Pressure impulses during microsecond laser ablation
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Introduction

The collapse of laser-induced cavitation bubbles creates acoustic transients within the surrounding
medium and also pressure impulses to the ablation target and light-delivery fiber during microsecond
laser ablation. The impulses are investigated here with time-resolved flash photography, and they are
found to occur whether or not the light-delivery fiber is in contact with the target. We demonstrate that
the impulses depend primarily on the energy stored in the cavitation bubble. They are not directly
dependent on the mode of light delivery (contact versus noncontact), and they are also not directly
correlated to the other acoustic transients. The pressure impulses do seem to be associated with the
bubble-driven jet formation caused by the bubble collapse. © 1997 Optical Society of America
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nals can be used as a means to estimate the ablation

It is well known that cavitation can occur when a
sufficiently intense light pulse is delivered to an
absorbing liquid or to an absorbing target within a
liquid. This cavitation can be caused by tensile
stress, plasma formation, or vaporization, and it
typically results in bubble formation and acoustic
transients.-4 For the medical applications of in-
terest here, the laser energy is absorbed by throm-
bus (blood clot) in an obstructed artery. The
bubble expansion and subsequent collapse act to
destroy the thrombus with minimal damage to the
surrounding tissue. This form of therapy has been
termed laser thrombolysis.®? During the therapy,
laser pulses are delivered to the blood clot by an
optical fiber. The light-delivery fiber may or may
not be in direct contact with the target to be
ablated.>~? The ablation process is profoundly af-
fected by these two modalities, and the contact ab-
lation efficiency may be at least 3 times greater
than the noncontact ablation efficiency.® The
mass ablated is correlated with the acoustic pres-
sure of the cavitation bubble, and the acoustic sig-
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efficiency as well.8

In experimental simulations, pressure impulses
follow the laser pulse and sometimes are found to
cause vertical displacement of the cuvette containing
the ablation targets.’® The displacement is propor-
tional to the bubble size regardless of the light-
delivery method (contact versus noncontact),
although the mode of light delivery significantly af-
fects the generation of the acoustic transients.® For
example, the acoustic pressures generated by contact
delivery are similar to those during noncontact deliv-
ery at 3 times the pulse energy.

This study has been motivated by two concerns:
(1) Does the internal acoustic pressure correlate with
the generation of the pressure impulses that displace
the cuvette? (That is, can the acoustic signal be
used as a tool to estimate the pressure-impulse gen-
eration?) (2) Could the pressure impulses cause tis-
sue motion such that the catheter would penetrate
the walls of a blood vessel during laser thrombolysis?
Previous studies of laser-induced pressure waves
have focused on the effects of the laser energy, pulse
duration, absorption coefficient, fiber size, and mate-
rial strength on the acoustic pressure generation..3.11
The acoustic pressure waves are detected in the early
expansion phase and in the subsequent collapse
phase of the bubble evolution. At modest irradiance
levels where dielectric breakdown is absent, two
mechanisms of stress wave generation, thermal-
elastic effect and ablative recoil, have been proposed.3
However, the physical mechanism of the pressure-
impulse generation during microsecond laser abla-
tion has not been previously studied.

Pulsed laser ablation above threshold in a blood-



filled vessel is always accompanied by cavitation.
The mechanical effects of the cavitation bubble forma-
tion have been proposed to be potential damage mech-
anisms during laser angioplasty.l’-13 van Leeuwen
et al. demonstrated that the expansion and collapse of
a cavitation bubble caused a microsecond dilatation
of the femoral and iliac artery followed by a micro-
second invagination of the artery in a rabbit model.13
The extensive damage to the adjacent arterial wall
was also observed after excimer laser angioplasty.
It is possible that the collapsing bubble in combina-
tion with friction between the arterial wall and the
edge of the catheter tip tears the internal elastic lam-
ina from the wall. Thus the mechanical effects of
the pressure impulses that may occur in laser throm-
bolysis are of substantial clinical interest.

