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Abstract. Cavitation effects in pulsed laser ablation can 
cause severe deformation of tissue near the ablation site. 
In angioplasty, they result in a harmful dilatation and 
invagination of the vessel walls. We suggest to reduce 
cavitation effects by dividing the laser pulse energy into 
a pre-pulse with low and an ablation pulse with high 
energy. The pre-pulse creates a small cavitation bubble 
which can be filled by the ablation products of the main 
pulse. For suitable energy ratios between the pulses, 
this bubble will not be enlarged by the ablation products, 
and the maximal bubble size remains much smaller than 
after a single ablation pulse. The concept was analyzed by 
numerical calculations based on the Gilmore model of 
cavitation dynamics and by high-speed photography of 
the effects of single and double pulses performed with 
a silicone tube as vessel model. The use of double pulses 
prevents the deformation of the vessel walls. The concept 
works with an energy ratio of up to about 1 : 30 between 
the pulses. For the calculated optimal ratio of 1:14.6, 
the bubble volume is reduced by a factor of 17.7. The 
ablation pulse is best applied when the pre-pulse bubble is 
maximally expanded, but the timing is not very critical. 

PACS: 62.50. + p; 79.20.Ds; 87.00 

In various fields of pulsed laser surgery, e.g., laser angio- 
plasty, orthopaedics, laser lithotripsy, and ophthalmol- 
ogy, the ablation, fragmentation, or disruption process 
takes place in a liquid environment. Pulsed laser ablation 
is here always accompanied by cavitation, which does 
not occur at a tissue-air interface. Cavitation leads to 
structural deformation of the adjacent tissue, which is 
often undesirable and can be more pronounced than the 
ablative tissue effect itself [1, 2]. We studied the role of 
cavitation and developed a concept to minimize cavita- 
tion-induced damage. This concept is illustrated on laser 
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angioplasty, but it is generally applicable to pulsed laser 
ablation in a liquid environment. 

In pulsed laser angioplasty, ablation goes along with 
an explosive evaporation process in the blood-filled vessel. 
This generates a cavitation bubble [3, 4] whose expansion 
leads to a microsecond dilatation of the vessel wall [5]. 
The subsequent bubble collapse leads to an invagination of 
the vessel wall which further adds to the mechanical trauma 
[6]. It is likely that the mechanical damage and the sub- 
sequent healing response contribute to the relatively high 
rate of re-stenosis observed after laser angioplasty [7-12], 
which has prevented a widespread clinical acceptance of the 
method. Litvack et al. [13] and Tcheng et al. [14] proposed 
flushing of the arteries with saline to reduce the absorption 
of excimer-laser light by blood and thus diminish cavita- 
tion. Oberhoff et al. [15] suggested to divide the energy of 
one excimer-laser pulse both spatially and in time into 
8 smaller pulses ("multiplexing"), which also diminishes 
cavitation. Both concepts can, however, only lead to 
a gradual decrease of the cavitation effects, because they do 
not avoid ablation taking place in a liquid surrounding. 

The most consequent approach to avoid cavitation is 
to displace the liquid from the vicinity of the ablation site. 
We accomplished this without an injection of an 
exogenous gas by dividing the laser-pulse energy into a 
pre-pulse with low energy and an ablation pulse with 
higher energy. The pre-pulse creates a small cavitation 
bubble, and the ablation pulse is applied when this bubble 
is maximally expanded and can be filled by the ablation 
products of the main pulse. The energy of the pre-pulse 
must be small ~nough to keep the cavitation effects below 
the damage threshold of the vessel walls. If the energy 
ratio of both pulses is chosen appropriately, the ablation 
products will not lead to a further expansion of the bubble 
generated by the pre-pulse, and the maximal bubble size 
will remain much smaller than after a single ablation pulse. 

To identify a suitable ratio between the pre-pulse and 
the ablation pulse, and to analyze how critical the timing 
between the pulses is, we performed numerical calcu- 
lations of the temporal development of the bubble radius 
and the pressure inside the bubble. The experimental 
analysis of the cavitation effects after single and double 



174 

laser pulses was done in vitro with a silicone tube immer- 
sed in water as vessel model. Double pulses with variable 
energy ratio and time separation were realized by coup- 
ling the output of two lasers into the same quartz fiber. 
The laser-induced events were documented by high-speed 
photography at 50 000 frames/s. 

