalized parameter of asymmetry of the collapsing bubble w
three convex and two concave tips vs parameter of difference of volu
V(R)5Vreal2Vconical. Discharge energy is 0.15 mJ. Maximal difference
volumes is used as the parameter best representing tip shape. Convex
~to the right of theY axis!: L: 1.5 nL,j: 2.7 nL;d: 3.1 nL; ands: 4.3 nL.
Concave probes~to the left of theY axis!: h: 21.5 nL, andm: 22.5 nL.
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120mm in diameter and two tapered probes—one with a
and the other with a rounded end of 200mm in diameter
~shown in the left frame of Fig. 7!. Nonzero initial asymme-
try of the bubble~at zero volume! represents the fact tha
even at maximal expansion the bubble is not perfec
spherical—its back side~adjacent to the probe! is a little
shorter due to the interference of the probe during expans
As one can see in Fig. 8, during collapse an asymmetry
the bubble significantly increases.

Water jet velocity should theoretically be inverted by t
application of a concave probe, where cross-sectional a
available for fluid flow increases at the back of the bubble
the bubble collapses, resulting in deceleration of the bubb
back side, as shown in Figs. 7~b! and 7~d!. To test this idea,
we created a concave endoprobe expanding the upper pa
a thin glass electrode by adding a droplet of glue above
tip. As can be seen in Figs. 7–9, the dynamics of bub
collapse with these concave probes did indeed change
bubble collapsed towards the probe, and no forwa
propagating jet formed. Note in Fig. 8 that initial~maximal
expansion phase! asymmetry for both the convex and th

en
at
in

FIG. 10. Comparison of the minimal safe distances~MSD! between the
probe and tissue measured with a convex and a concave probe~50 pulses! at
various discharge voltages. MSD for the concave probe practically coinc
with maximal bubble radius and is much (;43) smaller than the MSD of
the convex probe at each corresponding voltage.

FIG. 11. Schematics of a cylindrically symmetric conical fiber with
spherical tip and a ring shaped obstacle:R550 mm; L5150 mm; D
5200 mm; and a510°. The probe tip orientation has been rotated 9
counterclockwise from all previous figures.

h
es

bes
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



le

,

2659J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 Palanker et al.
FIG. 12. Map of fluid velocity during
expansion and collapse of the bubb
in cylindrical coordinatesr ,z at vari-
ous times after energy deposition: 2
30.8 ~maximum expansion!, 60.4, and
61 ms ~frames a–f, respectively!. With
a ring of radius 150 and width of 200
mm, a rightward ~forward-
propagating! jet is created.
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concave probes has the same~positive! sign, indicating on
the fact that back radius of the bubble is shorter than
front one. Smaller radius of curvature of the bubble leads
higher initial acceleration of the back boundary for bo
types of the probe.20 This asymmetry is stronger for the con
vex than for the concave probe thus leading to faster ac
eration of the back boundary in the case of the convex pro
However, during collapse on the concave probe this as
metry parameter inverts, meaning that due to the effect of
probe the bubble’s back boundary eventually decelerate
compared to its front.

Measurements of the minimal safe distance with c
cave tips~results are plotted in Fig. 10! proved that preven-
tion of the jet formation eliminates the tissue damage as
ciated with it, and thus reduces the axial range of damag
the size of the bubble itself. In addition, the point of dama
in this case was found always under the tip, and not in fr
of it, which also indicates that the damage is introduced
the expanding spherical bubble, and not by the water jet,
was with the convex probes. As can be seen in Fig. 10, w
the application of concave probes the range of tissue dam
is reduced by a factor of 4, thus making the pulsed laser
electrical endoprobes much safer and more precise ins
ments.

E. Simple solution: An obstacle behind the tip

To prevent mechanical damage to tissue by a sharp
typical surgical probe has a flat or rounded end, which ma
it convex. To compensate for that, a concave area can
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added above the tip. In this case the actual flow dynam
will depend on the ratio of the concave and convex parts,
it will change with the size of the bubble and thus with t
pulse energy. One way to evaluate whether a jet will fo
during bubble collapse at a particular pulse energy is to
serve the bubble dynamics using fast shadow photogra
However, this technique requires some special equipm
and skills. A significantly easier observable indicator for ge
eration of a water jet is a stationary flow that forms duri
repetitive pulse application. Such flow can be readily o
served in water especially if it contains visible particles
small bubbles. At low pulse energies, when the transi
bubble does not reach the concave part of the pro
forward-directed flow occurs. At higher energies the flow
stopped, and then reversed, due to the overwhelming in
ence of the concave part of the probe.