The major goal of this study was to investigate the
mechanism of the pressure-impulse generation dur-
ing contact and noncontact ablation. The impulses
were quantitatively estimated through measuring
the change in momentum of the cuvette before and
after laser irradiation. The ablation process was vi-
sualized by using time-resolved flash photography.
The strength of the potentially damaging impulses
that have sometimes been observed depends on the
energy stored in the cavitation bubble regardless of
the light-delivery method (contact versus noncon-
tact). The bubble-driven jet formation does seem to
be associated with the impulses. In addition, we
investigated the mechanical effects of the resulting
pressure impulses by changing boundary conditions,
and it was also found that the impulses depend sen-
sitively on the manner in which an in vitro experi-
ment is configured. The results may have clinical
implications for laser thrombolysis.

2. Materials and Methods
A. Pressure-Impulse Generation

1. Theory

The pressure impulses were estimated by measuring
the change in momentum of a cuvette containing the
target medium resulting from the laser pulses during
contact and noncontact ablation. The impulse Iis a
vector defined by!4

tr
I= f Fdt, (D
t,

where F is the net force that causes the displacement
of the cuvette and ¢; and ¢, are the times before and
after the force.

According to Newton’s second law F = dP/d¢, we
can see that the impulse equals the change in mo-
mentum during the time interval:

tr 173 dP
t; t;

where P; and P, are the initial and the final momen-
tum of the cuvette, respectively, m is the mass of the
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Fig. 1. Schematic illustration of two ablation configurations (con-
tact and noncontact delivery) for cuvette experiments.

cuvette, and v; and v, are the initial velocity of the
cuvette (i.e., zero) and the final velocity (takeoff ve-
locity), respectively.

The pulses were incident on the target from above
as shown in Fig. 1, and the cuvette was found to move
upward after the laser pulses. Based on conserva-
tion of energy, we obtain

mgh s = mvfz, 3)
where g is the acceleration of gravity and A, ,, is the
maximum height reached by the cuvette. The value
of A, was measured by using time-resolved flash
photography (Fig. 2). By substituting Eq. (3) into
Eq. (2), we can estimate the impulse generated by the
laser pulse by

I =mv; = m\2gh . (4)

The pressure impulse is equal to this impulse divided
by the area S of the interface between the cuvette and
the metal plate, i.e.,

Ipressure =my 2('g-hmax/‘s' (5)
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Fig. 2. Experimental setup for time-resolved flash photography of
the effects of pressure impulses on ablation targets during micro-
second laser ablation.
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2. Experiments

The experiments were performed by changing (1) ra-
diant exposure and (2) laser-pulse energy for address-
ing two concerns: (a) Is the impulse dependent on
the radiant exposure or the laser-pulse energy? (b)
How does the light-delivery method affect the im-
pulses? First, single pulses of 20 mJ were delivered
through a flushing catheter onto gelatin samples un-
der distilled water for contact delivery, while single
pulses of 60 mdJ were used for noncontact delivery, as
shown in Fig. 1. The catheter consisted of a step-
index fused-silica optical fiber contained inside a
1-mm flexible Teflon tube. The core diameter was
varied between 200 and 400 pm. The fiber tip ex-
tended 1 mm from the distal end of the catheter
during contact delivery; the tip was 1 mm inside the
catheter during noncontact. The spot sizes on the
ablation targets were obtained from the burn pattern
on a deep-dyed polyester film: 200, 300, and 400 pm
for contact ablation and 450, 480, and 520 pm for
noncontact. In a second series of experiments we
measured the displacement by changing the laser
energy delivered by way of the flushing catheter with
a single 300-pum fiber. Contact experiments used 15,
20, and 25 mdJ/pulse, respectively; noncontact exper-
iments used 3 times as much.