1 Numerical calculations 

For the calculation of the temporal development of the 
bubble radius and the pressure inside the bubble, we used 
the Gilmore model of cavitation-bubble dynamics 
[16, 17] which takes into account the compressibility of 
the liquid surrounding the bubble, viscosity, and surface 
tension. Thereby, the consideration of compressibility is 
most important; viscosity and surface tension are of little 
significance for the experimental conditions discussed in 
this paper [17]. The model originally assumes a constant 
gas content of the bubble, given by its equilibrium radius. 
We modelled the bubble expansion in pulsed laser abla- 
tion by introducing a time-dependent equilibrium radius 
which reflects the evaporation of water, tissue and plaque 
by the laser pulse. 

The dynamics of a spherical cavitation bubble is de- 
scribed by the equation 

U 
C =  [ - ~ ( 1 - ~ C ) U 2  + ( 1  + ~ ) H  

+ C ( I - U ) R ~ I I R ( 1 - C ) ]  - ' ,  (1) 

Here, R is the radius of the bubble, U = dR~dr the bubble 
wall velocity, C the speed of sound in the liquid at the 
bubble wall, and H the enthalpy difference between the 
liquid at the bubble wall and at infinity: 

P(R) dp 
H = S - .  (2) 

Pstat D 

P is the pressure at the bubble wall, Pstat the hydrostatic 
pressure, p and p are the density and pressure within the 
liquid, respectively. The pressure at the bubble wall is 
given by 

( 2 ~ )  ( ~ )  3~ 2a 4 # U  ' (3) 
P(R, U) = Psta~ + R R 

R, is the equilibrium radius of the bubble, i.e., the radius 
where the pressure inside the bubble equals the hydro- 
static pressure. R, is thus a measure of the gas content of 
the bubble. When the equation of state of water is approx- 
imated by the (empirical) Tait equation with 
B = 295.5 MPa and n = 7 

p(R, v ) +  B _ 
(4) 

Pstat + B \Po/ 
one obtains the following relationships for the enthalpy 
H and the sound velocity C at the bubble wall: 

C = [c 2 + ( n -  1)HI 1/2, 

n(p~t~t + B) V( P + B ~("-I)/" ] 
H -  ( n - -  1)po L \ p ~ . ~ + - S ]  - 1 . (5) 

For water at a temperature of 20°C, the constants in the 
above equations are: density of water Po = 998 kg/m 3, 
surface tension ~ = 0.072583 N/m, polytropic exponent 
~c- 4/3, coefficient of the dynamic shear viscosity 
# = 0.001046 Ns/m 3, velocity of sound Co = 1483 m/s, 
and static ambient pressure Pstat = 100 kPa. 

When the initial bubble radius R0 is larger than the 
equilibrium radius R,, the pressure inside the bubble is 
lower than the hydrostatic pressure, and the bubble col- 
lapses. When, on the other hand, the initial bubble radius 
is smaller than Rn, the pressure inside the bubble is high, 
and the bubble expands. This gives a clue for the model- 
ling of the bubble expansion in pulsed laser ablation by 
a time-dependent equilibrium radius [18]. The deposition 
of laser-light energy can be simulated by raising R,~ from 
a small initial value R~a to a much larger final value R~,b. 
The radius Rna of the bubble nucleus at time t = 0 is 
identified with the liquid volume evaporated by the laser 
pulse. It is assumed that the volume increase (4/3n) 
(R,3,b- R~a) of the equilibrium bubble during the laser 
pulse is proportional to the pulse energy EL resulting in 
evaporation: 

4 2~ 
n(Rab -- e3a) oc EL = ~ PLdt. (6) 

o 

Here, PL denotes the laser power, and 2z the total laser 
pulse duration. R,b was chosen to yield a maximal bubble 
radius similar to that experimentally observed during 
excimer-laser angioplasty. The corresponding R,a values 
were obtained by dividing R,u by the volume expansion 
coefficient f2 = 1662 of water for evaporation at equilib- 
rium conditions [19]: 

R,,, = (7) 

The adjustment of R,b and R,, to the maximal radius of 
the cavitation bubble produced by the laser pulse links 
these variables to an easily measurable parameter which 
"summarizes" the preceding ablation dynamics. This cir- 
cumvents a detailed analysis of the evaporation process, 
which would be required to determine R,b from the frac- 
tion of the incident laser-pulse energy contributing to 
evaporation and bubble formation. 

