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Double-pulse laser-induced breakdown spectroscopy (LIBS) was recently proposed for the analysis of
underwater samples, since it overcomes the drawbacks of rapid plasma quenching and of large conti-
nuum emission, typical of single-pulse ablation. Despite the attractiveness of the method, this approach
suffers nevertheless from a poor spectroscopic reproducibility, which is partially due to the scarce repro-
ducibility of the cavitation bubble induced by the first laser pulse, since pressure and dimensions of the
bubble strongly affect plasma emission. In this work, we investigated the reproducibility and the dy-
namics of the cavitation bubble induced on a solid target in water, and how they depend on pulse dura-
tion, energy, and wavelength, as well as on target composition. Results are discussed in terms of the
effects on the laser ablation process produced by the crater formation and by the interaction of the laser
pulse with floating particles and gas bubbles. This work, preliminary to the optimization of the spectro-
scopic signal, provides an insight of the phenomena occurring during laser ablation in water, together

with useful information for the choice of the laser source to be used in the apparatus.
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1. Introduction

In the last decade, the interest in laser-induced
breakdown spectroscopy (LIBS) technique rapidly
and impressively rose, leading to a deeper under-
standing of the physical processes involved, to the
development of suitable apparatus, and to the sug-
gestion of applications in a widespread range of
fields. One of the perhaps more original applications
proposed is the analysis of samples located under-
water, which is particularly attractive for objects that
can be difficultly removed from water, such as wrecks
or large artworks, or for performing a rapid screening
of large amounts of samples, such as for soils or
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sediments mapping. For this kind of application,
the traditional single-pulse LIBS setup is not suita-
ble, because the plasma induced in water is rapidly
quenched in a few hundred nanoseconds, since a
large part of its energy is dissipated via shock waves,
heat conduction, or water molecule dissociation, and
because the spectra are dominated by continuum
emission produced by the strong electron-ions recom-
bination [1]. For these reasons, the double-pulse ap-
proach was proposed [2], where a first laser pulse is
used to produce a cavitation bubble at the water-
target interface, originating from the expansion of
the first plasma plume induced at the target surface,
and a second laser pulse produces a second plasma,
which expands inside the hot water vapor/gas con-
tained in the bubble. In this way, the cooling process



of the second plasma, not affected by the heat conduc-
tion of water, is much longer (several microseconds)
than the one obtained in water, and the weaker plas-
ma recombination results in a strong reduction of
continuum emission and in the appearance of emis-
sion lines due to atomic transitions.

Despite the attractiveness of the subject and the
widespread possibility of applications, very few
groups focused their attention to the investigation of
the occurring physical processes, which is necessary
for the optimization of the apparatus and for achiev-
ing a good control of the measurement process. The
peculiarity of the configuration, in fact, makes neces-
sary a better knowledge of many processes, such as
the laser ablation in water; the interaction of the laser
pulse with water molecules, with water impurities,
and with particles produced by plume condensation
or laser ablation; the dynamics of the cavitation bub-
ble; the decay of the plasma plume and its interaction
with hot vapor, and so on. One of the urging tasks is
certainly the improvement of LIBS signal reproduci-
bility [2-5], which is affected by the crater formation,
by the gas bubbles formed in the water, and by the in-
teraction of the laser pulse with impurities and par-
ticles formed during the ablation process or the plume
condensation. The poor reproducibility of double-
pulse (DP)-LIBS underwater was previously afforded
by Lazic et al. [3] by performing a data processing of
the spectra, through the selection of those produced
by plasmas with similar temperature values; such a
method, applied to sediment analysis, allowed one
to obtain well correlated calibration curves for several
chemical elements (Fe, Ti, Mg, Si) but is, however, se-
verely affected by the difficult estimation of plasma
temperature.

One of the reasons for the poor reproducibility of
LIBS signal is certainly the shot to shot variation
of bubble dimensions, which makes different the en-
vironment where the second ablation occurs. It was
shown that the dimensions of the cavitation bubble,
at the time of the arrival of the second laser pulse,
strongly affect LIBS signal both for the different
pressure of the vapor inside, which has consequences
on the laser ablation process and plasma cooling, and
for the different confinement of the second plasma
operated by the bubble. In particular, Casavola et al.
[6] (using two Nd:YAG laser pulses at 1 = 532 nm)
showed that higher LIBS signals are obtained for lar-
ger bubbles (and correspondingly lower vapor pres-
sures), which is consistent with similar effects
obtained in air by using ns laser pulses [7,8]. Then,
for a suitable control of the process, it appears essen-
tial to determine the experimental conditions able to
produce a reproducible cavitation bubble with suita-
ble size and pressure values and with size fluctua-
tions not significantly affecting LIBS signal, together
with a good time-stability of the bubble (i.e., in sub-
sequent laser shots) allowing the average of several
emission spectra.

The formation and the dynamic evolution of a ca-
vitation bubble inside a liquid environment have

been widely studied in the past for their effects and
applications in different branches of science and en-
gineering, such as for describing large-scale pro-
cesses as underwater explosions [9] or describing
microscopic phenomena as sonoluminescence [10].
More recently, the generation of a cavitation bubble
by a laser pulse focused into the liquid aroused a par-
ticular interest in medicine for laser surgery applica-
tions [11]. Most of these works, however, deal with
cavitation phenomena generated in the bulk of the
liquid, eventually near a rigid surface, while a lim-
ited number of them focus their attention on the dy-
namics of a bubble produced by a laser pulse on a
metal target immersed in a liquid, as occurring in
DP-LIBS. The phenomenon of laser-induced cavita-
tion over a target surface, in fact, significantly differs
from the ideal case of a spherical bubble produced in
bulk water—on one hand, because the ablation pro-
cess is determinant for the successive evolution of the
bubble, and, on the other, because the interaction of
the bubble with the target surface can strongly affect
its dynamics via heat or mechanical energy transfer.
It is thus evident that the formation and the dy-
namics of a cavitation bubble over a target surface
need dedicated experimental and theoretical investi-
gations, at the moment missing.

