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ABSTRACT
Laser induced cavitation is one of the effective techniques to generate controlled cavitation bubbles, both for basic study and for applica-
tions in different fields of engineering and medicine. Unfortunately, control of bubble formation and symmetry is hardly achieved due to
a series of concurrent causes. In particular, the need to focus the laser beam at the bubble formation spot leads, in general, to a conical
region proximal to the light source where conditions are met for plasma breakdown. A finite sized region then exists where the electric
field may fluctuate depending on several disturbing agents, leading to possible plasma fragmentation and plasma intensity variation. Such
irregularities may induce asymmetry in the successive bubble dynamics, a mostly undesired effect if reproducible conditions are sought
for. In the present paper, the structure of the breakdown plasma and the ensuing bubble dynamics are analyzed by means of high speed
imaging and intensity measurements of the shockwave system launched at breakdown. It is found that the parameters of the system can
be tuned to optimize repeatability and sphericity. In particular, symmetric rebound dynamics is achieved almost deterministically when a
pointlike plasma is generated at the breakdown threshold energy. Spherical symmetry is also favored by a large focusing angle combined
with a relatively large pulse energy, a process which, however, retains a significant level of stochasticity. Outside these special conditions,
the elongated and often fragmented conical plasma shape is found to be correlated with anisotropic and multiple breakdown shockwave
emission.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5119794., s

I. INTRODUCTION

Cavitation in liquids is an intriguing phenomenon with sub-
stantial impact in engineering, medicine, and fundamental physics
spanning a wide range of time scales.25 Cavitation bubbles are tra-
ditionally associated with erosion damage,29 e.g., in ship propellers
and hydraulic turbomachinery,27 biomedical applications,5 e.g., cell
poration16,33 and drug delivery,28 and microfluidics.51 The forma-
tion of vapor nuclei may be caused by energy fluctuations of the
system (homogeneous nucleation).8 In the present work, the energy
needed to form the bubble is provided by a pulsed laser light
focused in and absorbed by the water medium, a process known

as laser induced cavitation where the bubble formation is medi-
ated by the breakdown of water through the generation of a plasma.
In medicine, laser induced breakdown plasmas have been used to
ablate fatty depositions from blood vessel walls (laser angioplasty),
for fragmentation of kidney stones (lithotripsy)50 and in ophthalmic
microsurgery.11,52 Laser based techniques for the generation of bub-
bles have been widely explored in the last few decades (see, e.g.,
Refs. 1, 6, 7, 9, 12–15, 17, 22, 24, 35, 38, 40, 41, 43–45, and 47–49).
This is a stochastic process whose probability increases with the laser
electric field.32 Given the optical setup, a threshold energy is needed
before the plasma forms. Here, the threshold energy is defined as the
energy at which plasma is observed with 50% probability.43,45
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Once the breakdown threshold is reached, enough energy is
absorbed in the focus region so that a small liquid volume heats
up to ionization temperatures (several thousand kelvin) generating
a plasma and subsequently releasing a shockwave. As the shock-
wave propagates in the liquid, a vapor bubble is left in the focus
region, which is not in equilibrium with the surrounding liquid.
According to the accepted Rayleigh-Plesset (RP) model,30 the evo-
lution of a spherical bubble of radius r is described by the following
equation:

pV − pe

ρL
= rr̈ +

3
2

ṙ2 +
4νL

r
ṙ +

2σ
ρLr

, (1)

where pe is the ambient pressure, pV is the vapor pressure (2.33 kPa
in water at 20 ○C), σ = 7.73 × 10−2 Pa m is the liquid/vapor sur-
face tension, ρL is the liquid density, and νL is the liquid kinematic
viscosity. For water at room temperature and ambient pressure,
pe = 0.1 MPa, the surface tension is entirely negligible for millime-
ter bubbles. Typically, the effect of viscosity, appearing in Eq. (1)
through the boundary conditions at the bubble interface,4 is also
negligible. In these conditions, the energy deposited by the laser
beam is partially radiated away by the breakdown shockwave and
in part provides the conserved energy E0 associated with the bubble
dynamics. The energy balance reads EK + EB = E0, where EK basi-
cally is the kinetic energy of the liquid (the kinetic energy share of
the vapor being practically irrelevant) and EB = 4/3π(pe − pV )r3 is
the bubble potential energy. The bubble expands until all the energy
is converted into bubble potential energy, providing an equation
relating the bubble energy to the maximum radius rmax,

E0 = EB = 4
3
π(pe − pV)r3

max . (2)