In both experiments, distilled water was injected
through the Teflon tube with a syringe infusion pump
(Harvard apparatus) at a flow rate of 4 ml/min to wash
away the removed gelatin from the target site. The
flow was stopped immediately after the laser pulse.
The mass in Eq. (5) was determined by weighing the
cuvette containing the gelatin sample and water after
ablation to ensure that the weight for each experiment
was similar. The typical weight was ~6 g for each
experiment. The cuvette was placed loosely on a
metal plate, and the catheter was fixed, which made it
possible to estimate the pressure impulses through
measuring the rebound. Otherwise, a soft boundary
would absorb the momentum. The maximum height
was determined by directly measuring the image of the
cuvette while varying the delay time between the end
of the laser pulse and the height-recording strobe flash.
This delay time aspect of the experimental setup is
shown in more detail in Fig. 2, and a description of this
setup has also been previously given.10

B. Cavitation Bubble Dynamics

Cavitation bubble formation is a major event occur-
ring during laser thrombolysis, and the displacement
of the cuvette is proportional to the bubble size.1®© To
understand the physics behind the experimental ob-
servations we correlated the pressure impulses with
the total energy of the cavitation bubble. For sim-
plicity, Rayleigh’s formulas!5.16 were used to estimate
the bubble energy by assuming that the bubble has a
spherical geometry and is filled only with vapor in an
infinite and incompressible liquid without the effects
of viscosity. The total energy of the cavitation bub-
ble E is given by

Ep = 57R,.,"Ap, ®)
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Fig. 3. Schematic illustration of two ablation configurations for
tube experiments (noncontact) (a) vertically submerged in a 1-cm
cuvette filled with water and (b) loosely laid on the metal plate.

where R, is the maximum bubble radius and Ap is
the difference between inner and outer pressure. In
this study the difference was assumed to be close to
0.1 MPa (the hydrostatic pressure). The bubble for-
mation was visualized with the flash photographic
setup shown in Fig. 2.

C. Mechanical Effects of Pressure Impulses

Two experimental protocols were employed to inves-
tigate qualitatively the mechanical effects of the pres-
sure impulses on ablation targets with different
experimental configurations. No attempt was made
to compare quantitatively any differences for each
experiment. First, the cuvette was suspended using
a rubber ring, so that the cuvette did not contact the
metal plate. The purpose of this experiment was to
investigate the effect of the impulse on an unbounded
cuvette. This experiment used the same laser pa-
rameters as those used in the experiment in Subsec-
tion 2.A. To simulate cardiovascular applications,
in the second experiment, single laser pulses of 60 mdJ
were delivered by way of a 300-pm fiber onto gelatin
samples confined in silicone tubes (45 mm long with
an inner diameter of 3 mm and a wall thickness of 0.4
mm). The weight of the tubes containing gelatin
and water was ~0.4 g. The tubes were either ver-
tically submerged in a 1-cm cuvette filled with water
[Fig. 3(a)] or loosely laid on the metal plate [Fig. 3(b)].
The cuvette containing the tube was firmly fixed on
the metal plate with a metal clamp. In both exper-
iments the position of the cuvette or tube was also
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Fig. 4. Bubble formation on gelatin when the optical fiber is in contact with the gelatin surface. The optical fiber is centered in a 1-cm
cuvette. A single pulse of 20-mdJ laser energy was delivered through a flushing catheter with a 300-pm-diameter fiber. The colored layer
was 300 pm thick but appears thicker because of a slight curvature of the surface.

monitored with the flash photographic setup shown
in Fig. 2.

D. Ablation Targets

The targets for the cuvette experiments were 3.5%
175 bloom gelatin (Sigma) containing Blue 15 dye or
Direct Red 81 (Sigma) as the chromophore. The per-
centage was determined by the weight ratio of gelatin
towater. The bloom number is the standard method
for indicating the toughness of gelatin and is a mea-
sure of surface tension. Higher bloom numbers rep-
resent stronger gelatin. The gelatin—water mixture
was heated to 60 °C with stirring until it became
clear. The clear liquid gelatin was poured in 1-cm
cuvettes and cured to form 2—-3-cm-thick targets with
flat surfaces. A dye solution (0.07 g of Blue 15 or
0.089 g of Direct Red 81 in 40 ml of water) was placed
on the gelatin surface for 5 min, and a blue/red layer
~300 pm thick with an absorption coefficient of ~100
cm ! at 577 nm/504 nm was formed. This colored
layer served as a phantom for the thrombus targets
that might occur in medical applications and also
allowed the boundaries of the cavitation bubble to be
visible, even when they otherwise would been hidden
by a light-absorbing gelatin substrate (Fig. 1).