From a modeling point of view, cavitation dy-
namics in bulk water is basically described by the
Rayleigh—Plesset equation—which is essentially de-
rived from Navier—Stokes fluidodynamic equations
—coupled to a suitable expression accounting for the
pressure inside the bubble [10]; however, an
accurate description of the phenomenon is compli-
cated by several effects, such as the vaporization-
condensation balance at the liquid/vapor interface
[12], the heat transfer to the liquid [13,14], the en-
ergy loss due to a shock wave emission after the first
rebound [12], and, finally, the concomitance of gas
and vapor inside the bubble [15], whose amount
should be properly estimated. The modeling of the
process becomes even more complex when the plas-
ma is induced over a solid surface, where other ef-
fects should be considered, such as thermal and
mechanical interaction between the bubble and the
target surface [16,17], the concomitance of liquid and
metal vapor [18], and the nucleation and growth of
metal nanoparticles (NPs) that diffuse through the
vapor/liquid interface toward the liquid bulk [19].
The complexity of the phenomenon makes it very
hard to obtain useful information on the optimal ex-
perimental conditions to be used by a theoretical
approach, so that a phenomenological approach, fol-
lowed by a discussion about the relevance of the phy-
sical processes occurring, is used in the present work.

Many experimental parameters, including laser
pulse duration, energy, and wavelength, as well as
target composition, are varied, and their effect on
bubble dimensions, reproducibility, and dynamics
is investigated. The results, discussed in term of la-
ser ablation process and bubble interaction with the
target surface, thus constitute precious preliminary
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information for the choice of experimental apparatus
to be used in DP-LIBS. After the optimization of the
first laser pulse and of the cavitation bubble, a study
focused on the LIBS signal optimization is evidently
a necessary but successive task, requiring the inves-
tigation of the effects related to the second laser
pulse (e.g., to the laser ablation, the self-absorption
of the lines, the plasma thermodynamic parameters,
the interaction with NPs, etc.), and requires a sepa-
rate and detailed work.

2. Experimental Setup

A shadowgraphy apparatus, as sketched in Fig. 1, was
utilized to observe the formation and the dynamical
evolution of the cavitation bubble induced on a target
surface immersed in water. Two different laser
sources, a mode-locked Nd:YAG laser (r = 25 ps,
EKSPLA PL2143A) and a Q-switched Nd:YAG laser
(r = 20 ns, Quanta System CLS 400), both operating
at 10 Hz repetition rate, were utilized for the experi-
ment. With both the sources, the measurements were
performed both with the fundamental (1 = 1064 nm)
and with the second-harmonic(1 = 532 nm)emission.
The laser beams were focused slightly below the
target surface by means of a 20 cm focal length doub-
let lens, obtaining a laser spot of approximately
500 um diameter. With both sources and wave-
lengths, several fluence values, approximately 2.5,
5, and 7.5 J cm™2, were delivered to the target sur-
face; in order to use the same fluence at different
wavelengths, the pulse energies were adjusted to
compensate the different absorption of the water
layer at 532 and 1064 nm. The fluctuations of laser
energy, measured by a thermopile (Gentec ED-200),
are of ~5% for both sources. Aluminum and gold
plates (purity larger than 99%), used as targets, were
placed at the bottom of a 1 cm x 1 cm quartz cuvette,
and submerged with twice distilled water up to a li-
quid depth of 2 cm above the target surface.
Aluminum and gold were chosen because of their
markedly different properties characterizing the ab-
lation process, such as the melting points, the abla-
tion thresholds, and the electron-phonon coupling
times. The cuvette was installed over a micrometric
translational stage to allow the motion of the target
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Fig. 1. Experimental setup.
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shot by shot. The background illumination used for
shadowgraphic imaging was provided by a HeNe la-
ser (1 = 632.8 nm), whose beam profile was properly
enlarged by a beam expander, passing through the
cuvette in a direction parallel to the target surface.
Images were then acquired by a high-speed intensi-
fied CCD camera (4 Quick E, Stanford Computer Op-
tics), triggered by the Q-switch output in case of ns
laser, and by a digital homemade pulse/delay genera-
tor in case of ps laser. At each acquisition delay time,
a series of five images, corresponding to five consecu-
tive laser shots, was taken; the acquisition gate was
kept constant at 20 ns in all the series. The acquired
images were analyzed using the ImagedJ software,
which allowed the calculation of the bubble radius
at each delay time used. Measurements aimed to
study the effect of laser-particle interaction were per-
formed at different times during the laser ablation
stage (i.e., without changing the water in the cuv-
ette). Differently, for the reconstruction of bubble dy-
namical evolution, the water in the cuvette was
changed every five measurement series in order to
avoid effects due to laser absorption/scattering by
particles formed in the liquid. For all the experimen-
tal conditions, a temporal range of bubble lifetime of
1 ms after laser ablation was spanned. The Size and
shape of the craters obtained in different experimen-
tal conditions were examined using a ViCo (Bio-
medica Mangoni and Nikon Instruments, Italy)
video-confocal microscope.