Once the maximum radius is reached, the bubble starts compress-
ing back until the eventual collapse (at maximum radius, ṙ van-
ishes, and r̈ < 0, as follows from the RP equation). At the final
stage of the collapse, luminescence in the form of a light flash can
be observed25 and a second shockwave is launched into the liquid.
A second bubble forms out of a rebound process, and the newly
formed bubble expands. Ideally, the process is repeated until the
energy is dissipated by viscosity, dispersed by thermal conduction
from the hotter compressed bubble to the colder surrounding liquid,
or radiated by shockwaves.18,19 In fact, the dynamics is not exactly

spherically symmetric for several reasons to be further discussed
below. The time interval between the bubble maximum expansion
and the end of the collapse phase is the Rayleigh collapse time31

Tc = 0.915rmax
√
ρL/(pe − pV).

The present experimental study is focused on laser induced cav-
itation bubbles in pure water addressing, in particular, the repeata-
bility of the process and the sphericity of the ensuing bubble dynam-
ics. These features are affected by many factors such as laser sta-
bility, e.g., in terms of pulse energy, the specific optical setup, and
the possible presence of impurities dispersed in water. A key aspect
is the shape of the plasma formed at breakdown, here studied by
visualization and through pressure measurements aimed at char-
acterizing the breakdown shockwave using a custom made fiber
optic probe hydrophone (FOPH). The effect of the plasma shape
is evaluated by investigating the bubble dynamics up to the first
rebound (namely, up to the formation and collapse of the second
bubble) through high speed imaging. The main purpose is to opti-
mize the conditions for achieving a repeatable spherically symmetric
plasma-bubble-rebound configuration.

II. EXPERIMENTAL SETUP
With reference to Fig. 1, the experimental setup can be

schematically divided into three main parts:23,35 an apparatus
for bubble nucleation (a), a video acquisition system (b), and a
hydrophone system (c).

A. Laser induced cavitation setup
Bubbles are induced by focusing a pulsed laser in a cavitation

box filled with pure water (Milli-Q water, 0.22 μm membrane filter)
and equipped with a parabolic mirror,22 used to focus the beam. The
laser is a frequency-doubled Q-switched Nd:YAG (Litron Nano S
35-15), which can deliver light pulses at the wavelength λ = 532 nm,
with duration τ = 8 ns at a repetition rate that can be tuned in the
range of 0–15 Hz and pulse energy up to 30 mJ. It is known that
ns-pulses create a higher electron density than picosecond-pulses,
resulting in higher absorption coefficient of the plasma, stronger
plasma radiation, higher plasma temperature, and stronger mechan-
ical effects.46 The energy at the laser exit, EL, is sampled by an energy
sensor through a beam splitter (4%) (see Fig. 1).

FIG. 1. Experimental setup. The sys-
tem is divided into three main parts.
(a) Bubble generation, based on a 532
nm Nd:YAG pulsed laser. The beam
is expanded by a telescopic system
and focused by an aluminum-coated
parabolic mirror in a cavitation box. (b)
High-speed video acquisition system. (c)
Custom FOPH for pressure measure-
ment of the shockwaves.
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Before being focused, the laser beam is shaped by custom-made
telescope systems to obtain different magnification values (×2, ×3,
×6, and ×8). The telescope is composed of two lenses with differ-
ent focal lengths f : an imaging lens (fIL) and an objective lens (fOL).
The ×3, ×6, and ×8 expansions are obtained by using a Galilean
scheme, in which the image lens is a planoconcave spherical lens (fIL
= −25 mm) and the objective lens is a planoconvex spherical lens
(fOL = 75 mm, 150 mm, and 200 mm for ×3, ×6, and ×8, respec-
tively). The ×2 expansion is obtained by using a Keplerian scheme
(fIL = 75 mm and fOL = 150 mm).

The expanded and collimated beam is then introduced in the
stainless-steel cavitation box (120 × 120 × 120 mm3) that is pro-
vided with four quartz windows for optical access and two plates
for instruments accommodation. One of these plates is equipped
with a parabolic aluminum-coated mirror (Edmund Optics, diam-
eter 50.8 mm, effective focal length fmir = 54.45 mm) for beam focus-
ing. The mirror, with nominal reflectance of 98% at 532 nm, has an
off-axis focus point with an off-set β = 30○, and it is used to generate
the cavitation bubble off the path of the incident beam.

Taking into account the magnification factors ×2, ×3, ×6, and
×8, the value of fmir , the spot size (∼4 mm), and the angular diver-
gence (∼2 mrad) of the laser beam, the focusing angles γ are 12○, 17○,
33○, and 53○, respectively.