The targets for the tube experiments were made by
adding 1.2 g of Direct Red 81 into 100 ml of the 3.5%

175 bloom clear liquid gelatin. The absorption coef-
ficient was ~100 cm ™ ' at 504 nm. The colored liquid
gels were drawn into the 3-mm silicone tubes and
allowed to cure.

E. Laser System

The samples were irradiated by a flashlamp-excited
dye laser (Palomar Medical Technologies), and the
experiments were performed at the wavelengths of
577 or 504 nm. The laser-pulse duration was ~1.3
ps (full width at half-maximum). The energy per
pulse was measured with a joulemeter (Molectron),
and pulse-to-pulse energy variation was less than
5%.

3. Resiults

A. Bubble Formation

The characteristic evolutions of laser-induced cavita-
tion bubbles during contact and noncontact ablation
are presented in Figs. 4 and 5, respectively. Evi-
dently, a laser pulse generated a cavitation bubble
either at the fiber tip or on the gelatin surface de-
pending on where the laser light was absorbed.
Each picture was a single event and was repeated 3
times for each sample. The imaging times extend
from 10 s to 2 ms for contact delivery and from 10 ps
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Fig. 5. Bubble formation on gelatin when the optical fiber is 2 mm above the gelatin surface. The optical fiber is centered in a 1-cm
cuvette. A single 60-mdJ laser pulse was delivered through a flushing catheter with a 300-pm-diameter fiber. The colored layer was 300

pm thick.

to 20 ms for noncontact delivery. The bubble size
was fairly reproducible during the bubble expansion,
whereas the appearance of the cavitation bubbles
varied widely during the bubble collapse.

A compilation of the bubble expansion and collapse
sequence for contact ablation is presented in Fig. 4.
The imaged bubbles were formed after laser irradia-
tion with single pulses of 20 mdJ delivered by a flush-
ing catheter with a 300-pm fiber. The maximum
width of the bubble was ~2.8 mm at 75 pus. The
bubble completely collapsed 250 ps after the laser
pulse. Significant ejection of colored gelatin moving
away from the surface was observed at 275 and 700
ws, respectively. The displacement of the cuvette
was observed at ~800 ws. The exact elevation time
was difficult to image with this technique. The max-
imum displacement was ~1.8 mm and was reached
at 2 ms after the laser pulse.

The bubble evolution for noncontact ablation using
single pulses of 60 mdJ delivered by the flushing cath-
eter with a 300-pm fiber is shown in Fig. 5. The
maximum width of the bubble was measured as 3.6
mm at 95 us. The bubble completely collapsed ~300
ws after the laser pulse, and the ejection of the gelatin
started afterward. The movement of the cuvette was
observed at ~700 ws. The cuvette reached its maxi-
mum height of ~5.5 mm at ~20 ms after the laser
pulse (not shown in Fig. 5 because the image could not
be represented to the same scale as the rest). In both
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cases, no movement of the cuvette could be seen before
the material ejection occurred. The bubble sizes gen-
erated by contact delivery were always greater than
those generated by noncontact delivery when the same
energy was used; e.g., a single pulse of 20 mdJ gener-
ated a bubble of 2.8 mm in diameter by contact delivery
but only ~1.8 mm for noncontact delivery.