3. Results and Discussion

Shadowgraphic imaging allowed us to observe the la-
ser ablation process and the expansion of the shock
waves into the water, and to reconstruct the dynami-
cal evolution of the bubble, from its appearance,
around 1 us, up to 1 ms, passing through several ex-
pansion and collapse stages. An illustrative subset of
shadowgrams, going from the laser ablation process
(t = 0) up to 410 us, including two bubble collapses
(at 320 us and 410 us), is reported in Fig. 2; the case
corresponds to the irradiation of an Al target by a
15 md, 20 ns laser pulse at 532 nm. The formation
of shock waves and secondary bubbles in the envir-
onment is also visible. In the following, three differ-
ent stages are described and discussed: the laser
ablation process, the shock waves evolution, and the
cavitation bubble dynamics. The finality of the work
(i.e., the optimization of the DP-LIBS apparatus)
drove our attention, in particular, at the first and
the third stages, which provide information about re-
producibility, stability with the number of shots, and
evolution of the bubble; the second stage is quickly
described for sake of completeness.

A. Stage 1: Laser Ablation

1. Interaction laser-particles

The images taken at 0 ns (acquisition delay from
the laser firing = —10 ns, gate = 20 ns) show the
interaction of the laser pulse with the target and
with the particles along its path (Fig. 3). While in



Fig. 2. Shadowgraphic images of laser irradiation of an Al target by a 15 mdJ, 532 nm, 20 ns laser pulse.

the case of ns pulses (both for 1 =532 nm and
A = 1064 nm), well separated microplasmas are visi-
ble along the beam path, similar to that obtained by
Kovalchuk et al. [20], ps pulses produce a wake inside
the medium, as visible in Fig. 3(c). In both cases
(Fig. 3(b) and 3(d); see also Fig. 8), shock waves de-
part from the interaction sites and convolve forming
a cylindrical wave. Such features are more marked
with increasing the number of laser shots, suggesting
that the observed microplasmas and the wake are
caused by the interaction with particles, whose con-
centration in water increases with the number of
shots, too. In order to verify such a hypothesis,
measurements were repeated in bulk water (i.e., in
absence of a solid target), resulting in a strong reduc-
tion of both microplasmas and in the disappearance
of the wake. Such an outcome indicates that other
possible mechanisms, such as laser-interaction with
residual impurities present in water (leading to
breakdown and plasma formation) and/or change
of refractive index of water due to water heating
(leading to the formation of a warm channel and a
visible wake), play a minor role in producing the ob-
served features.

The formation of particles is a well-known side ef-
fect of the laser ablation process in water, where the

dimension range of produced particles depends on
their originating process. The cooling of the plasma
plume results in the nucleation and successive
growth of NPs, of dimensions in the range 1-50 nm,
which rapidly diffuse in the environment. In condi-
tions similar to our experiment, their formation
was demonstrated both for gold [21] and aluminum
[22] targets, and, more in general, is exploited for the
synthesis of NPs with a widespread range of compo-
sitions. Another possible source of particles is phase
explosion or hydrodynamic splashing of molten ma-
terial in the target driven by the pressure exerted by
the plasma plume. These mechanisms, commonly ob-
served when laser ablation is performed in air at si-
milar laser fluences [23,24], are due to the ejection of
molten drops, and result in the formation of large
particles in the micrometer range. Hydrodynamic
splashing is usually associated with high rims
around deep crater holes and is favored in aluminum
rather than in gold, because of its lower melting point
and ablation threshold. The formation of Al particles
in the micrometer range during laser ablation in
water was reported by Yan et al. [25], where a pulsed
KrF excimer laser was used (1 = 248 nm, 7 = 30 ns).
In our case, the presence of large particles in Al is
suggested by the observation of floating material
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Fig. 3. Laser-pulse interaction with target and particles and sub-
sequent evolution. On the top, 7 = 20 ns, A = 532 nm at a delay of
(a) 0 ns and (b) 150 ns; on the bottom, r = 25 ps, A = 1064 nm at a
delay of (c) 0 ns and (d) 150 ns. In order to highlight laser-particles
interaction and following shock waves, images are taken after
20-25 shots.

near the target surface, after a few laser shots, since
these particles rapidly settle in the proximity of the
craters, because of water friction and gravity. The
presence of melt splashing in aluminum is also sug-
gested by the depths of the craters and by the size of
the rims around them: observation of the craters in
Al after 300 laser shots (zr = 20 ns, 1 = 1064 nm)
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provided a depth of ~300 yum and a rim height of
~100 ym, while in the case of gold, the corresponding
values were ~60 yum and ~2 ym. Splashing is also
suggested by the lobes near the craters visible in
Fig. 3(a) and, to a minor extent, in Fig. 3(c). To con-
clude, we expect that small NPs are produced both
with Al and Au targets, while microparticles are
more probably obtained with Al than with Au, be-
cause of their different thermal properties.

Both nano- and micro-particles interact with the
incoming laser beam, as predicted by the Mie theory
[26], where the relative weight of absorption and
scattering depends on the radius of the particles
more than on the laser wavelength and on their com-
position. In the case of NPs, whose dimensions
(~1-50 nm) are much smaller than the wavelength,
the scattering is negligible, and the main contribu-
tion of laser extinction is given by the dipole absorp-
tion. Extinction rapidly grows toward the UV region
because of the absorption due to the interband tran-
sition of the metal. The scattering term becomes con-
siderable for particles in the micrometer range,
whose size is comparable with the laser wavelength.