The temporal shape of the laser pulse is modelled by 
a sin 2 function with duration ~ (FWHM), and total dura- 
tion 2z (Fig. 1): 

PL(t)=sin a 7C , 0_<t_<2Z. (8) 

With the assumptions (6) and (8), we obtain the following 
expression for the temporal development of R~ during the 
laser pulse: 

t - -n sin t (9) 

The bubble formation after double pulses is modelled by 
increasing Rn in two steps separated by the time interval 
At between the pulses (Fig. 1). With (6), the ratio ~ of the 
evaporation energies provided by the pre-pulse and 
the ablation pulse is given by the ratio of the volume 
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Fig. 1. Model of the energy input into a small cavitation bubble 
nucleus by a pre-pulse and a subsequent ablation pulse. Each pulse 
is described by a sin 2 function with duration T (FWHM) and total 
duration 2z. The pulses are separated by the time interval At. The 
equilibrium radius R, of the bubble is increased in two steps accord- 
ing to (9) and (11) 

increase of the equilibrium radius after each pulse: 

- R L  
~-- 3 3 " Rn¢ - -  R n b  

(lo) 

The ratio ~ of the evaporation energies equals the ratio of 
the respective laser-pulse energies if the fraction of the 
laser energy resulting in evaporation is the same for both 
pulses. This conditions is probably fulfilled at energy 
values well above the ablation threshold, but most likely 
not near threshold. 

The increase of R, during the pre-pulse is described by 
(9), and the rise of R, during the ablation pulse is given by 

(11) 

For  solving the differential equation (1), it has been rewrit- 
ten as a system of first-order differential equations and 
integrated numerically with a predictor-corrector method 
[20]. We calculated R(t) and P(t) for various values of the 
energy ratio and the time separation between pre-pulse 
and ablation pulse. 

2 Experiments 

The experimental analysis was performed in vitro with 
a silicone tube immersed in water as vessel model. The 
tube had 5 mm diameter, and the wall thickness was 
0.4 mm. The mechanical properties were similar to those 
of human arteries: Young's modulus was measured to be 
2 N/mm 2, whereas it is 2-5 N/mm 2 for vessels [21]. The 
silicone tube was fil!ed with water instead of blood to 
enable visualization of the cavitation-bubble dynamics. 
The laser pulses were delivered via a 275 pm quartz fiber 
onto a dark stone target modelling calcified plaque, which 
guaranteed energy absorption under reproducible condi- 
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Fig. 2. Experimental set up for high-speed photography of the cavi- 
tation effects during pulsed laser angioplasty 

tions. An injection needle guiding the fiber was used to 
position the fiber tip inside the silicone tube. 

The experimental setup for the investigation of cavita- 
tion effects is depicted in Fig. 2. Double pulses with vari- 
able energy ratio and time separation were generated by 
coupling the output of two lasers into the quartz fiber. The 
ablation pulse was produced by a flash-lamp-pumped dye 
laser (Vuman, PDL-20) delivering pulses with 3 ps dura- 
tion at a wavelength of 630 nm, and the pre-pulse was 
generated with a Q-switched alexandrite laser (Light Age, 
PAL 101) delivering pulses with a duration of 120 ns and 
a wavelength of 750 nm. The laser-induced events were 
documented by high-speed photography with an image- 
converter camera (Hadland Photonics, Imacon 792) at 
a framing rate of 50 000 frames/s. Either a Polaroid 667 
(3000 ASA) film or a CCD camera (Hamamatsu C3077) 
were used as recording medium. We took picture series of 
8 frames each. To enlarge the time of observation, several 
picture series with the same laser parameters and different 
starting times were sometimes combined to a longer se- 
quence. The acoustic transients emitted during the gene- 
ration and oscillation of the cavitation bubbles were 
measured using a PVDF hydrophone (CERAM miniature 
hydrophone) with a rise time of 12 ns. 

We investigated the cavitation effects after a single 
ablation pulse with an energy of 70 mJ and after double 
pulses where the ablation pulse with 70 mJ pulse energy 
was applied after the bubble generated by a 10 mJ pre- 
pulse had expanded to its maximal size. First, we studied 
the deformation of the silicone tube by the cavitation 
bubble dynamics. In a second series of experiments, we 
investigated how much the cavitation-bubble radius can 
be reduced by adding the pre-pulse to the ablation pulse, 
and how much this decrease depends on the time interval 
between the pulses. For  these measurements, the stone 
target was placed in a water-filled container to avoid any 
disturbance of the bubble dynamics by the silicone tube. 
A number of picture series with increasing time delay 
between the laser pulses was taken, and from each series 
the maximal bubble radius was determined. On the whole, 
250 picture series were taken, 6 series for each time delay. 
They were recorded with the CCD camera attached to the 
image-converter camera and displayed on a video moni- 
tor. The maximal bubble radius was determined from the 
monitor. 
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3 Results 