B. Effects of Radiant Exposure and Laser Pulse Energy
on Pressure Impulses

The pressure impulses of the cuvettes containing the
ablation targets were estimated by using Eq. (5).
Figure 6 shows the pressure impulse as a function of
radiant exposure. The impulses are seen to be in-
dependent of the radiant exposure. There were no
significant differences in the impulses at different
spot sizes for either contact ablation or noncontact
ablation when the same laser energies were used.
The relation between the laser-pulse energy and
bubble energy is represented in Fig. 7. The bubble
energies were calculated with Eq. (6). The efficiency
by which laser energy is converted into bubble energy
can be read from the slope of the straight lines. Itis
6% for contact delivery and 4% for noncontact deliv-
ery. Figure 8 shows the pressure impulse as a func-
tion of the corresponding bubble energy. Unlike the
acoustic pressure waves, the pressure impulses pri-
marily depended on the bubble energy regardless of
the light-delivery method. An almost linear relation



& ] NONCONTACT @ 60 mJ

: i

o 2 520 um 450 um

@2

€

o 480 um

[

£z ®

S 400 um @ % 300 um 200 um

g— 1

© CONTACT @ 20 mJ

> -

w

»

@

B

o 0 T T T T T T
0 200 400 600

Radiant Exposure (mJ/mm2)

Fig. 6. Pressure impulse as a function of radiant exposure. Open
circles represent the noncontact delivery, and solid circles represent
the contact data. The flushing catheter with a 200—400-pm fiber
was used for the light delivery. The spot sizes are labeled. Error
bars represent the standard deviation of five measurements.

between the bubble energy and pressure impulse
seems to exist.

C. Mechanical Effects of Pressure Impulses

No displacement of the cuvette was observed when
the cuvette did not contact the metal plate. It was
also observed that the displacement of the cuvette
decreased dramatically when a soft material, e.g.,
tissue paper, was put between the bottom of the cu-
vette and the metal plate. Similar effects were ob-
served during the tube experiments. However, the
surface of the water contained in the cuvette vibrated
in each experiment.

The results of the tube experiments revealed that a
single laser pulse of 60 mdJ could cause the tube sub-
merged in a 1-cm cuvette to jump more than 2 mm at
5 ms after the laser pulse while the cuvette remained
static and that such a pulse could also cause the tube
to jump as high as 0.5 mm when it was loosely laid on
the metal plate. No displacement of the tubes was
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Fig. 7. Cavitation bubble energy as a function of the laser-pulse
energy. Open circles represent the noncontact delivery, and solid
circles represent the contact data. The flushing catheter with a
300-pm fiber was used for the light delivery. Error bars represent
the standard deviation of five measurements.
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Fig. 8. Pressure impulse as a function of bubble energy. Open
circles represent the noncontact delivery, and solid circles repre-
sent the contact data. The flushing catheter with a 300-pm fiber
was used for the light delivery. The arrow indicates two over-
lapped data points. Error bars represent the standard deviation
of five measurements.

observed when wet tissue paper (>5 mm thick) was
placed underneath the tube or cuvette in the two cases.

4. Discussion

In this study we have used a simple method to esti-
mate quantitatively the pressure impulses generated
by microsecond laser pulses during contact and non-
contact ablation. This method is based on the
change in the momentum of the cuvette containing
the ablation target and allows the mechanism of the
pressure-impulse generation and mechanical effects
of the resulting impulses to be investigated. A
gelatin-based thrombus model was used as the abla-
tion target and was ablated under water with differ-
ent boundary conditions, and the results may have
clinical implications for laser thrombolysis.

The sequence of events occurring during laser
thrombolysis with contact and noncontact delivery is
almost the same: cavitation bubble formation, ma-
terial ejection, and pressure-impulse generation.
The photographs reveal that (1) the bubble formation
was a major and inescapable process, (2) ejection of
colored gelatin into the water side followed the bubble
collapse, and (3) no displacement was observed before
the material ejection. The similarities of the exper-
imental observations suggest that the mechanism of
the pressure-impulse generation involved in both
cases is possibly the same, although contact and non-
contact ablations differ in a few ways.8

