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Ultrasound measurements of cavitation bubble
radius for femtosecond laser-induced
breakdown in water
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A recently developed ultrasound technique is evaluated by measuring the behavior of a cavitation bubble
that is induced in water by a femtosecond laser pulse. The passive acoustic emission during optical break-
down is used to estimate the location of the cavitation bubble’s origin. In turn, the position of the bubble wall
is defined based on the active ultrasonic pulse-echo signal. The results suggest that the developed ultra-
sound technique can be used for quantitative measurements of femtosecond laser-induced microbubbles.
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The use of femtosecond lasers in medical applications
has significantly increased in recent years. Owing to
the low energy threshold of bubble formation, the
femtosecond laser breakdown has become an estab-
lished tool for precision microsurgery of tissues and
cells [1]. Ultrasound monitoring of the bubble forma-
tion can potentially be a useful tool to control the
photodisruption process in real time [2—6], especially
where optical methods are not feasible. Recently, we
described an ultrasound technique that can be used
to monitor the spatial and temporal behavior of the
cavitation bubble after an optical breakdown [5,6].
This technique, based on recording the passive acous-
tic emission and active ultrasonic pulse echoes, was
used to estimate the location and size of the bubbles
induced by a nanosecond laser pulse in water and
gelatin phantoms. The results of the ultrasound esti-
mations were compared with both the optical mea-
surements of the stationary bubble and the theoreti-
cal estimates of the bubble dynamics, which were
derived from the Rayleigh model of a cavity collapse.
In this Letter, we evaluate the previously developed
ultrasound technique by measuring the behavior of
cavitation bubbles induced by femtosecond laser
pulses in water.

A schematic of the experimental setup is shown in
Fig. 1. A 220 fs 780 nm wavelength pump pulse from
an amplified Ti:sapphire laser (Spitfire, Spectra
Physics Inc.) was focused into a water filled cuvette
with a 100 um thick glass optical window using a mi-
croscope objective (64 X /1.4 oil immersion, Carl Zeiss
Microlmaging Inc.). A single laser pulse was used to
generate the cavitation bubble 95 um above the glass
surface. To detect passive acoustic emissions and to
acoustically probe the cavitation bubble, an ultra-
sound pulser—receiver (model 5910PR, Panametrics
Inc.) and a custom-built single element transducer
with a 5.5 mm focal length, an f~-number of 1.4, and a
48 MHz center frequency were used. The foci of the
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objective and the ultrasound transducer were aligned
prior to the experiment. The acoustic signal was pre-
amplified and recorded using an 8 bit analog-to-
digital converter (GageScope Inc.) operating at a
500 MS/s sampling rate. To probe the cavitation
bubble at different times, a function generator (model
33250A, Agilent, Inc.) was used to trigger the ultra-
sound pulser. The ultrasound pulse was initiated
with a variable delay between laser and ultrasound
pulses.

A typical acoustic signal record for the femtosecond
laser pulse is presented in Fig. 2. When a sufficiently
intense laser beam is focused into water, a high den-
sity plasma is produced at the focal volume, and a
shock wave is generated from the origin of the optical
breakdown [1]. The shock wave and its reflection
from the glass surface are detected by the ultrasound
transducer. The time shift ; between these two sig-
nals identifies the location of the origin of the optical
breakdown relative to the bottom. Note that time
shift #; does not depend on the speed of the shock
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Fig. 1. (Color online) Schematic of the experimental setup
for the ultrasound measurement of the dynamics of laser-
induced breakdown in water.
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Fig. 2. (Color online) Typical ultrasound rf data record
containing both passive and active acoustic signals. (1)
Shock wave generated by optical breakdown; (2) same
shock wave reflected from the glass surface; (3) active ul-
trasound pulse-echo reflected from the bubble; (4) active ul-
trasound pulse-echo from the glass surface; (5) the shock
wave generated by the bubble collapse; (6) same shock
wave reflected from the glass surface.

wave but only on the speed of sound when the dis-
tance between the transducer and the point of an op-
tical breakdown is greater than the length of shock-
to-acoustic wave conversion [6]. The high-density
plasma expands and forms a cavitation bubble. The
ultrasound pulse, sent into the medium with a de-
sired time delay prior to or after the laser pulse (i.e.,
the delay between ultrasound and laser pulses could
be both positive and negative), is reflected from the
top surface of the bubble as well as from the glass
bottom. Therefore, based on the time shift ¢y between
bubble and glass reflections and accounting for the
speed of sound c, the radius R of the cavitation
bubble can be assessed for any time 7 determined by
the user-defined time delay between ultrasound and
laser pulses and the time required for the wave to
travel from the transducer to the bubble wall:

R(9= g(tz _ty). (1)

It is worth mentioning that the bubble radius can be
estimated without using the reflections from the
glass surface, which is based on the distance esti-
mated relative to the transducer position. However,
the use of the reflected waves to estimate the bubble
radius requires only the knowledge of the speed of
sound and, therefore, avoids the problems associated
with the estimation of the shock wave speed that is
generally higher than the speed of sound. A compari-
son of these two approaches is presented in detail
elsewhere [6].