3.1 Calculations 

Figure 3 shows the calculated cavitation bubble dynamics 
for a ) a  single ablation pulse, b ) the  pre-pu!se, and 
c) both pulses separated by a time interval of 70 ps. This is 
the time after which the pre-pulse bubble is maximally 
expanded. The energy ratio between the pulses is 1:14.6. 
The R,, value at the end of the ablation pulse was chosen 
such that the maximal radius of the bubble is approxim- 
ately the same as observed by van Leeuwen et al. [6] when 
14 mJ excimer-laser pulses were delivered into a haemo- 
globin solution. The laser-pulse duration was set to 120 ns 
(FWHM), which is a typical pulsewidth for clinically used 
XeCl-excimer lasers [5, 6] and at the same time the pulse 
duration of the alexandrite laser used in our experiments. 
With the ablation pulse alone, the maximum bubble 
radius is 1.93 mm (Fig. 3a), as compared to 0.75 mm with 
the pre-pulse alone (Fig. 3b). During the application of the 
ablation pulse, the pressure inside the bubble rises for less 
than a microsecond to 580 MPa. The large pressure inside 

the cavity accelerates the surrounding liquid, and, because 
of the inertia of the fluid mass, the bubble expands beyond 
the point where the inner pressure equals the hydrostatic 
pressure. The pressure inside the bubble is therefore far 
below the hydrostatic pressure during most of the bubble 
oscillation time. The low pressure inside the expanded 
bubble leads to its collapse, whereby the bubble content is 
compressed, and the pressure rises again to 62 MPa. 
Therefore, the bubble rebounds, and the oscillation cycle 
repeats itself. The bubble oscillations are damped, because 
during each bubble collapse an acoustic transient is radi- 
ated into the surrounding liquid [22]. When the ablation 
pulse is fired into the expanded pre-pulse bubble (Fig. 3c), 
the bubble radius remains constant at 0.75 mm, with min- 
ute oscillations around the equilibrium value R~,~. The 
pressure inside the pre-pulse bubble is raised to hydro- 
static pressure and remains constant, with only slight 
fluctuations (<0.01 MPa) around this value. The in- 
creased amount of gas inside the bubble produced by the 
ablation pulse prevents its collapse, and hence there is no 
pressure transient originating fi'om collapse. In reality, the 
bubble content would condense or dissolve in the liquid 
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Fig. 3a-e. Calculated dynamics of laser-generated 
cavitation bubbles, a Bubble radius R(t) (/eft) and 
pressure P(t) (right) inside the bubble after the 
ablation pulse alone (R,, = 63 pm, Rnb = 750 gm); 
b Dynamics after the pre-pulse alone (R,,a = 25 gm, 
enb = 300 pm ); e Ablation pulse applied 70 ~ts after 
the pre-pulse, when the pre-pulse bubble is 
maximally expanded (R,a = 25 gm, R,, u = 300 pm, 
R,,o = 750 ~tm). The duration of each pulse is 120 ns. 
The energy ratio between pre-pulse and ablation 
pulse is 1 : 14.6 



after some time, and the bubble would disappear. This 
cannot  be por t rayed by the Gilmore model, because it 
neglects condensat ion and gas diffusion. The maximal 
bubble volume after double  pulses is smaller by a factor of 
17.7 than that  after the ablat ion pulse alone. 

When  the energy ratio is larger than in the optimal 
case described above, the ablat ion pulse raises the pres- 
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sure inside the pre-pulse bubble above hydrostat ic  pres- 
sure, and the bubble starts to grow again. With a ratio of 
1 : 3 6  (Fig. 4), the pressure rises to 0.3 M P a  and the maxi- 
mal bubble volume after the application of double pulses 
is only by a factor of 8.5 smaller than after the ablat ion 
pulse alone - as compared  to a factor of 17.7 in the 
optimal case. 