As shown in Figs. 4 and 5, the laser-induced cavi-
tation bubble grows to a maximal size and then col-
lapses on itself some hundreds of microseconds later.
Like laser lithotripsy,2 pressure waves generated
during the expansion and collapse of the bubble in-
duce mechanical stresses within the gelatin sample.
The gelatin layer is ejected into the water for a dis-
tance of several millimeters by stress exceeding its
tensile strength. Previous studies have demon-
strated that a high-speed liquid jet directed toward a
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boundary is generated when a bubble collapses in the
vicinity of that boundary due to a Kelvin impulse.17-18
The Kelvin impulse can be regarded as linear mo-
mentum of the bubble if a virtual mass induced by the
fluid motion is attributed to the cavity. In this study
a jet of gelatin then moves toward the water side,
presumably as a result of boundary effects: (1) sym-
metrical geometry in the radial direction, which pre-
vents the jet from moving radially, and (2) resistance
asymmetry in the axial direction at the interface be-
tween the gelatin and water, which leads the ejected
material toward the water side where less resistance
exists compared to the gelatin side. The bubble also
delivers an impulse to the gel surface because of con-
servation of momentum. The impulse propagates
down to the bottom of the cuvette, and then it is
reflected from the metal plate because of the imped-
ance mismatch. Eventually, the reflected pressure
causes the displacement of the cuvette. Thus the
pressure impulses could be quantitatively estimated
through measuring the change in the momentum of
the cuvette before and after the laser irradiation.
We hypothesize that the bubble-driven jet formation
is closely associated with the pressure-impulse gen-
eration during contact and noncontact ablation. A
recent study by Chapyak et al. also numerically dem-
onstrated that a collapsing bubble could generate jet-
ting in both axial directions due to the dissipative
mechanisms during noncontact ablation.’® More-
over, we observed that fractures were formed under-
neath the craters in some samples after laser
irradiation, which might be caused by the jet pene-
tration into gelatin as well.

The pressure impulses primarily depend on the bub-
ble energy and are not directly dependent on the mode
of the light delivery (Fig. 8). Thus a cavitation bubble
3 mm in diameter generated by either 25 mJ when
contact delivery is used or 30 mJ when noncontact
delivery is used could produce a similar pressure im-
pulse. However, a 20-mdJ pulse could cause a cuvette
of 6 g to rebound 1.8 mm when contact delivery is used
but less than 1 mm when noncontact delivery is used.
These pressure-impulse observations are in contrast to
the previously described effect of delivery mode on the
amplitude of acoustic pressure waves,® and the rela-
tion between the light-delivery method and the pres-
sure impulse seems to be quite complicated. The
results shown in Fig. 6 indicate that the pressure im-
pulses depend on the laser-pulse energy rather than
the radiant exposure. This is further evidence that
the acoustic signal cannot be used to estimate the pres-
sure impulse. The flash photographs also confirm
that the bubble sizes are quite similar for the contact
and noncontact delivery in those experiments.

The bubble energy increases with increasing laser-
pulse energy for both contact and noncontact delivery
(Fig. 7). However, conversion efficiency of laser-pulse
energy into cavitation bubble energy is slightly greater
for contact delivery (6%) than for noncontact delivery
(4%). 'This may be the reason that the pressure im-
pulses generated by contact delivery are always
greater than those generated by noncontact delivery

9040 APPLIED OPTICS / Vol. 36, No. 34 / 1 December 1997

when the same energyisused. Thus the mode oflight
delivery (contact versus noncontact) plays only an in-
direct role for the pressure-impulse generation.

Note that only a small fraction (4—6%) of the laser-
pulse energy is converted into the bubble energy, the
pressure—volume work done by the bubble. Such
low conversion efficiencies of the pulse energy into
the bubble have also been reported by other investi-
gators. Vogel et al. estimated a large range of bub-
ble energies between 1% and 25% of the laser pulse
energies during intraocular surgery.20-22 The bub-
bles were generated by laser-induced breakdown by
using picosecond and nanosecond laser pulses. A
study by Rink et al. reported that the conversion
efficiency was up to 30% during laser lithotripsy with
a 2.5-ps pulsed-dye laser.2 The conversion efficiency
seems to depend on pulse duration, energy, and irra-
diation target. However, by using the Rayleigh for-
mula, one cannot determine how much of the pulse
energy goes into the initial pressure transients and
how much is wasted as heat.