As shown in Fig. 2, the bubble collapse produces a
second shock wave. A difference between the registra-
tion time of the first and second shock waves defines
the lifetime of the bubble. The developed ultrasound
technique does not rely on the detection of the shock
wave associated with the cavity collapse. In the ex-
periments, however, the lifetime of the bubble was
used to verify the technique, using the Rayleigh
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model of spherical cavity collapse in an incompress-
ible liquid [7]. To fully describe the bubble dynamics,
it was assumed that expansion of the bubble and its
subsequent collapse are symmetric processes [5,6,8].

Two sets of experiments were performed. In the
first set, a laser energy of 200 nJ was used, and dif-
ferent time delays between ultrasound and laser
pulses were introduced to study the dynamics of the
bubble. The measured behavior was compared with
that estimated from the Rayleigh model. The delay
was chosen to probe bubbles 0.5 us after breakdown
and then every 0.68 us. Ten measurements were
made for each delay. To calculate the bubble radius,
Eq. (1) was used, where the speed of sound is as-
sumed to be 1500 m/s. The estimated lifetime of the
bubbles was 6.6+0.1 us (mean value and standard
deviation). Figure 3 shows the dependence of the
bubble radius on time and its comparison with theo-
retical predictions. Ten experimental measurements
are plotted for each time point. The theoretical de-
pendence of the bubble radius was calculated based
on the Rayleigh model [7], assuming no vapor pres-
sure inside the bubble, 100 kPa for atmospheric pres-
sure, 1000 kg/m? for the density of water, and a cav-
ity collapse duration of 3.3 us (half of the lifetime).
Figure 3 demonstrates a good agreement between the
ultrasonically measured and theoretically predicted
bubble behavior. Within the limits of experimental
error, bubbles symmetrically grow and collapse
around the point of the maximum radius. In compari-
son with the results obtained using nanosecond laser
pulses [5,6], the distribution of the bubble sizes and
lifetimes is much smaller. For example, the standard
deviation for the bubble radii shown in Fig. 3 is in the
range from 0.18 to 0.54 um.

Because the ratio of distance between the bubble
origin and the solid boundary to the maximum radius
(stand-off parameter) was slightly less than 3, we
cannot completely exclude the impact of the solid
boundary on the results of these experiments. The
boundary causes a prolongation of the collapse time.
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Fig. 3. (Color online) Comparison of the ultrasonically

measured radius with the theoretical predictions of the
bubble radius as a function of time for the laser energy of
200 nd.



However, for a stand-off parameter more than 2, the
collapse time increase should not exceed 10% [9].
Figure 4 presents the results of the second set of
experiments in a logarithmic scale, where the maxi-
mum bubble radius was measured as a function of
the laser pulse energy in the range from 38 to 200 nd.
Ten measurements were performed for each energy
value. The first measurement was used to estimate
the time between bubble formation and collapse and
to choose the time delay, such that the bubble size
was measured in the middle of its lifetime (i.e., when
the bubble radius reaches a maximum). As seen in
Fig. 4 the maximum bubble radius is monotonically
increasing with the energy of the laser pulse. For la-
ser pulse energies higher than 80 nd, the maximum
bubble size is approximately proportional to the cube
root of the laser pulse. The slope of the best fitting
straight line is 0.36, compared to the slope value of
1/3, which represents perfect agreement. However, in
the low energy range, this relationship breaks down,
since the pulse energy is close to the optical break-
down threshold. These results are in good agreement
with previously published experimental data ob-
tained for nanosecond and picosecond laser break-
downs in water [10,11]. In addition, the results are
also in agreement with the recent data for a femto-
second laser [12], where bubble radii were measured
close to the optical breakdown threshold. For low en-
ergies, the data distribution is significantly higher,
but this can be explained by the current characteris-
tics of the ultrasound probe. For low laser pulse en-
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Fig. 4. (Color online) Maximum cavitation bubble radius

as a function of the laser pulse energy (logarithmic scale).
The straight line has a slope of 0.36, the best fit for high
energies.
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ergies the ultrasound wavelength (~30 um) becomes
larger than the bubble diameter, which could signifi-
cantly increase the experimental error. For smaller
bubbles, a higher frequency and, therefore, smaller
wavelength ultrasound should be used.

In conclusion, the ultrasound technique for moni-
toring the spatial and temporal behavior of a cavita-
tion bubble produced by a single femtosecond laser
pulse was developed and tested. The measurements
of the cavitation bubble size were compared with es-
timates obtained from the Rayleigh model of cavity
collapse. Maximum radii of the bubbles were mea-
sured as a function of the laser pulse energy. Our pre-
liminary results showed that the developed ultra-
sound technique can be used to reliably measure the
sizes of microbubbles induced by femtosecond laser
pulses.
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