(a) 

2- 

a~ 

O- 

2.59 m m  

260 460 ooo 

Time [/zs] 

1000-  

~ ,  100- 

10- 
c0 

0.1 b~ 
0~ 

0.01 

10 -a 

732 MPa 

65 MPa 

0 200 400 600 

Time [/zs] 

(b) 

h3 
o~ 

0.5- 

0 

260 460 600 
Time [#s]  

230 MPa 
100 

0.32 MPa 

o l  

0.01 

lO -3 

6 260 460 600 
Time [#s]  

Fig. 4a, b. Calculated bubble radius R(t) (left) and 
pressure P(t) (right) inside the bubble when the 
energy ratio between pre-pulse and ablation pulse is 
1 : 36. (a) Ablation pulse alone (R,a = 85 pro, 
Rnb = 1000 gm); (b) Ablation pulse applied 70 gs 
after the pre-pulse (R,~ = 25 giTl, Rnb = 300 gin, 
R,,o = 1000 gin). The pre-pulse is the same as in 
Fig. 3. The duration of each pulse is 120 ns 
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Fig. 5a-d. Calculated bubble radius R after the 
application of double pulses with various time delays 
between pre-pulse and ablation pulse. The time 
delay is (a) 30 gs; (b) 50 gs; (e) 90 gs; (d) 110 ps. The 
other parameters are the same as in Fig. 3 



Fig. 6. Dilatation and invagination of 
the silicone tube after a 70 mJ dye-laser 
pulse with 3 gs duration. The fiber is in 
contact with the stone. The Jnterframing 
time is 20 gs, and the diameter of the 
non-dilated tube is 5 mm (see text) 



Maximal radius reduction is achieved when the abla- 
tion pulse is released at maximal expansion of the pre- 
pulse bubble (Fig. 3c). When the ablation pulse is fired 
20 its earlier or later (Figs. 5b, c), the bubble dynamics 
does, however, not differ considerably from the optimal 
case. Even when the timing is 40 ps away from the opti- 
mum (Figs. 5a, d), the pressure inside the pre-pulse bubble 
does not rise to more than 3 bar above the hydrostatic 
pressure, and the maximal bubble volume is still by a fac- 
tor of 8 smaller than after a single ablation pulse. 

3.2 Experiments" 

3.2.1 Single pulses. Figure 6 shows the cavitation events 
produced by a 70 mJ laser pulse. The bright spot in the 
first frame is a plasma flash at the surface of the stone 
target. The plasma-mediated explosive evaporation drives 
the expansion of a cavitation bubble which causes 
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Fig. 7. Radius time curve of the bubble inside the silicone tube 
and of the tube near the application site, measured from the picture 
series in Fig. 6. At t = 0, the radius of the tube is slightly larger 
than 2.5 mm (nominal tube diameter) because of the stone target 
inside 

Fig. 8A, B. Reduction of 
cavitation effects by double pulses: 
(A) Pre-pulse alone, (B) pre-pulse 
and ablation pulse. The pre-pulse 
had an energy of 10 mJ and was 
delivered by an alexandrite laser 
(Jo = 750 nm, r = t20 ns). The 
ablation pulse had 70 mJ pulse 
energy and was delivered by a dye 
laser (2 = 630 nm, r = 3 ps). The 
fiber was in contact with the stone. 
The interframing time is 20 ps, the 
tube diameter 5 ram. The ablation 
pulse was released 100 ps after the 
pre-pulse, when the bubble 
generated by the pre-pulse was 
maximally expanded. It did neither 
enlarge the pre-pulse bubble nor 
produce a dilatation of the tube. 
When the ablation pulse is applied 
alone (Fig. 6), it causes a marked 
dilatation and invagination 
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a dilatation of the tube. Figure 7 shows the radius-time 
curves of the bubble and of the tube wall near the applica- 
tion site. The maximal dilatation is reached after about 
120 gs and amounts to 135% of the initial tube diameter. 
The subsequent bubble collapse goes along with an in- 
vagination of the tube wall, whereby the minimal diameter 
is 82% of the original value. During the oscillation of the 
cavitation bubble in the silicone tube, cavitation bubbles 
also develop in the water surroundin 9 the tube (Fig. 6). 
The cavitation bubbles outside the tube indicate the exist- 
ence of a tensile stress wave which is strong enough to 
overcome the cavitation threshold in water. 

3.2.2 Double pulses. Figure 8 shows the reduction of cavi- 
tation effects by double pulses. After a 10 mJ pre-pulse 
alone, no dilatation of the silicone tube is observed be- 
cause the pulse energy is small. In Fig. 8b, a 70 mJ abla- 
tion pulse is released 100 ~ts after the pre-pulse, when the 
pre-pulse bubble is maximally expanded. The plasma flash 
of the ablation pulse is clearly visible in the sixth frame, 
but again no dilatation occurs, although the energy of the 
ablation pulse is the same as in Fig. 6. The maximal 
bubble radius after double pulses is about 1.6 ram, where- 
as it is 3.05 mm (within the dilated tube) after a single 
ablation pulse. Hydrophone measurements of the acoustic 
signal after double pulses showed only a pressure transi- 
ent after the release of the pre-pulse, but no transients 
originating from the ablation pulse or the cavitation 
bubble collapse were detected. This is in accordance with 
the results of the calculations presented in Fig. 3c. 