B. Bubble imaging
The imaging system used to visualize the bubbles is schemat-

ically represented in Fig. 1(b). It consists of a Photron FastCam
mini UX100 fast camera fitted with a Nikon Micro-Nikkor 105 mm
f/2.8G IF-ED objective. The objective mounts a long wavelength
pass filter, which is used to suppress the green pulsed laser at
532 nm, to avoid saturation and damage of the camera sensor.
The camera was used at the frame rate of 64 kfps and 160 kfps,
i.e., an interframing time of 15.6 μs and 6.25 μs, respectively. The
active area of the camera sensor is varied depending on the frame
rate, namely, 1280 × 72 pixels at 64 kfps and 1280 × 24 pixels at
160 kfps. The background illumination is provided by a LED. The
cavitation bubbles appear black in the images, providing a clearly
defined shadow.21

C. Pressure measurements
The most common hydrophones used for cavitation detec-

tion are based on piezoelectric polymers such as Polyvinylidene-
Di-Fluoride (PVDF) or mechanical membranes. They are widely
used in clinical imaging of biological tissues where the frequen-
cies of interest are on the order of few tens of megahertz.20 Being
resonant mechanical systems, they must be miniaturized to reach
higher frequencies.42 The cost for a larger bandwidth is the reduc-
tion of mechanical robustness and sensitivity. Alternatively, fiber
optics hydrophones have a much broader bandwidth and are suf-
ficiently small and robust. Here, a custom made fiber optic probe
hydrophone (FOPH) is used to measure the pressure signals emitted
during breakdown. Our FOPH shows a smaller sensitivity in com-
parison to PVdF hydrophones due to a lower signal-to-noise ratio26

but provides a much larger bandwidth.
The FOPH working principle is sketched in Fig. 1(c). The beam

emitted by a CW (continuous wave) laser diode (LD) (Thorlabs,

830 nm, 1 W) is coupled by means of a lens to the input fiber (port 4)
of a fiber coupler (FC) [Thorlabs, 2 × 1 Graded-Index (GRIN) Mul-
timode, Thorlabs GIF625 fiber] with a nominally 3 dB splitting
ratio. 50% of the transmitted power is coupled to the output fiber
(port 1). The tip of this latter fiber is immersed in the cavitation
box and is used as a pressure probe. 50% of the beam reflected
at the end facet of the output fiber is coupled back to port 3 and
is collected by a silicon avalanche photodetector (PD) (Thorlabs,
APD430A2) with high sensitivity in the 200–1000 nm wavelength
range and 400 MHz output bandwidth. The photodetector is con-
nected to an oscilloscope (2440 Tektronix Digital Oscilloscope) with
a maximum sampling rate of 500 megasamples/s for a real-time
bandwidth of 200 MHz. Data are acquired and analyzed by a custom
LabView software.

Pressure variations in the water in contact with the FOPH facet
cause a density change and consequently a local change of the water
refractive index and of the reflectance of the fiber/water interface.
The latter variation is detected as a change in the photodetector volt-
age output. Because of the low glass compressibility, in comparison
to water, the fiber refractive index changes are generally negligible.26

The photodetector signal can be expressed as

V = A1A2ϕ
P0

4
(R + R0), (3)

where P0 is the laser diode power, ϕ is the conversion factor of the
photodetector, and R0 takes the signal noise into account. A1 and
A2 are the LD/port 4 and port 3/PD coupling efficiencies, respec-
tively, as shown in Fig. 1. R is the reflectance at the interface between
the fiber probe and the external medium as expressed by the nor-
mal incidence Fresnel coefficient. The sensitivity SR to a reflectance
change, defined as

SR = ∂V
∂R
= A1A2ϕ

P0

4
, (4)

is evaluated experimentally using liquids with different known
refractive indexes. The response ΔV to a variation of pressure can
be related to the reflectance change through the pressure sensitivity,
Sp, which can be evaluated by combining the isentropic Tait equa-
tion, the Gladstone-Dale empirical relation for the water density as
a function of the refractive index and the expressions of the Fresnel
coefficients.2 The expression for Sp is

Sp = ∂V
∂p
= SR

∂R
∂p
= SR

4
√

R
κ

nf

(nf + nl)2

n0
l − 1

p0 + p1
( p + p1

p0 + p1
)
(1−κ)/κ

,

(5)

where nf = 1.496 and n0
l = 1.328 are the fiber and water

refractive indexes, respectively, at 20 ○C and atmospheric pressure.
p0 = 0.1 MPa, p1 = 295.5 MPa, and κ = 7.44 are Tait’s constants at
20 ○C.36 The constant Sp/SR ratio is −6.63 × 10−6 MPa−1 at atmo-
spheric pressure. Sp was evaluated every time the fiber probe was
cleaved.