Thus, to explain microplasmas and wakes visible
in Fig. 3, we have to focus our attention to the inter-
action of a laser pulse with NPs diffused in the solu-
tion. Many works have been dedicated to this issue
both by a theoretical and an experimental approach.
The absorption of laser pulses and the following
photo-fragmentation of NPs in water has been ex-
perimentally verified by measuring the absorbance
of the colloid or by transmission electron microscopy
(TEM) imaging of NPs before and after laser irradia-
tion [27]. A model of laser-particle interaction was re-
cently proposed in [27], accounting for the laser
absorption, for the thermal exchange between the
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Fig. 4. Percentage decay of the bubble radius (Al target) with the number of laser shots. Squares: 1 = 1064 nm; triangles: 1 = 532 nm.
(a) Target fixed, = = 20 ns; (b) target moving, = = 20 ns; (c) target fixed, r = 25 ps; (d) target moving, r = 25 ps.
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Fig. 5. Percentage decay of the bubble radius induced on Al and Au targets by a nanosecond pulse with elapsing the ablation time.

(a) 2 = 1064 nm, target fixed; (b) A = 532 nm, target moving.

electrons and the lattice as well as between the NP
and the surrounding medium, and for the ejection of
electrons via thermoionic emission or multiphoton
ionization. Generally speaking, it is possible to say
that the interaction strongly depends on the irradi-
ance, the wavelength, and the material properties
(e.g., melting point, workfunction, and electron-
phonon coupling), which determine if the absorption
of photons causes the vaporization of the particle, the
ejection of electrons followed by a Coulomb explosion,
or both. In the case of gold, it was shown that at low
irradiances, as those obtained here by ns pulses
(~5-10% Wem™2), thermal effects prevail and parti-
cles vaporize and emit electrons by thermoionic effect
[28], while, at higher irradiances, as those obtained
here by ps pulses (~5-10 Wem™2), electrons are
emitted via multiphoton ionization [27]. Succes-
sively, part of the NP can undergo Coulomb explo-
sion. The bright balls visible in Fig. 3(a) suggest
the presence of hot microplasmas, where the break-
down is produced by inverse Bremsstrahlung (IB)
processes after which a certain amount of ejected
electrons and vaporized atoms are present around
the NP. This process is probably absent or less signif-
icant in the ps case, because of the short duration of
the pulse. In this case, the interaction of the laser

Fig. 6. Bubbles obtained by a picosecond pulse (1 = 532 nm) fol-
lowed by a nanosecond pulse (1 = 532 nm) with a delay of 80 us.
The image is acquired 20 us after the second pulse.

pulse with NPs, leading to photo-fragmentation, is,
however, testified by the development of shock waves
from the interaction sites (Fig. 8).

2. Reproducibility and time-stability

The effects of laser-particles interaction as well as of
crater formation on the reproducibility and time-
stability of the cavitation bubble dimensions were in-
vestigated here. In Fig. 4, the decay in the percentage
of the bubble radius at maximum expansion with in-
creasing the shot number, obtained for different
wavelengths and pulse durations, is reported for
an Al target. Frames (a) and (c) refer to the cases
where irradiation was made on the same spot, thus
affected by crater formation and by the interaction
with gas bubbles and particles produced in previous
laser shots, while frames (b) and (d) refer to the cases
where the target was moved during irradiation. In
this second case, results should be affected primarily
by the interaction with NPs, which are thought to ra-
pidly diffuse through the liquid [27], since the inter-
action of the laser pulse with gas bubbles, if not
eliminated at all, should at least be strongly reduced.
In Table 1, the reproducibility of the bubble radius
(in terms of relative standard deviation (RSD) and
its time-stability, indicated hereafter as the number
of shots necessary to reduce the maximum radius to
90%, are reported. The reduction of bubble dimen-
sion leads to an increase of the bubble internal pres-
sure and then, for what concerns DP-LIBS, to a
different ablation process induced by the second pul-
se. It could be useful to have an idea of the variation
of the internal pressure at maximum expansion,

Table 1. Reproducibility and Time-Stability of Cavitation Bubble
Induced on an Al Target in Different Experimental Conditions

RSD (%) Decay to 90% ( shots)
t=20ns 7=25ps t=20ns 7=25ps
Target fixed
A =532 nm 18 27 33+3 1504100
A= 1064 nm 30 12 17+ 2 70 £+ 30
Target moving
A =532 nm 9 7 130 + 40 180 + 30
A= 1064 nm 10 9 80+20 850+ 200
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when the radius reduces to 90% and 75%. By approx-
imating the bubble as an adiabatic system where
gas-vapor follows a polytropic relation P o (R.)~%,
since the adiabatic index y is in the range 1.33—-1.67
(depending on the exact composition of the vapor/gas
system), the pressure increases by a factor 1.5-1.7
and 3.4-4.2 when the radius decays to 90% and
75%, respectively. Such estimation, based on the col-
lapse of a single bubble, is evidently an approximate
value, since it does not account for possible different
laser-couplings and bubble properties induced by
pulses of different energies. An accurate investiga-
tion of the relation between DP-LIBS signal and
bubble pressure is, at the moment, missing in the lit-
erature; however, the data reported by Casavola et al.
[6]—including modeling of bubble pressure evolution
and experimental LIBS signal—suggest that a pres-
sure increase by a factor 1.5-1.7 (from 0.6 to 1 atm)
corresponds to a decrease of Ti II 353.54 nm and of Ti
I 468.19 nm line intensity by an order of magnitude
and by a factor 2, respectively. Such results suggest
also that the reproducibility of bubble dimensions for
DP-LIBS measurements should be evidently better
than 10% (i.e., the maximum number of shots used
for spectra averaging should be less than that for
which the bubble radius at maximum expansion
decays to 90%).