Figure 9 shows the ratio of the bubble Radius 
R t +  2 after double pulses and the bubble radius R 2 after 
the ablation pulse alone, plotted as a function of the time 
separation of the pulses. The pulse energies were 10 mJ for 
the pre-pulse and 70 mJ for the ablation pulse. For zero 
delay between the pulses, no reduction of the radius is 
observed, as expected. The maximum reduction is 
achieved for a delay of 120 ~ts, which corresponds approx- 
imately to the time when the pre-bubble is maximally 
expanded (105 ~ts). In this case, the radius was lowered to 
40% of the value reached without pre-pulse, and the 
volume was reduced by a factor of 15. When the time 
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Fig. 9. Ratio between the bubble Radius R1 +2 after double pulses 
and the bubble radius R2 after the ablat ion pulse alone plot ted as 
a function of the time separat ion of the pulses. The pulse energies 
were 10 mJ for the pre-pulse (Z = 750 nm, z = 120 ns) and 70 mJ  for 
the ablat ion pulse (2 = 630 nm, ~ = 3 ~ts) 

separation between the pulses is larger than 150 ~ts, the 
radius reduction decreases and varies strongly between 
different experiments, because at these times the ablation 
pulse is fired into the pre-pulse bubble shortly before or 
after its collapse (the collapse time of the pre-pulse bubble 
alone is 210 ~ts). 

4 Discussion 

4.1 Dynamics after single pulses 

Our calculations indicate that during the initial phase 
after the laser exposure the pressure inside the cavitation 
bubble reaches hundreds of MPa (Fig. 3:582 MPa, Fig. 4: 
732 MPa). This is the origin of acoustic transients travel- 
ling into the surrounding liquid, whereby their initial 
pressure amplitude equals the pressure inside the bubble. 
Pressure amplitudes of up to 100 MPa were also observed 
experimentally by Esenaliev et al. [23] during excimer- 
laser ablation of aorta in an air environment. The values 
calculated for a liquid environment are higher because of 
the confinement of the laser-induced blowoff [24-26]. 
The large pressure inside the cavity accelerates the sur- 
rounding liquid and thus transforms the potential energy 
of the heated vapor into kinetic energy of the radial liquid 
flow. When the pressure inside the bubble falls to the 
ambient pressure, the driving force ceases, but the bubble 
continues to expand because of the inertia of the fluid 
mass: In an unbounded liquid, this leads to an enlarge- 
ment of the bubble far beyond the equilibrium (Figs. 3a, b 
and 4), and in a vessel, it can lead to a dilatation of the 
vessel wall (Figs. 6, 7). 

To estimate the energy spent on the dilatation of the 
silicone tube after a 70 mJ laser pulse, we compared the 
maximal bubble radius Rmax in an unbounded liquid 
(3.8 ram, picture not shown) to the maximal bubble radius 
in the tube (3.05 mm, Fig. 7). The bubble energy is given 
by EB = 4/3~R~axAp. When the pressure difference Ap 
between inner and outer pressure is assumed to be close to 
0.1 MPa (the hydrostatic pressure) in both cases, we ob- 
tain the result that 50% of the bubble energy is consumed 
in the dilatation process. The bubble energy in the un- 
bounded liquid is 22 m J, i.e., the dilatation energy is 
11 mJ. The cavitation-induced tissue effects are more se- 
vere than the tissue effects caused by the pressure transi- 
ents originating from the laser exposure. The latter remain 
on a cellular or subcellular level because of their short 
duration [1, 2, 27, 28]. In contrast to this, the work done 
by the expanding vapor cavity results in a structural 
deformation of the tissue on a much larger scale. 

Dilatation of a vessel wall by an expanding cavitation 
bubble was already observed by van Leeuwen et al. [6]. 
A new observation made in our study is the occurrence of 
a tensile stress wave during the cavitation-bubble oscilla- 
tion, which is indicated by the small cavitation bubbles on 
the outer wall of the silicone tube (Fig. 6). A lower limit for 
the amplitude of the stress wave is given by the fact that it 
must be larger than the cavitation threshold in the liquid 
surrounding the tube. The threshold for ultrasonic cavita- 
tion in tap water is 0.1 1.0 MPa depending on the sound 
frequency [29], and the threshold for cavitation induced 
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by a single pressure transient of submicrosecond duration 
is 0.75-0.8 MPa [30, 31]. The tensile stress can be ex- 
plained by the elastic rebound of the dilated tube or vessel 
wall, respectively. It may contribute to the histologic pic- 
ture observed after laser angioplasty, namely medial dis- 
sections running parallel to the artery wall [6], because 
tissue is generally more susceptible to tensile stress than to 
pressure waves [21]. 