III. RESULTS AND DISCUSSION
A. Bubble dynamics and plasma shape

It is well known that a plasma is created in the focusing cone of
a laser beam proximal to the laser. The plasma length is also known
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to strongly depend on the focusing angle and the laser energy.40,46

Moreover, multiple pointlike plasmas frequently occur.40 Their for-
mation has been mainly associated with impurities in the liquid and
with focusing lenses’ spherical aberrations.

Following Ref. 22, the present setup is optimized to prevent
spherical aberrations through the use of the parabolic mirror. There-
fore, spherical aberrations can be excluded as possible causes of
plasma distortions. A further possible cause of asymmetry is the
interaction with boundaries. Under this respect, the use of a mir-
ror with a large focal length allows for minimizing/excluding this
effect. Suitably placing the mirror inside the cavitation box ensures
that the closest boundary is the surface of the mirror itself, with a
distance to the bubble corresponding to the focal length. The param-
eter controlling boundary induced bubble asphericity is the so-called
stand-off distance, defined as χ = h/rmax, where h is the distance
from the closest boundary (the mirror focal length for the present
case) and rmax is the bubble radius at maximum expansion. A nearly
spherical collapse is commonly reported for χ < 5. Recently, “weak
jets” piercing the bubble were detected for stand-off distances up to
χ ∼ 14 (see Ref. 39). Therefore, the value χ > 27 used in the present
experiment safely excludes the boundaries as possible cause of
asymmetries.

Hence, it is expected that the plasma shape principally depends
on the parameters of the experiment, namely, focusing angle
and laser pulse energy that are well controlled or directly mea-
sured in the experiments. Nevertheless, the random effect of liq-
uid impurities remains among the possible reasons for plasma
fragmentation.

Before going deeper into the plasma characteristics, bubble
dynamics is shown in Fig. 2. Panel (a) reports the temporal evolu-
tion of the bubble radius at different focusing angles for the avail-
able highest laser energy EL. For the larger focusing angles, two
rebounds are apparent after the first collapse. In panel (b), the
values of the maximum bubble radius rmax are plotted as a func-
tion of the laser energy EL. Here, rmax is evaluated as the average
over 64 consecutive events acquired at fixed laser energy. The bars
attached to the data provide the standard deviation. Once the esti-
mate of the maximum radius is available, Eq. (2) can be used to

estimate the (maximum) bubble potential energy, EB, shown in panel
(c). The ratio between EB and EL represents the amount of laser
energy converted into bubble mechanical energy, ultimately respon-
sible for bubble dynamics after breakdown and shockwave emis-
sion at collapse.44 Increasing the focusing angle, the conversion effi-
ciency of the present setup spans between 9% and 15%. The bubble
dynamics obtained with the present experimental setup is in agree-
ment with that already observed in the literature, as also reported
in Ref. 35.

The effect of beam energy and focusing angle on plasma
shape is illustrated in Figs. 3 and 4. Figure 3(a) shows a typical
sequence of images acquired at 64 kfps used to extract informa-
tion on the bubble dynamics. Panels b and c show the plasma
shape (white/yellow spots) at different γ for two pulse energy
values (left and right columns correspond to lower and higher
energy, respectively). The bubble at maximum expansion is sub-
tracted from each image and appears as an orange disk. The green
arrow indicates the beam direction of incidence. Tightening the light
cone, the plasma becomes thinner and elongated toward the laser
source.

Figure 4 concerns the image gray scale I used to quantify the
plasma light intensity. Panels (a) and (b) show the contour plots of
I(x, y), where x and y are the two coordinates in the image plane,
for two focusing angles and different pulse energies. The inten-
sity is normalized on the 8-bit depth of the images. Each image
is obtained as the average over 64 bubble events captured at fixed
(nominal) energy. The averaging procedure removes the random
effects of the process, leaving only the deterministic influence of
pulse energy and focusing angle on the plasma shape. The inten-
sity profiles taken along the plasma main axis and spatially averaged
over a 10-pixel wide strip, see panel (c), are shown in panels (d) and
(e), corresponding to panels (a) and (b), respectively. As expected,
by increasing the pulse energy EL, the plasma tip keeps the same
position while the tail shifts toward the light source (see also Fig. 3).
At the same time, the peak intensity increases and the distribution
broadens. At constant pulse energy, the focusing angle is found to
crucially affect the energy distribution, which is more localized for
wider angles.