Data in Table 1 and Fig. 4 indicate that focusing on
the same spot leads to a poor reproducibility and
time-stability of bubble dimensions. The effect of cra-
ter formation—usually including the geometrical
variations of the laser fluence, the crater confine-
ment of the plume, and the interaction of ablated
species with the crater walls—seems not to play a
leading role; in fact, despite the fact that the time-
stability seems particularly critical for IR pulses, the
corresponding crater depth A is lower or similar to
that obtained with visible light (after 300 shots
h356, ~ 330 um versus A%, ~ 560 ym, hlge, =~ 250 ym
versus hl3, ~ 230 ym). The poor reproducibility and
time-stability could be then attributed in part to the
formation of gas bubbles moving toward the water
surface. The formation of bubbles appears much
more severe when ns laser pulses are used (see
Fig. 2); this suggests that the small cavitation bub-
bles originated by the expansion of microplasmas
produced by laser-NPs interaction [Fig. 3(a)] contri-
bute to the total number of gas bubbles in the envir-
onment. The scattering of the incoming laser pulse
by microparticles near the crater could also contri-
bute to the produce the poor reproducibility obtained
with fixed targets.

The comparison of results obtained in Al and Au
[see Fig. 5(a)] shows that the reproducibility obtained
by focusing on the same spot depends also on the ma-
trix of the target. It can be hypothesized that the high-
er values of the melting point and ablation threshold
of Au, resulting in smaller crater depths and rims, in
less splashing, and then in a lower amount of micro-
particles, are the main causes of the better reprodu-
cibility and time-stability of the bubble.
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By looking at the results obtained by moving the
target shot by shot, it is evident that the effect of
NPs absorption on the reproducibility and time-
stability of the bubble is less dramatic, particularly
for ps pulses. The opposite trend observed for the two
wavelengths with ns and ps laser pulses (larger de-
cay at 1064 nm for r = 20 ns, and at 532 nm for
7 = 25 ps) can be easily explained by the laser ab-
sorption mechanism prevailing in the two cases.
While in ps pulses NP absorption prevails, increasing
toward the visible and the UV [26], in the case of ns
pulses, the laser pulse is strongly absorbed via IB ab-
sorption, which is much stronger for IR pulses
(g & 43). Finally, it should be also remarked that
the effects of NP interaction depends also on their
composition, so that the choice of laser wavelength
should be made case by case. As an example, in
the case of gold, the radius decay obtained at 1 =
532 nm is dramatic [see Fig. 5(b)], because the strong
absorption of Au NPs near the surface plasmon reso-
nance band (peak ~520 nm) strongly reduces the
amount of pulse energy reaching the target surface.

3. Using two laser pulses

The framework delineated above accounts only for
the effects produced by one laser pulse. The reprodu-
cibility of the bubble, and then of the environment
where the second pulse interacts with the target, is,
however, affected also by the second pulse. In the pre-
sent paper, we do not test all the possible configura-
tions that can be utilized, but only two of them, i.e.,
the cases ps532 + ns532 and ns 1064 + ps 1064. In
both cases, the interpulse delay was set to 80 us, cor-
responding, respectively, to bubble radii of ~1 mm
and ~1.6 mm at the arrival of the second pulse.
The analysis of the former configuration shows that
both reproducibility and time-stability are very simi-
lar to that obtained by using only the ps 532 laser
pulse (i.e., the first one). However, by looking more
carefully at the shadowgraphy images obtained
20 us after the second laser pulse, it becomes evident
that in most of them two bubbles are present, where
the second one is formed at the edge of the first one
(Fig. 6). Moreover, the dimensions of the main bubble

ns 1064 + ps 1064

it

0 20 40 60 80 100
Laser shots
Fig. 7. Time-stability of the bubble radius induced on Al targets

by ans pulse A = 1064 nm followed by a ps pulse 1 = 1064 nm. The
interpulse delay is 80 pus. The target is moved every shot.

Bubble Radius Decay (%)
o
[6)]




are on average a 10% factor larger when the second
bubble is not produced. This suggests that the second
laser pulse produces a breakdown at the edge of the
first bubble and does not reach the target surface; in
cases where this does not occur, the dynamic evolu-
tion of the first bubble changes (the dimensions are
larger) due to the presence of the second plasma that
leads to an enhancement of gas bubble pressure.
Although the reason for the breakdown at bubble
boundary was not investigated here, one hypothesis
relies on the abundance of NPs inside the bubble,
maybe attached to the bubble boundaries by the in-
terface tension (as supposed in [25]), which causes
absorption and breakdown of the second pulse. The
result, though supplementary experimental verifica-
tions are needed, suggests that the utilization of a ns
laser pulse as second pulse is strongly affected by the
interaction with the NPs produced by the first pulse.
The second configuration tested (ns 1064 + ps 1064)
shows a very poor time-stability and reproducibility,
worse than that produced by a single ns pulse (Fig. 7).
In this case, after a few shots, the bubble decays to
90%, and thus only few shots could be utilized for
measurements. A possible explanation of this result
could be the larger production of NPs in this config-
uration; the hypothesis would agree with the find-
ings of Hahn et al. [29], who showed that NPs
production in gas (i.e., by the second laser pulse) is
~100 times more than the one in water.