4.2 Dynamics after double pulses 

The double-pulse technique makes it possible to displace 
the liquid near the ablation site without introducing any 
exogeneous gas into the vessel: cavitation is used to reduce 
the cavitation effects of the ablation pulse. The maximal 
bubble volume was lowered by a factor of 15 (experiments) 
and 17.7 (calculations), as compared to the case where 
only the ablation pulse is applied (Figs. 9, 3). Since at 
maximum expansion the pressure inside the pre-pulse 
bubble is far below the hydrostatic pressure, the bubble 
can be filled by the evaporated material fi'om the ablation 
pulse without being further expanded. Thus, no additional 
kinetic energy is produced by the ablation pulse. The 
energy deposited is mainly dissipated by heat conduction, 
and, to a smaller part, by the acoustic transient emitted 
during bubble collapse. This transient is, however, weaker 
than after a single ablation pulse, because the increased 
amount of material inside the bubble slows down the 
collapse velocity of the bubble. On the whole, less energy 
is converted into mechanical forms (acoustic and kinetic 
energy of the fluid around the expanding bubble), and 
a higher percentage is directly dissipated as heat. This 
leads to a minimization of the mechanical trauma to 
adjacent tissue. Thermal tissue damage at the bubble wall 
should, however, also remain insignificant, because the 
pulse energies used are relatively small, and the ablation 
products cool down adiabatically during their expansion 
into the pre-pulse bubble. 

4.2.1 Maximal radius reduction. The maximal radius re- 
duction found experimentally is almost the same as that 
predicted by the numerical calculations. The radius is in 
both cases lowered to about 40% of the original value and 
the bubble volume to 7%. This agreement between calcu- 
lations and experiment should, however, not be over- 
estimated, because the small ablation rate of the stone 
used as a target and the plasma-mediated ablation process 
do not necessarily correspond to the assumptions made in 
the calculations (evaporation of material proportional to 
the laser pulse energy). The energy ratio yielding maximal 
radius reduction was 1 : 14.6 in the calculations and 1 : 7 in 
the experiments. It should be noted that the calculations 
refer to the energy resulting in evaporation of the ablated 
material, whereas the experimental values apply to the 
total laser pulse energy at the fiber tip, which does not 
completely contribute to evaporation. Near threshold, the 
percentage of energy leading to evaporation is smaller 
than at higher pulse energy. The ratio of the effective 
pre-pulse and ablation-pulse energy in the experiments is, 
therefore, probably larger than 1 : 7, i.e., closer to 1 : 14.6. 

4.2.2 Optimal energy ratio between the pulses. A rule of 
thumb to find an appropriate energy ratio between the 
pulses is that the pressure inside the pre-pulse bubble 
should reach the hydrostatic pressure just after applica- 
tion of the ablation pulse. In this case, the ablation pulse 
creates no additional force which could result in a dilata- 
tion of the vessel wall. In the numerical calculations, this is 
the case when the equilibrium radius after the ablation 
pulse equals the maximal radius of the pre-pulse bubble 
(Fig. 3c). This case corresponds to an energy ratio of 
1:14.6. It may well be, however, that even higher energy 
ratios are applicable. At a ratio of 1 : 36, the pressure inside 
the bubble is raised to 0.3 MPa (Fig. 4b), but that may still 
be tolerable, because in balloon angioplasty even higher 
pressures are applied for a much longer time. The numer- 
ical calculations can, in any case, only be a guideline in 
finding the optimal energy ratio, since they do not refer to 
the energy delivered at the fiber tip, but to the fraction of 
this energy resulting in evaporation, which is not easily 
measurable. Further experiments are required to find the 
optimal energy ratio under clinical conditions. We can 
conclude, however, that pre-pulses with fairly small en- 
ergy may already reduce the deleterious effects of cavita- 
tion considerably. 