FIG. 2. Effect of the laser light focusing angle γ on the bubble dynamics. (a) Bubble radius evolution, (b) maximum bubble radius rmax as a function of the laser energy EL,
and (c) bubble potential energy EB.
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FIG. 3. (a) Images acquisition at 64 kfps corresponding to EL = 22.0 mJ and γ = 53○. [(b) and (c)] Effect of the laser light focusing angle γ on the plasma shape. Composite
images of the plasma (in yellow/white) and bubble at maximum expansion (orange disk) for EL = 12.7 mJ (b) and EL = 22.0 mJ (c). The direction of the laser beam is marked
by the green arrows.

The plasma length L is plotted as a function of the energy EL
for different focusing angles in Fig. 5(a). It is measured between
the two extremal points where the local intensity is one tenth of
the maximum, more precisely the threshold values are Ibg + ((Imax
− Ibg)/10), with Ibg being the background. Well above the break-
down threshold energy ETH , at the widest focusing angles (black
and red symbols), L is almost unchanged with varying energy. For
narrower light cones, L significantly depends on the angle γ and
increases almost linearly with EL (green and blue symbols). At the
breakdown threshold, L is considerably shorter and becomes com-
parable to the maximum plasma thickness w, as illustrated through
the sphericity index ζ(EL, γ) = w/L plotted in Fig. 5(b) as a function
of EL which, at threshold, becomes ζ = 0.7–0.8. At large energy, the
achievable sphericity is limited to ζ ≤ 0.4, regardless of the focusing
angle.

Given the good sphericity achieved at the breakdown thresh-
old energy, a few more details are provided for this case in Fig. 6. As
already commented in Sec. I, the plasma shape can hardly be con-
sidered a purely deterministic process. Indeed, a substantial level of
randomness is observed when repeating the experiments under the

same nominal conditions. Statistics on plasma shapes at the break-
down threshold are shown in panel (a) of Fig. 6. The data refer
to 64 consecutive acquisitions for each γ. The number of samples
was found sufficient to assure reproducibility of the histogram. For
example, for the case at focusing angle γ = 12○, doubling the data set
changes the height of the histogram by less than 5%. As seen from
the bars, the most frequent occurrence for any focusing angle is a sin-
gle point plasma (see the examples of plasma shape reported below
the panel). Panel (b) shows the increase in the threshold energy
ETH with γ. For given nominal conditions, the actual location of the
plasma spot inside the light cone may fluctuate among the different
realizations. Decreasing the focusing angle, the range of positions
where the plasma may form increases as reported in panel (c), e.g., at
γ = 12○, the plasma spot may appear within a ∼600 μm long region.
This random shift in the plasma location leads to a corresponding
randomness in the bubble position. Histograms of the sphericity
for the different plasma configurations are provided in panel (d)
of Fig. 6.

Typically, after the first collapse, the bubble hardly achieves a
spherical shape and may split into two or three daughter bubbles.
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FIG. 4. Color map of the normalized gray scale intensity of the averaged plasma shape over 64 recordings for different energies and two focusing angles, 17○ (a) and 53○

(b). The plot (c) reports the process to measure the plasma length. The 2D graphs (d) and (e) are the intensity profiles along the plasma axis measured according to (c) for
the cases shown in (a) and (b), respectively.

For the present setup, two conditions can be identified that lead
to rebounds with a single bubble and high repeatability. The first
condition corresponds to the breakdown threshold energy for all
the focusing angles. The second one works at high laser energy
and wide focusing angle. They are illustrated in Figs. 7(a) and
7(b), respectively. These figures are constructed by overlapping
three frames corresponding to plasma appearance, bubble maxi-
mum expansion after inception and maximum expansion during
the first rebound, respectively. In the composite image, the bub-
ble configuration at rebound is shown as an orange disk inside the

shadow shape of the bubble at maximum radius. Panel (a) reports
two examples at threshold energy and γ = 12○. The plasma is point-
like and the system is almost perfectly spherical and repeatable,
except for the bubble center location which shows a certain level of
randomness, as already discussed [see Fig. 6(c)]. Panel (b) reports
a bubble obtained at γ = 53○ and EL = 26 mJ. In this case, the
plasma is conical with deterministic position. After the first col-
lapse, an almost spherical single bubble usually rebounds, which is
typically slightly displaced with respect to the center of the main
bubble.

FIG. 5. Plasma length L (a) and plasma
sphericity ζ (b) as a function of EL.
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FIG. 6. Plasma formation at the breakdown threshold energy ETH . (a) Histogram showing the occurrence of the different plasma configurations, (b) change of ETH with γ,
(c) shift of the plasma location with γ, and (d) histograms of the plasma sphericity ζ for the different plasma configurations.