Only ~10-15% of the bubble energy contributes to
the generation of pressure impulses. It is unclear
what happens to the bulk of the bubble energy, but
much is likely lost through heating, acoustic radia-
tion, resistance from the gelatin sample, and reflec-
tion at boundaries because of impedance mismatch.
By conservation of momentum, the momentum car-
ried by the collapsing cavitation bubble must be equal
to the sum of the pressure impulse and the momen-
tum associated with the material ejection from the
gelatin surface. However, the techniques used in
this study are not able to distinguish those differ-
ences. Thus we are reporting part of the momentum
transfer story but not, for example, quantifying such
parameters as pressure amplitude and duration.

This study has shown that no displacement of the cu-
vette occurs when the cuvette does not contact the metal
plate. This result is most likely because in this case no
momentum can be reflected from the rigid metal plate.
It is also observed that the displacement of the cuvette
decreases dramatically when a soft material, e.g., tissue
paper, is put between the bottom of the cuvette and the
metal plate. Similar effects are observed during the
tube experiments. This emphasizes that the pressure
impulses would not cause target rebound as long as there
is no hard boundary to cause reflection of the momentum.
However, the surface of the water contained in the cu-
vette vibrates in both cases, presumably as a result of
internal fluid motion associated with the bubble expan-
sion and collapse.

The results of the tube experiments reveal that the
pressure impulses propagate both axially and radi-
ally, but the tendency for the tube to be displaced in
the radial direction appears to be much less than that
in the axial direction (i.e., the direction of the laser-
pulse delivery). This phenomenon may be caused by
the asymmetrical boundaries in both axial and radial
directions. We speculate that the bubble causes a
Kelvin impulse due to the Bjerknes force that is cre-
ated by the pressure gradient normal to the boundary
(in our case, the metal plate) during its collapse.



The jet passes through the bubble away from the
boundary, and an oppositely directed pressure im-
pulse travels across the boundary. Eventually, the
reflected pressure causes the tube to rebound. The
displacement is less in the radial direction, which
implies that asymmetries in the radial direction are
weaker than in the axial direction.

The light-delivery fiber may sometimes be in direct
contact with the vessel wall in vivo because of the
difficulty of precisely positioning the fiber-optic cathe-
ter. However, the pressure impulses would still be
unlikely to lead to vessel perforation because usually
no hard boundary stands behind the arterial wall.
However, van Leeuwen et al. demonstrated that some
tissue elevation may occur when the fiber tip is in
contact with porcine aorta submerged in saline with a
500-mdJ holmium laser pulse.’? They also suggest
that dissection may result from in vivo bubble expan-
sion. It remains to be investigated whether or not the
pressure impulses can cause perforation or dissection
in vivo. It is not clear whether the internal fluid mo-
tion revealed by the surface vibration could cause a net
displacement of the catheter, but our experiments sug-
gest that this would be a much smaller effect than the
displacement associated with a reflecting surface.

5. Conclusion

This study has demonstrated that the pressure im-
pulses occurring in laser thrombolysis strongly de-
pend on the energy stored in the cavitation bubble
regardless of the light-delivery method (contact ver-
sus noncontact) and that the resulting impulses are
not directly correlated with the acoustic transients.
The pressure impulses do seem to be associated with
the bubble-driven jet formation due to the bubble
collapse. Significant rebound of the ablation targets
occurs only when the target is supported by a hard
boundary. It is unlikely that the rebound of throm-
bus due to pressure impulses would cause the sur-
rounding vessel to jump so much that the catheter
would impinge on it, since the obstructed vessels are
usually surrounded by soft tissues in most cardiovas-
cular applications. In vivo experiments may be de-
sirable for further clarification of this matter.
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