The above cases, though clearly not exhaustive,
were reported here to suggest that additional pro-
blems should be afforded when a DP-LIBS apparatus
is chosen. In particular, the addition of a second pulse
certainly requires supplementary and detailed inves-
tigations.

B. Stage 2: Shock Waves

Analogously to what happens in air, the laser abla-
tion process drives the formation of shock waves
(SWs) both in the target and in the surrounding
medium. The latter ones, well visible in Fig. 8, can
be subdivided into the following types:

1) The SWs produced by the interaction of the la-
ser pulse with the floating particles. Initially spheri-
cal, the SWs rapidly convolve to form a cylindrical
SW that expands from the laser beam path.

2) The (emi-) spherical SW produced by the inter-
action of the laser pulse with the target.

3) The planar SW departing from the surface,
produced by the successive rebounds of the SW inside
the target. To confirm their origin, in case of alumi-
num we calculated the sound speed of SWs inside the
target by estimating the time elapsed between the
appearance on the surface of two successive SWs
and by considering the thickness of the Al plate.
The resulting value was ~6470 &+ 100 m/ sec, which
agrees with the literature value of 6420 m/ sec.

4) The oblique SW departing from the laser-
surface interaction point. They are target-dependent
since they are observed for Al but not for Au targets
for both laser sources [Fig. 8(a) and (b)]. One hypoth-

esis for their formation could be the occurrence of
splashing of molten material around the crater dur-
ing the laser ablation, which is much more conspic-
uous in aluminum than in gold and could compress
the surrounding water as a piston.

All the SWs reach the sound speed in water
(~1400 m/ sec) in less than 100 ns. A detailed de-
scription and analysis of the SWs produced in water
are out of the scope of this work; for more details, we
direct the reader to other works [30].

C. Stage 3: Bubble Dynamics

The dynamical evolution of the bubbles obtained in
the different experimental configurations is recon-
structed by the analysis of the shadowgrams. As an
example, in Fig. 9, the evolution of the bubble radius
induced on an Al target by a 15 md, 532 nm, 20 ns
laser pulse, which corresponds to the shadowgrams
shown in Fig. 2, is reported. The expansion and col-
lapse stages of the main bubble, followed by three re-
bounds and a successive stage of quasi-equilibrium
(radius ~ 300 microns), are visible.

The maximum bubble radius, calculated for all the
experimental conditions, is reported in Tables 2 and
3 for IR and visible irradiation, respectively. In the
tables is also reported the energy stored in the bub-
ble, estimated by the approximate formula E_,, =
27R3(po — pp), widely used in the literature [10],
where p, is the atmospheric pressure, p, is an
average bubble pressure, and R is the maximum bub-
ble radius. In the formula, the term (py — p;) was ob-

tained by the relation 7' = 0.915 }ﬁ, where T is

the time corresponding to the first collapse of the
bubble and p is the density of the liquid.

1. ns versus ps pulses

Inspection of Tables 2 and 3 makes evident that the
dimensions of the bubble do not only depend on laser
energy and wavelength, but also on pulse duration.

Fig. 8. Shock waves developed during the laser ablation process
over (a) Al (t=20ns, 1=532nm) and (b) Au (r = 25 ps,
A = 1064 nm) targets. In order to highlight laser-particles interac-
tion and following shock waves, images are taken after 20-25
shots.
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Fig. 9. Time evolution of the cavitation bubble induced on an Al
target by a 15 md, 532 nm, 20 ns pulse.

The radius and, correspondingly, the percentage of
conversion from pulse energy into cavitation energy
is generally lower than the values for cavitation in-
duced in bulk water (of the order of a few tens per-
cent), as calculated by Vogel et al. [31,32], by 1-2
orders of magnitude. The discrepancy appears much
more evident in the case of picosecond laser pulse,
where conversion factors as low as a few percent
are obtained. Such spread can be explained by the
additional channels of energy dissipation in the case
of target ablation, including the energy reflected
from the surface, the energy spent for melting and
vaporizing the solid, the energy dissipated into the
target by heat conduction and SWs, and finally the
energy consumed into the formation of NPs. The
large variation of bubble energy obtained by chan-
ging target composition and pulse duration shows
that the balancing of these processes can be very dif-
ferent for different experimental configurations,
since the laser ablation process can significantly vary
case by case. The significant spread between the en-
ergies of the bubbles induced by a ps and by a ns laser
pulse (see Fig. 10) emphasizes the differences in the
ablation process in the two cases.