B. Breakdown shockwave

Geometrically, the prevalent plasma feature is its conical elon-
gated and, often, fragmented shape which significantly affects the
shockwave system emitted at breakdown. The shockwave can be
detected by using the hydrophone described in Sec. II C. Data are
acquired at different positions, moving the sensor along the line par-
allel to the beam axis at the nominal distance d = 3 mm, as sketched

in panel (a) of Fig. 8. The data are obtained as a multipeak fit of the
average obtained from 256 bubble cavitation events. To remove the
effect of laser energy fluctuations, the signal acquisition was condi-
tioned to the laser energy. Depending on the specific experiment,
the accepted energy interval was chosen in the range of 1%–5% of
the nominal pulse energy. Clearly, the signal read by the photode-
tector is contaminated by the laser pulse and plasma emission light
peaks entering the probe. These contributions can be removed by

FIG. 7. Superimposition of three frames:
plasma, bubble at maximum expan-
sion after breakdown, and after the first
rebound. (a) Examples of spherical-like
plasma-bubble-rebound at the break-
down threshold energy ETH ≈ 4 mJ [see
Fig. 6(b)] for γ = 12○, Rmax ∼ 600 μm
(left) and Rmax ∼ 500 μm (right). (b) EL
= 26 mJ, γ = 53○, and Rmax = 1970 μm.
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FIG. 8. (a) Position of the fiber probe for the study of the effect of the plasma shape
on the pressure signal. The fiber was shifted along the direction parallel to the laser
focusing direction at a nominal distance d = 3 mm (green arrow). D is the effective
distance when the plasma shape changes. The two intensity graphs show how
the shape changes when the laser energy is tuned. (b) Plot of the time dependent
pressure signals for the three different positions shown in (a). The largest change
of the peak maximum is observed at the plasma tail.

subtracting a reference signal acquired with the hydrophone laser
diode switched off.

Figure 8 concerns the configuration with beam focusing angle
γ = 12○. In panel (b), the pressure signal is plotted for two values of

the pulse energy, 17.1 and 22.0 mJ, and three positions of the sensor.
With reference to the sketch in panel (a), point A is located in corre-
spondence to the leading edge of the 22.0 mJ-pulse plasma, point
B is in the middle and point C corresponds to the trailing edge.
As discussed in Sec. III A, the 17.1 mJ-pulse plasma is shorter, see
the corresponding black contour superimposed to the higher energy
plasma in panel (a). Being determined by the optical arrangement,
the leading edge is the same in both cases, implying that, in position
C, the sensor is in fact farther from the plasma trailing edge for the
lower pulse energy.

The shockwave is strongly sensitive to the plasma shape and
intensity, with pressure peak amplitude and arrival time depend-
ing on sensor position and laser pulse energy. Increasing the laser
energy, the pressure wave amplitude increases and the arrival time
reduces. Typically, a difference of about 4–5 ns is observed for the
two energies when the sensor is positioned in correspondence with
the plasma leading edge (A) and the plasma center (B). This is con-
sistent with the increased shockwave intensity which entails a faster
propagation speed. In addition, when moving the sensor to C, the
delay time between the two energies is also affected by the different
distance between sensor and plasma trailing edge. As a consequence,
the delay increases by about ∼18 ns consistently with the estimate
based on distance [difference D − d ∼ 15 μm in panel (a)] and typical
sound speed.

From panel (b) of Fig. 8, the pressure peak is larger in point
B (middle) with respect to those in A and C (tips). This reason-
ably suggests that the wave is formed by the superposition of signals
originating from different spots in the plasma region.

In order to enhance this effect and understand the structure of
the wave, the hydrophone position is moved along a circle copla-
nar with the laser beam axis and centered on the bubble (see also
Ref. 40). Given the distance d from the plasma, the hydrophone posi-
tion is identified by the angle θ in Fig. 9(a). The pressure signals
collected at θ = 0○, 45○, 90○ for different focusing angles of the laser

