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Abstract We present an optodynamic measurement of
a laser-induced cavitation bubble and its oscillations based
on a scanning technique using a laser beam-deflection probe.
The deflection of the beam was detected with a fast quad-
rant photodiode which was built into the optical probe. The
applied experimental setup enabled us to carry out one- or
two-dimensional scanning of the cavitation bubble, auto-
matic control of the experiment, data acquisition and data
processing. Shadow photography was used as a comparative
method during the experiments.

PACS 42.62.-b - 47.40.-x - 47.55.dd

1 Introduction

Cavitation bubbles play an important role in many fields.
They deserve a great deal of attention in ocular micro-
surgery, where Q-switched lasers with nanosecond pulse du-
rations are commonly used to disrupt tissue in procedures
such as secondary cataract removal [1]. Understanding the
cavitation bubble and the pressure front development, their
dynamics and their propagation is important for avoiding ad-
verse effects on the eye during ophthalmic procedures based
on laser surgery [2, 3]. Furthermore, cavitation bubbles are
interesting for individual cell micromanipulation [4]. Some
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studies are also related to biomedicine, where the micro-
bubble cavitation is used to enhance membrane permeabi-
lization and molecular uptake (sonoporation) [5].

When a high-intensity laser pulse is focused into a lig-
uid, plasma is formed due to optical breakdown [6]. Explo-
sive expansion of plasma is followed by shock wave emis-
sion and the development of a cavitation bubble. In such a
process, the optical energy of the laser pulse is converted
into the mechanical energy of the shock wave and cavitation
bubble through an optodynamic conversion. These two phe-
nomena can be detected by methods such as shadow photog-
raphy [7, 8] or laser beam-deflection probe (BDP) [9-13].
Both methods require a good repeatability of the measur-
ing process. The main difference between BDP and shadow
photography is as follows. With BDP, one can observe all of
the bubble’s dynamics at one point in space. This means that
we can obtain information on all the expansions, collapses,
and shock waves from the BDP signal. Shadow photogra-
phy enables two-dimensional measurements from a single
shot. Therefore, BDP scanning requires probe-beam posi-
tion shifting relative to the breakdown region, while bub-
ble dynamics measurements based on shadow photography
require exposure-time delaying relative to the occurrence
of the breakdown. By using a scanning procedure the dy-
namic behavior in 1D or 2D of shock wave or bubble can
be measured with BDP [10], but in the case of 2D measure-
ments the shadow photography is more appropriate, since a
smaller number of measurements is necessary. On the other
hand, BDP is well suited for the investigation of parameter
dependencies, such as the bubble’s oscillation time in de-
pendence of the distance between the bubble’s center and
boundary [14]. Furthermore, from a single shot, the collapse
times for all bubble oscillations can be obtained [13] and,
by using the Rayleigh formula [15], bubble oscillations radii
can be calculated.
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We present here an optodynamic measurement of the
laser-induced cavitation bubble and its oscillations based
on a scanning technique using BDP. For data verification
reasons, we simultaneously employed shadow photography
during our experiments. The main goal of our study was
to obtain measurements of the dynamics for the bubble os-
cillations using a laser beam-deflection probe and to com-
pare them with shadow photography measurements. Mea-
surements were done in an infinite liquid as well as in the
vicinity of the rigid boundary. It is well known that a bub-
ble collapsing in an infinite liquid is almost spherical. On
the other hand, a cavitation bubble developed near a rigid
boundary results in an asymmetrical collapse [16—18]. Un-
der suitable conditions, the deformation during the collapse
near a rigid boundary results in the generation of a liquid jet,
which is directed toward the wall [16].

2 Experimental setup

A sketch of the experimental setup is shown in Fig. 1. We
employed a similar setup in our previous work [13]. The
breakdown was induced by an infrared, 1064 nm Q-switched
Nd:YAG laser, designed for ocular photodisruption. Pulses
with energies of 8.6 mJ and a duration 7 ns were focused
into a vessel with deionized water. The NA of the focusing
optics of the laser beam was 0.2, which is a typical value in
laser systems for optical photodisruption.

We measured the cavitation bubble’s wall time-of-flight
with the beam-deflection probe. As a probe beam, a He—
Ne laser with a beam waist radius ~3 pwm was used. When
a cavitation bubble crosses the path of the probe beam,
the beam is deflected due to the refractive index gradient
[12, 19]. These deflections were detected with a quadrant
photo-diode. A detailed description of the beam-deflection

d:YAG

--- right pole

Light source
(Nd:YAG)