4.2.3 Optimal timing. The ablation pulse should ideally 
be applied when the pre-pulse bubble is maximally ex- 
panded. To determine the corresponding time delay be- 
tween the pulses, the oscillation period T of the pre-pulse 
bubble alone must be known. T can be measured by 
determining the time difference between the acoustic tran- 
sients from the bubble generation and the bubble collapse 
[32]. The optimal delay between the pulses in then T/2. 
The existence of a bubble at the fiber tip can also be 
detected by monitoring the light reflection of a probe laser 
beam at the fiber tip. Gas in front of the tip instead of 
liquid will enlarge the refractive-index difference and thus 
increase the intensity of the reflected light. As long as the 
ablation pulse is fired into the expanded pre-pulse bubble, 
the time delay between the two pulses is not very critical 
(Figs. 5,9). The time window during which a volume 
reduction by a factor of 8 is achieved consists of more than 
50% of the oscillation period of the bubble. 

4.2.4 Laser system and pulse duration. The double-pulse 
concept is, of course, not restricted to the combination of 
lasers used in our experiments, but can be realised with 
any short-pulse laser. The ablation pulse should ideally be 
short enough to provide inertial confinement conditions 
(duration of the laser pulse less than the pressure-dissipa- 
tion time out of the optical penetration zone) because in 
this case, the ablation threshold is considerably decreased 
[33]. On the other hand, it has to be long enough to allow 
delivery of the pulses without damage to the fiber optics. 

The cavitation-bubble dynamics induced by free-run- 
ning laser pulses resembles the dynamics after double 
pulses in that early spikes of the pulse train create a cavity 
into which the ablation products of later spikes can evap- 
orate. Correspondingly, the generation of a cavitation 
bubble of a given size needs approximately 10 times more 
energy with a free-running holmium laser than with the 
excimer laser [5]. Ablation of plaque using free-running 
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holmium-laser  pulses of 250-500 bts durat ion requires, on 
the other  hand, a much  higher pulse energy than ablation 
with excimer-laser pulses having a pulse durat ion below 
200 ns [34]. This disadvantage of free-running pulses is 
avoided by the use of double pulses with microsecond or  
submicrosecond duration. 

4.2.5 Additional advantages of  the double-pulse tech- 
nique. The displacement of the blood by the pre-pulse 
increases the energy transmission to the ablat ion site and 
provides conditions for the ablat ion products  to move 
easily away from the ablation site [24]. These effects may 
improve the ablation efficiency. The wall of the ablated 
channel is smoother  after ablat ion in gas than in water. In 
1985, Grundfest  et al. [35] reported that  308 nm excimer- 
laser pulses applied in an air environment  removed 
atherosclerotic plaque almost  wi thout  adjacent tissue 
damage. Displacement  of  blood from the ablat ion site by 
the pre-pulses creates, furthermore, improved condit ions 
for a spectroscopic analysis of the tissue in the vicinity of 
the fiber tip [36-39] .  Identification of  normal  and 
atherosclerotic tissue by fluorescence spectroscopy may 
guide plaque ablat ion in the case of total vessel occlusion 
that  cannot  be crossed by a guide wire [34]. With im- 
proved control  over the ablation procedure,  it may  also be 
possible to create a larger lumen during recanalization of 
the vessel without  risking a perforat ion of  the vessel walls. 
This would increase the number  of  cases where laser 
angioplasty can be performed without  adjunctive balloon 
angioplasty, which is at present often necessary to enlarge 
the vessel lumen. 

5 Conclus ions  

Cavitat ion-induced dilatation of the vessel walls occurring 
in pulsed laser angioplasty can be prevented by dividing 
the laser pulse energy into a pre-pulse with low energy and 
an ablation pulse with higher energy. The double-pulse 
concept  may  work with an energy ratio of up to about  
1 : 30 between the two pulses. According to the numerical 
calculations, maximal  reduction of the bubble size can be 
achieved for an energy ratio of  about  1 : 15. The bubble 
volume is, in this case, reduced by a factor of 17.7 com- 
pared to the bubble size occurr ing after a single pulse of 
the same energy. The ablat ion pulse should be applied 
when the bubble produced by the pre-pulse is maximally 
expanded. For  clinically relevant pulse energies, this is 
approximately 50-100 Its after the release of the pre-pulse. 
This time is not  very critical, however, because the pre- 
pulse bubble is close to its maximal  size during about  50% 
of its oscillation cycle. The light transmission to the abla- 
tion site is increased, and the ablat ion efficiency may be 
improved. Spectroscopic identification of the tissue at the 
fiber tip is facilitated. The reduction of mechanical  collat- 
eral effects in combinat ion  with a better control  over the 
ablation procedure may lead to a considerable improve- 
ment  of laser angioplasty or any other technique in laser 
surgery where ablat ion has to be performed in a liquid 
environment.  
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