FIG. 9. (a) Relative position of the fiber
tip with respect to the focusing point of
the pulsed laser (the sketch is rotated
90○ counterclockwise with respect to
the actual configuration with the ver-
tical hydrophone axis). Pressure mea-
surements of breakdown shockwave: (b)
θ = 90○, (c) θ = 45○, and (d) θ = 0○. The
insets show the image of the bubble and
the hydrophone. The green arrow indi-
cates the laser beam propagation path
and direction.
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beam and two pulse energies are shown in Figs. 9(b)–9(d). Like for
the hydrophone configuration B in Fig. 8, a single peak is observed
at θ = 90○ with a delay with respect to the laser pulse trigger that
depends on γ and EL [see Fig. 9(b)]. The peak increases in intensity
and shifts monotonically to earlier times when the laser energy is
increased (see the dashed lines), for all focusing angles, a result that
is in agreement with the observed shockwave velocity increase asso-
ciated with larger shock strengths.40,45 Changing the angular posi-
tion, the wave tends to split in distinct components. Multiple peaks
clearly appear at θ = 45○ and 0○, see Figs. 9(c) and 9(d), confirming
recent results, respectively.40 Moving from 90○ (FOPH orthogonal
to the beam axis) to 0○ (FOPH along the direction of the beam),
the peaks spread apart increasingly more along the time axis. This
effect is more pronounced for narrower focusing angles, consistently
with the more pronounced axial elongation of the plasma shown
in Sec. III A.

The pressure level discussed so far is the absolute pressure mea-
sured by the hydrophone. In order to determine the actual amplitude
of the incoming pressure wave, the pressure signal must be corrected
to take into account the acoustic reflections at the water/hydrophone
fiber tip interface. Indeed, the pressure is the sum of the incident
pressure wave to be measured and the pressure due to wave reflected
at the fiber tip. To account for this effect, the data taken from
the FOPH are corrected reducing the measured values by a factor
C that is estimated by assuming a planar incident wave reflected
by the planar facet of the sensor (fiber core diameter of 62.5 μm,
with overall—core plus cladding—transversal size of 125 μm). To
evaluate C, the relevant parameters are the sound speed in water
(c = 1450 m/s) and in the fiber (cfiber = 5760 m/s)3 and the inci-
dence angle α of the pressure wave with respect to the normal to
the facet. As shown in Fig. 9, α = 90○ − θ − β, where θ identi-
fies the position of the hydrophone tip and β the direction of the
laser beam. We assumed that the fiber tip cleavage plane is normal
to the fiber axis. In the experimental setup, the fiber was hanging
vertically downward and the nucleation beam was inclined upward
by the off-set angle of the parabolic mirror β = 30○ with respect
to the horizontal plane. For the three positions of the fiber tip,
θ = 0○, 45○, 90○, we had α = 60○, 15○,−30○, respectively. When reach-
ing the fiber tip, the acoustic wave could be partially reflected back
in water and partially transmitted inside the fiber. However, since
cfiber > c, a critical incidence angle exists δ = sin−1(n) with n = c/cfiber ,3

above which the pressure wave is totally reflected in water. In all
cases reported here, |α| > δ = 14.58○ and the pressure wave was
always totally reflected. Under such conditions, the (acoustic) pres-
sure reflection coefficient is complex Rac = eϕ3 with phase angle
ϕ = −2 arctan(

√
sin2 α − n2/m cosα), where m = ρfiber/ρ = 2.4 is

the fiber-to-water mass density ratio.10 The resulting pressure field
at the fiber facet is then p = Re[A(1 + eϕ)e−ωt], where Re denotes
the real part of the complex number and A is the amplitude of the
incident pressure wave. With some simple analytical steps, we get
p = Re[A√2(1 + cosϕ)e−(ωt+ψ)], where A

√
2(1 + cosϕ) is the

amplitude of the resulting pressure and tan(ψ) = sin(ϕ)/(1
+ cos(ϕ)). Consequently, the pressure normalization factor is C
= √2(1 + cosϕ) , which corresponds to C = 1.64, 1.99, 1.96 for the
three tip positions θ, respectively.

The peak pressure values measured during the experiments and
reduced by the factor C are reported in Fig. 10 for the two largest

FIG. 10. Peak pressure of the laser-induced underwater shockwave.

focusing angles γ. The maximum peak pressure values are found
for θ = 90○ (continuous lines), where it increases monotonically
with respect to the laser pulse energy. In general, the peak pres-
sure at θ = 45○ (dashed) is higher than at θ = 0○ (dotted). However,
the peak pressure changes irregularly with the laser pulse energy,
presumably due to different fragmentation modes of the plasma
structure.

From the hydrophone data, a reconstruction of the breakdown
shockwave system can be attempted by assuming a superposition of
different spherical wavefronts, each originating from different loca-
tions of the plasma, as shown in Fig. 9, see also Refs. 34 and 40.
Such reconstruction is sketched in Fig. 11 for γ = 33○, EL = 26.1
mJ (top) and γ = 53○, EL = 17.1 mJ (bottom). Given the elongated
plasma shape, the shockwave system is spread along the direction
of the laser beam. In both cases, the hydrophone detects three dis-
tinct pressure peaks, suggesting that, on average, the plasma gener-
ates three waves from three different locations. The strength of each
wave is strongly sensitive to the specific experimental conditions,
e.g., laser beam energy and focusing angle. In particular, Figs. 11(a)
and 11(c) show that the highest pressure at the fiber location
θ = 0○ is, respectively, associated with the first and second wave-
fronts reaching the fiber tip. At θ = 45○, the peaks get temporally
closer, see red curves in the same figures, and eventually merge in a
single wave pulse at θ = 90○ (black curves) implying that the three
wave components almost simultaneously reach the FOPH in this
location.