A simple way of manufacturing the concave tips wou
be to position an obstacle, such as a flat ring behind the ti
the distance not exceeding the maximal radius of the bub
Such a ring has exactly the same effect as a concave p
and can prevent formation of the forward-propagating wa
jet. The effect of such an obstacle is similar to the effect o
boundary impeding flow of liquid towards the collapsin
bubble. Such a restriction leads to the formation of a
towards this boundary.20 This ring can be made of a hea
shrink polymer, for example. To minimize interference wi
tissue manipulation and observation during surgery it sho
be made as small as possible. To calculate the minimal
of the disk sufficient for prevention of jet formation, we use
the numerical simulations.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 13. Map of fluid velocity during
expansion and collapse of the bubb
in cylindrical coordinatesr ,z at vari-
ous times after energy deposition: 2
31.3 ~maximal expansion!, 61.8, and
62.3 ms ~frames a–f, respectively!.
With a ring of 300mm in radius and
200mm in width, a rightward jet isnot
created, and the collapse of the bubb
occurs towards the probe.
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F. Results of numerical simulations

Throughout the simulation we considered a cylindrica
symmetric conical probe, with a slope of 10°, and with
ring as presented in Fig. 11. The probe ends with a se
spherical tip of radiusR550 mm. The ring-shaped obstacle
normal to the probe’s axis of symmetry, is positioned at
distance of 200mm from the probe’s tip. The radius and th
width of the ring are noted by parametersH andD, respec-
tively. The initial bubble parameters were chosen as follo
~1! assuming that the hemispherical volume occupied
plasma at the end of the discharge is fully vaporized,
mass of the vapor can be estimated by measuring the siz
the ionized zone. At a discharge energy of 0.15 mJ this ra
was 15mm, corresponding to the vapor mass of 7 ng;~2!
bubble produced on a flat boundary 0.7ms after the dis-
charge of the same energy had a radius of 90mm and a
boundary velocity of 45 m/s. To match the observables~1!
and ~2! the following initial conditions of the model bubbl
have been chosen: Assuming isochoric heating during
discharge, initial density was taken to ber51 g/cm3, bound-
ary velocity 410 m/s, and entropy S53.4J/(g K). By using
the ~NBS! Steam Tables22 we obtained a bubble initial pres
sure ofp58350 bar and temperature ofT5468 °C. The en-
ergy inside the bubble and in the moving liquid is 0.013 m
The bubble evolves adiabatically with a relation between
internal physical parameters according to the NBS tab
with a constant entropy.

The bubble expands around the spherical tip, propag
towards the ring, and then turns back. Since we limited o
selves to bubbles that do not expand beyond the ring’s
side, we assumed the width of the ring to be 200mm, which
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was sufficient for all heights~ring radii! considered. The ex-
pansion and collapse of the bubble is shown in Fig. 12 fo
ring of radius 150mm, and in Fig. 13 for a ring of radius 30
mm. Each figure consists of four stages:~a! early stage of
expansion,~b! maximum bubble, and~c–d! final stages of
collapse.

Determination of whether a jet is created or not has b
conducted as follows. During the collapse stage we nee
consider two collapse velocities. The first,vR is the velocity
of the right edge of the bubble towards the probe (vR,0).
The second,v j is the maximum velocity of the left side o
the bubble boundary, provided that only points to the right
the probe’s tip with positive horizontal velocity are consi
ered. Thusv j.0 and it measures creation of a rightward je
Thus, v j1vR is an effective jet formation velocity. If it is
positive at the final stage of the collapse, a forwa
propogating jet is created. Ifv j1vR,0 the bubble collapses
on the probe. The value ofv j1vR is measured at the mo
ment when the bubble’s right edge is about 100mm from the
probe tip; empirically we have determined that the direct
of water jet flow is visually clear at this distance.

The most important result is that a large ring preve
creation of a rightward jet at the final stage of the collap
~Fig. 13! while a small ring does not stop the jet~Fig. 12!.
Fig. 14 plotsv j1vR versus the ring’s radius; the graph ind
cates that the turning point for the water jet occurs som
where between a radius of 250 and 300mm. This result
suggests that for applications involving caviation bubb
larger than 0.6 mm~corresponding to the pulse energy
above 0.1 mJ! a ring of about 0.6 mm in diameter positione
0.2 mm behind the tip will prevent formation of the water je
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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IV. CONCLUSIONS

We have demonstrated that in pulsed endosurgery, w
pulse duration is in a microsecond or submicrosecond
main, the tissue damage is dominated by effects of cavita
bubbles. When the endoprobe is in contact with tissue
maximal size of the damage zone is equal to size of
cavitation bubble at maximal expansion. When the prob
held at some distance from the tissue a powerful jet can f
during cavitation, and it damages tissue at distances u
four times larger than radius of the bubble. Such jet is
major factor limiting precision and safety in pulsed endos
gery. Jet formation can be prevented if a concave, rather
a convex endoprobe is applied. Alternatively, a ring-sha
obstacle can be positioned behind the tip thus preventing
formation of the jet. Either option allows for significant re
duction in consequent tissue damage and improvement in
precision and safety of pulsed endosurgical instrumentat

FIG. 14. Effective fluid velocity (v j1vR) vs radius of the ring obtained in
numerical simulations. Note that jet velocity changes signs somewhere
tween a ring radius of 250 and 300mm.
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