In the ns case, the plasma absorption (via colli-
sional IB processes) of the laser pulse results in
the increase of the temperature of the plasma and

Table 2. Radius at Maximum Expansion and Energy of the
Bubbles Induced on Au and Al Target by 1064 nm Laser Pulses

Rmax (cm) Ecav (mJ) EcaV/Elaser
Aluminum
5 md, 20 ns 0.132 0.42 8.4%
10 mJ, 20 ns 0.176 0.95 9.5%
15 md, 20 ns 0.214 1.55 10.3%
5 md, 25 ps 0.088 0.13 2.5%
10 md, 25 ps 0.108 0.19 1.9%
15 md, 25 ps 0.111 0.20 1.3%
Gold
5 md, 20 ns 0.071 0.05 1.1%
10 md, 20 ns 0.137 0.33 3.3%
15 md, 20 ns 0.165 0.7 4.6%
5 md, 25 ps 0.078 0.09 1.2%
10 md, 25 ps 0.083 0.08 0.5%
15 md, 25 ps 0.091 0.023 0.15%
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Table 3. Radius at Maximum Expansion and Energy of the Bubble
Induced on Au and Al Target by 532 nm Laser Pulses

Rmax (Cm) Ecav (mJ) Ecav/Elaser
Aluminum
5 md, 20 ns 0.094 0.13 2.5%
10 mJ, 20 ns 0.14 0.44 4.4%
15 mJ, 20 ns 0.16 0.7 4.5%
5 md, 25 ps 0.089 0.13 2.5%
10 md, 25 ps 0.1 0.14 1.4%
15 md, 25 ps 0.106 0.18 1%
Gold
5 md, 20 ns 0.047 0.02 0.4%
10 mJ, 20 ns 0.09 0.08 0.8%
15 md, 20 ns 0.157 0.29 1.9%
5 md, 25 ps 0.058 0.03 0.6%
10 md, 25 ps 0.067 0.041 0.4%
15 md, 25 ps 0.08 0.05 0.35%

in the propagation of the plume in the beam direction
via laser-supported mechanisms. The description of
the ps ablation process, on the other hand, is much
more complex, since the duration of the laser pulse is
of the same order of magnitude as the electron-
phonon relaxation time. Thus, depending on the la-
ser fluence and on the target composition, melting of
the target and evaporation can occur during or after
the irradiation [33,34]. Despite that, it was clearly
shown by Mao et al. [35] for ablation in a gas envir-
onment that a plasma forms in front of the target in
conjunction with the arrival of the laser pulse, pro-
duced by the ionization of air by hot electrons
emitted from the target, so that a laser absorption
into the plasma exists similarly to the ns case. The
occurrence of such a phenomenon in water, however,
was not reported in previous publications and is un-
certain. Bearing in mind this complex situation, it is
plausible that the large bubble radius observed in
the case of the ns pulse is due to the larger kinetic
energy of atoms in the plume produced by the plasma
absorption. The hypothesis agrees with the results of
Sakka et al. [36], who showed that in the case of a Cu
target irradiation by a Q-switched Nd:YAG laser, the
bubble radius is larger for longer pulse lengths and,

mt=20ns
O01=25ps
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Fig. 10. Time evolution of a cavitation bubble induced on Al
target with a 5 mdJ/pulse@1064 nm.



simultaneously, the ablation rate is lower. The
authors showed that the results depend on the larger
plasma shielding occurring for long pulses, produ-
cing a little damage on the target but a larger tem-
perature in the plasma. In our results, a confirmation
of this picture is constituted by the larger dimensions
of bubbles obtained with IR ns with respect to visible
ns pulses (Fig. 11) and the growth of energy conver-
sion factors with increasing laser energy (Fig. 12).
The former effect is due to the 12 scaling of the IB
absorption coefficient; the latter depends on the fact
that at larger fluences, the plasma shielding begins
earlier in the pulse temporal profile, and then a lar-
ger portion of it is absorbed [37].

The smaller dimensions of the bubbles induced by
ps pulses agree with the lower temperatures ob-
served in ps-fs/plasmas with respect to ns/plasmas
[38]. The small differences between the dimensions
of the bubble produced by IR and visible pulses cast
doubts on the occurrence of plasma collisional ab-
sorption in the water environment, which certainly
requires a larger energy delivered by hot electrons
for its evaporation, dissociation, and ionization. In
the case of ps pulses, the conversion factor of laser
energy into bubble energy decreases with the flu-
ence. This agrees with the logarithmic scaling of
the ablation rate & with the fluence [33,34], ex-
pressed by & = k In(®/Dy,1es), Where Py, is the ab-
lation threshold and the coefficient % is equal to the
optical penetration depth in the low fluence regime
and to the electron heat diffusion depth in the high
fluence regime. In fact, if laser absorption into the
plasma is absent, the increase of temperature with
the fluence is not relevant, and then the scaling of
bubble energy with the laser energy is given by
the amount of atoms in the plume and then by the
ablation rate.

2. Target composition

Tables 2 and 3 are evidence of a strong dependence of
bubble dimensions on the composition of the target,
where bubble radii for Al are significantly larger
than for Au (e.g., see Fig. 13). This result could be
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Fig. 11. Bubble dynamics in the cases Al target 15 mdJ pulse

7 = 20 ns. Beside the curves, the percentage of pulse energy con-
verted into bubble energy is reported.
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Fig. 12. Time evolution of bubbles induced on Al target with a
1064 nm, 20 ns laser pulse. The percentage of pulse energy con-
verted into bubble energy is reported beside each curve.

put in relation to the significantly different ablation
yield in the two cases, resulting in deeper craters in
aluminum, as usually reported in the literature
[33,391.