The pressure signals can also be used to qualitatively infer
information on the initial stages of the bubble (a timeframe of
about ∼500 ns) suggesting that it is formed by the coalescence of
three distinct vapor embryos, consistently with the plasma struc-
tures that give rise to the detected pressure waves [Figs. 11(b)
and 11(d)]. One may conjecture that the highest intensity shock-
wave is associated with the largest initial bubble embryo that, by
expanding, coalesces with the neighbors to produce the single cavi-
tation bubble that is successively imaged by the camera. The above
comments highlight the initial asymmetry of the bubble which,
during the expansion, becomes more and more spherically sym-
metric. However, perfect spherical symmetry is hardly achieved.
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FIG. 11. Reconstruction of the breakdown shockwaves and
the first instants of the bubble lifetime (∼500 ns) from the
pressure signals. γ = 33○ [(a) and (b)] and γ = 53○ [(c) and
(d)]. The shockwaves associated with the largest bubble
embryo are highlighted in (b) and (d).

The residual asymmetry is amplified during the successive collapse
phase,15,37 leading to the asymmetric rebound that is most often
observed.

IV. CONCLUSIONS
Laser induced cavitation, where a cavitation bubble is formed

as a consequence of a pulsed laser beam focused in water, has
been addressed. As well known, after energy deposition, the bub-
ble expands to a maximum radius and then collapses leading to a
sequence of rebounds. The subject is of strong interest on its own
and as a controlled way to produce cavitation bubbles for basic
study and for exploitation in many different applications, in tech-
nology and medicine. Plasma formation due to the intense electric
field is confirmed to be a stochastic process depending on several
parameters, among which laser beam focusing angle, laser pulse
energy and duration, laser stability, optical aberrations, and water
impurities. Most of these parameters can be controlled, at least par-
tially, by using pure water, by employing a parabolic mirror to pre-
vent spherical aberrations in the focusing optics, or by condition-
ing the data acquisition to the actual pulse energy of each single
realization.

The purpose of the present work was to focus on the repeata-
bility of the laser induced cavitation process, and specifically on the
effect of the beam focusing angle and pulse energy (once minimized
the effect of the other parameters), as these two factors strongly affect
the shape and strength of the triggering plasma.

In this paper, different plasma configurations have been ana-
lyzed using fast camera visualizations. The data allowed us to deter-
mine the shape of the breakdown region and capture the plasma

intensity distribution as a function of energy deposition and beam
focusing angle. The plasma takes an elongated and often fragmented,
conical shape with a trailing edge determined by the focusing optics
and with the plasma region extending in the light cone proximal to
the light source.

Bubble dynamics following breakdown is correlated with the
plasma shape. Within the present accuracy limitation, the first
bubble forming after breakdown reaches always a spherical sym-
metry. On the contrary, the rebound bubble suffers significant
asymmetries, often fragmenting into multiple daughter bubbles.
The probability of obtaining a spherical rebound is found to
depend on the plasma structure. Two conditions have been iden-
tified to optimize sphericity. One is enabled by a large focusing
angle combined with a relatively large pulse energy, a process
which retains a stochastic nature, leading to conical shaped plas-
mas with a repeatable location. The other corresponds to the almost
opposite condition where the pulse energy is kept at the thresh-
old for breakdown, independently of the focusing angle. In this
case, the plasma is pointlike with random position within a cer-
tain region of the light cone, consistently with local electric field
fluctuations presumably related to local impurities. In this condi-
tion, a spherically symmetric rebound dynamics is achieved almost
deterministically.

Plasma shape and fragmentation define the structure of the
bubble embryos, as reconstructed by the analysis of the shock-
wave system initiated at breakdown. In order to detect and measure
the intensity of the shockwaves, a custom-made fiber optic probe
hydrophone was assembled. The pressure signal has been mea-
sured at different positions to reconstruct the wave structure. Plasma
shape, elongated and/or fragmented in most cases, is found to
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correlate with nonspherically symmetric shockwave emission at
breakdown.

This work clarifies the effect of two central design parameters
for laser induced cavitation, suggesting new guidelines to ensure the
repeatability of the process thereof.
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