Microscope
+
CCD

A Y
y bottom pole  cavitation bubble

Fig.1 Experimental setup. The breakdown was induced by a Nd:YAG
laser pulse focused into a container with deionized water. The laser
pulse with a duration of 7 ns had an energy E; = 8.6 mJ. A He-Ne
laser was used as a probe beam. BDP scanning was performed in
the horizontal (position a) and vertical (position b) direction. Shadow
photography was employed simultaneously during the experiments.
A Nd:YAG laser with a pulse duration of 7 ns was used as a light source
for this
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probe’s signal resulting from the pressure front and a cavita-
tion bubble is presented elsewhere [12, 13]. BDP measure-
ments presented in this paper were performed by scanning
in the horizontal direction, i.e., perpendicular to the optical
axes of the breakdown beam (from the left to the right; see
Fig. 1) for the case of a bubble oscillating in an infinite lig-
uid. At the start of each measurement, the probe beam was
placed into the center of shock wave or bubble. The center
was defined by the time of flight of a shock wave as follows.
The probe beam was first placed approximately 1 mm above
the breakdown point, and the time of flight for the shock
wave was measured. Then the probe beam was placed ap-
proximately 1 mm below the breakdown point and the time
of flight of the shock wave was determined. From these two
times, the center of the optodynamic source was determined.
The same method was used in the horizontal direction. In the
case of a bubble oscillating near a rigid boundary, measure-
ments were performed by vertical scanning (from the top to
the bottom, see Fig. 1). The positioning system enabling 2D
scanning was controlled by two stepper motors. All mea-
surements were performed in steps of 30 pm.

The shadow photography was employed simultaneously
during our experiments in order to compare the data of the
measurement. Since shadow photography needs short expo-
sure times to ensure an appropriate time resolution, a pulsed
laser or plasma discharge lamps should be employed as the
light source. We used a Q-switched laser with pulse duration
7 ns. The image was captured using a microscope equipped
with a CCD camera.

3 Results and discussion

A typical series of signals showing the spreading of a cav-
itation bubble near a rigid boundary are shown in Fig. 2.
The signals show the difference between the photocurrent
in left-right or up—down segments. A more detailed de-
scription of the signal provided by the quadrant photodi-
ode can be found in [12]. The boundary was placed 3.3 mm
(y ~2.1) below the breakdown region corresponding to the
origin point of the bubble. Here, y is a dimensionless dis-
tance, defined as y = s/R [16], where R is the maximum
radius of the bubble and s is the distance between the bub-
ble’s center and boundary. Scanning was performed in the
vertical direction, i.e., parallel to the axis of the breakdown
laser. Each signal corresponds to the particular position of
the probe beam (y-axis). The first spike shows the shock
wave caused by laser-induced breakdown. The following
two peaks show the bubble during its expansion and col-
lapse, respectively. In the case when the probe beam is po-
sitioned exactly at the maximum radius of the bubble, these
two peaks merge into one. This phenomenon can be seen
in the first signal from the top. During scanning, the signal
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Fig. 2 Typical signal series of BDP vertical scanning. A cavita-
tion bubble was oscillating near a rigid boundary, positioned 3.3 mm
(y ~ 2.1) below the breakdown region corresponding to the origin
point of the bubble. The bubble’s first three oscillations as well as peaks
showing the first shock wave, induced by optical breakdown and sec-
ondary shock waves, caused by bubble collapses, are clearly visible

changes polarity when the probe’s beam crosses the break-
down region (probe beam position 0). The first oscillation is
visible from signals between 0 and ~270 us. After the first
collapse, the bubble rebounds and the process repeats itself
in the second (between ~270 and ~470 ps) and third (be-
tween ~470 and ~600 ps) oscillations. Secondary shock
waves, emitted after every collapse, are also visible from
BDP signals. The symmetry was lost in the presence of the
rigid boundary, which also caused a migration of the bubble
toward the wall.

Figure 3 shows some typical images of a bubble oscil-
lating in infinite liquid as obtained by shadow photography
(which we used as a reference method). The bright spot in
the center corresponds to the light radiated from the plasma.
The shock wave is visible on frame B1 as a ring surround-
ing the plasma and the bubble. The cavitation bubble, visi-
ble as a black area on the bright background, expanded to its
maximum radius at r ~ 140 ps (frame A2) and then started
to collapse. At an early stage of the spreading the cavita-
tion bubble is slightly conical (see frame B1). This agrees
with the shape of the laser-induced plasma, reported else-
where [20, 21]. This non-spherical nature of the initial bub-
ble behavior becomes remarkable at the first bubble collapse
(see images C2, D2). At time ¢ ~ 280 us (frame A3) one
can see the secondary shock wave emitted as a result of the
bubble’s collapse. During the first collapse, the bubble splits
into two parts (see images A3-D3). This split is the result
of the non-spherical bubble shape [22]. Later, the bubble
expanded to its maximum radius of the second oscillation
(frame C3). After the end of the oscillations, the gas bubbles
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Fig.3 Typical images of cavitation bubble dynamics in an infinite lig-
uid made by shadow photography. The laser pulse enters from the top
of each frame. The bright spot in the center shows light radiated from
the plasma, while the black area on the bright background shows the
cavitation bubble. A shock wave is visible as a “ring” surrounding the
plasma and the bubble. The scale is shown in frame D4

Fig. 4 Images of an oscillating bubble near a rigid boundary. The
boundary was placed 3.3 mm (y ~ 2.1) below the breakdown center.
The liquid jet is visible from C2 to D3. The scale is shown in frame D3

remained close to the breakdown region for a few seconds
after the breakdown [20] and are visible in the last frame
(D4) of Fig. 3.