The difference in the ablation process is due to dif-
ferent properties of the two materials, such as, for ex-
ample, the reflectivity, the electron-phonon coupling
time, and the melting point. The reflectivity of gold at
1064 nm is significantly larger (~99%) than that of
aluminum (~95%), so that the energy transmitted
to the bulk is five times larger in the latter case;
however, the trend is opposite at 532 nm, where
the reflectivity of gold (~75%) is lower than that of
aluminum (~92%). Also the difference between
electron-phonon (e-p) coupling times (r5 = 4 ps,
Taw = 119 ps) and melting points (75 = 933 K,
Tay = 1337 K) is significant, resulting in a larger ab-
lation threshold of gold. The different e-p coupling
times indicate that laser ablation by a ps pulse
can be considered “cold” in the case of gold, where
the melting and the evaporation of the target occurs
after the end of the laser pulse; conversely, in alumi-
num, the pulse interacts with the molten surface. At
first glance, the difference in reflectivity could ex-
plain the different bubble radius obtained for Au
and Al at 1064 nm irradiation; however, in this
picture, one should also expect the opposite trend
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Fig. 13. Time evolution of bubbles induced on Al and Au targets
with a 1064 nm, 5 mJ, 20 ns laser pulse.
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at 532 nm, at least for ps ablation, where plasma ab-
sorption is probably absent. Actually, the different
reflectivity can play a role only at the very early stage
of the ablation process, since the rapid growth of elec-
tron temperature into the target surface results in a
rapid decrease of the reflectivity [39] up to values ty-
pical of dielectrics near the phase explosion thresh-
old [40]. Thus, the smaller bubbles in case of gold are
rather related to the larger ablation threshold and
rate, resulting in less ablated atoms and in a smaller
initial pressure of the bubble. In the case of ns laser
ablation, the lower ionization energy of Al can also
play a role, resulting in a faster supply of electrons
to ignite the plasma absorption via the IB process.

4. Concluding Remarks: What Can We Learn
for DP-LIBS?

The DP-LIBS in water, proposed and tested for ana-
lytical measurements of samples located underwater,
usually suffers from a poor reproducibility and a ra-
pid fall of the spectroscopic signal with the number of
shots. Driven by the needs of reducing these draw-
backs, the present work was focused on investigating
the effects limiting the reproducibility of the cavita-
tion bubble induced by the first laser pulse, which
affects the reproducibility of the final LIBS measure-
ment, and on determining the experimental condi-
tions able to improve it. Aside from the effects due
to the drilling of a crater on the target surface, the
reproducibility of the laser ablation process in the li-
quid environment is limited by the formation of par-
ticles, which produce absorption and scattering of the
laser beam, and of gas bubbles, which can induce its
focusing/defocusing and path deviations. In turn,
both the crater formation and the formation of
particles are dependent on the matrix of the target
analyzed, which makes even more complex the choice
of which experimental condition to utilize. Moving
the target or the laser beam shot by shot removes
the effects produced by the crater and strongly re-
duces those due to gas bubbles, moving toward the
liquid surface, and to micrometer particles, which
mainly remain in the area around the crater. This so-
lution leads to a reduction of bubble radius RSD by a
factor 2—-3 and to a much higher time-stability, espe-
cially when IR pulses are utilized. The effect of NPs,
which absorb part of the laser beam and successively
vaporize or undergo Coulomb explosion, cannot be
eliminated by changing the area of the laser ablation,
since they rapidly diffuse in the surrounding envir-
onment. Their effect is, however, smaller (RSD less
than 10% and time-stability better than 100 shots)
when ps pulses are used. When operating in a large
liquid environment (as in-situ undermarine mea-
surements), these factors of merit can probably be
improved by mechanically flushing away the NPs
during the measurement.

A better performance of ps laser pulses is found
(both for RSD and time-stability), which is due to
the different interaction with the target and with
the NPs, where the absorption of photons is followed,
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but separate in time, by the ablation. Differently, the
ablation of ns pulses is a plasma-mediated process
where the trailing part of the pulse is absorbed by
the plasma, which can also etch directly the target
surface. The interaction of ns pulses with the sample
surface leads to larger bubbles (with lower internal
pressures), especially when utilizing IR pulses, due
to the occurrence of laser-supported mechanisms.
This effect, which would be favorable for LIBS mea-
surements, is, however, associated to a worst repro-
ducibility, caused by the stronger absorption of the
laser pulse by the floating NPs, since the laser ab-
sorption by the plasma generated around the particle
adds to the absorption of conduction electrons inside
the NP itself. The laser-NPs interaction results also
in the formation of gas bubbles, especially for IR
pulses. The relevance of NPs interaction with ns
pulses also casts doubts on their utilization as second
pulses, as suggested by preliminary double-pulse
tests performed in the case of ps532 + ns532
combination.

When using ps pulses and the target is kept in
motion, the utilization of 1064 nm emission is sug-
gested, since it is less affected by NPs absorption
and provides larger bubble time-stability associated
to comparable values of RSD and bubble dimensions.

In conclusion, the results suggest that a careful
choice of experimental conditions should be done
case by case, depending on the matrix of the sample
to analyze. Ps laser pulses emitting at IR wavelength
seem to be preferable for inducing stable and repro-
ducible bubbles and also for inducing the second la-
ser ablation into the bubble.

Future work is needed to verify whether the di-
mensions of the bubbles induced by ps pulses (as first
pulse) are large enough for producing an internal
pressure suitable for LIBS measurements and at
the same time a suitable confinement of the second
plasma. Spectroscopic measurements are needed to
verify whether LIBS signal induced by ps pulses
(as second pulse) is high enough for achieving limits
of detection significant for applications. An accurate
model of bubble dynamics, including, at least, ther-
mal effects, NPs formation, and gas content, and able
to describe the thermodynamics of the vapor/gas in-
side the cavitation, could also help to determine the
relation between the LIBS signal and the thermody-
namic conditions of the bubble content.

F. Giammanco, M. Tiberi, A Simonelli, and P.
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