Figure 4 shows some typical images captured near a rigid
boundary. The distance between the rigid boundary and the
center of the bubble was s = 3.3 mm (y ~ 2.1). The rigid
boundary was positioned below the bubble. When a bubble
collapses in the vicinity of the rigid boundary, the boundary
hinders the flow of fluid toward the bubble. As a result, a
low-pressure region develops between the bubble and the
boundary [23], and this leads to a difference in the pressure
between the liquid below and above the bubble, causing a
strong acceleration of the bubble’s upper wall. As a result, a
liquid jet is formed and directed toward the rigid boundary.
The jet hits the bubble’s opposite wall in the final stage of
the collapse and penetrates the bubble during the collapse
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Fig. 5 Bubble radius versus time for the bubble in an infinite liquid.
Comparison between the results obtained from the BDP (circles) and
shadow photography (deltoids) shows excellent agreement of the meth-
ods. In the case of BDP measurements the data were processed by the
method for reducing the measurement noise during the BDP scanning
procedure [13]

and rebound [17]. From frames D2—C3 in Fig. 4, we can see
that this becomes visible during the second oscillation.

A quantitative evolution of the measured cavitation bub-
ble’s radius in an infinite liquid is shown in Fig. 5. The
vertical axis represents the bubble radius. In the case of
the results obtained by BDP (circles), the bubble radius
was obtained from the position of the probe relative to the
breakdown site during the scanning procedure. The data
were processed by the method for reducing the measure-
ment noise during the BDP scanning procedure [13]. This
improved technique uses a unique property of BDP: all the
cavitation bubble’s expansions, collapses and shock waves
can be obtained from a single shot. Comparison with shadow
photography measurements (deltoids) confirms an excellent
agreement between methods, where the scatter of the data
obtained by the BDP is smaller than with shadow photog-
raphy, since in the first case the method for reducing the
measurement noise was used. A detailed description of the
method can be found in [13].

A quantitative evolution of the top and the bottom of the
bubble near a rigid boundary is shown in Fig. 6. The ver-
tical axis shows the distance relative to the breakdown re-
gion. Here, a positive sign on the vertical axis corresponds
to the distance above the initial position of the bubble (i.e.,
breakdown region), while a negative sign corresponds to the
distances below the breakdown region. In the case of the
BDP measurements (circles), the bubble’s top and bottom
were distinguished in the BDP signals from the polariza-
tion of the peaks. Each point is the average of four mea-
surements. The slope of the graph shows the velocities of
the bubble’s top and the bottom. Frames C2-C3 in Fig. 4
show that the jet is formed on the bottom of the bubble after
the rebound. In Fig. 6, a liquid jet is visible as an increase
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Fig. 6 The movement of the top and the bottom of the bubble oscillat-
ing near a rigid boundary. The boundary was placed 3.3 mm (y ~ 2.1)
below the breakdown region. Comparison between the results obtained
from the BDP (circles) and shadow photography (deltoids) shows ex-
cellent agreement of the methods. A rectangle (LJ) marks the develop-
ment of the liquid jet. The image shows the liquid jet at its maximum
size

in the velocity of the bubble’s bottom (between ~270 and
~300 us) and is marked by a rectangle (LJ). Also in the
aspect of bubble which oscillates near a rigid boundary the
results of the shadow photography measurements (deltoids)
agree with the results obtained by beam-deflection probe
measurements. Also in this case the scatter of the data ob-
tained by the BDP is smaller than with shadow photography.
The main reason is that more repetitions were done by BDP,
since the employed system enabled automatic acquisition of
large amounts of data.

4 Conclusion

We have presented optodynamic measurements of the laser-
induced cavitation bubble and its oscillations, based on a
scanning technique by using laser beam-deflection probe.
With BDP, we measured a bubble oscillating in an infinite
liquid as well as a bubble oscillating near a rigid boundary.
In the latter case, asymmetrical collapse was visible. The
shadow photography was simultaneously employed during
experiments for data verification reasons. Comparison of the
results demonstrated good agreement of both methods. On
one hand, the main advantage of the shadow photography
is that the whole 2D image is acquired. On the other hand,
the main advantage of the BDP is that from the signal, ac-
quired with a single shot, information of collapse times for
all bubble oscillations and consequently bubble oscillation
radii can be obtained.
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