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Abstract The effect of the second and later pulses on the expansion dynamics of the
cavitation bubble produced by multi-pulse microchip laser irradiation of a Cu target in
water has been investigated. We clarified the bubble dynamics by taking shadowgraph
images and measuring the bubble radius as a function of time. Shock waves were also
measured to investigate the explosive expansion of the bubble. As a result, the second
and later pulses did not cause an explosive expansion, and the ablation of the target by
these pulses was rather mild, although they had a certain contribution to the expansion
of the bubble. The energies given to the bubble expansion from the first pulse and also
from the second pulse were estimated by comparing the experimental results with the
calculation based on the Rayleigh model. The effect of the second and later pulses upon
the bubble dynamics is discussed from the view point of the application to underwater

laser-induced breakdown spectroscopy.



1 Introduction

Laser-induced breakdown spectroscopy (LIBS) can be a unique technique for in situ
surface elemental analysis of solid targets submerged in water (underwater LIBS) and is
expected to be applied in various purposes [1, 2]. However, the emission spectra of the
plasma produced by the underwater LIBS configuration suffer from intense continuum
and extraordinary broadening due to the strong confinement effect of the plasma in
water [1—4]. To improve the quality of the spectra in water, double pulse irradiation [1, 2,
5] and long pulse irradiation [6] schemes have been proposed. Although these methods
enable us to obtain clear atomic lines for underwater LIBS applications, the time-gated
detection has been believed to be always necessary to avoid the continuum and
extraordinary broadening, which arises immediately after the laser pulse irradiation [1, 2,
7].

Recently, we have found that well-defined narrow atomic spectral lines without
a continuum or an intense broadening can be obtained without relying on the time-gated
detection by optimizing the laser power as well as the pulse interval in the double pulse
and multi-pulse irradiation [8]. The energy of each pulse is as low as 0.5~1.0 mJ. The
first pulse produces a cavitation bubble without any appreciable emission in visible
region, while the second pulse generates a comparatively low-density plasma which
gives clear spectral lines. The bubble formation by the first pulse and the plasma
formation in the bubble by the second pulse are essential to obtain well-defined atomic
spectra without time-gating of the detection.

On the other hand, the effect of the second or later pulses on the bubble
expansion dynamics in case of double pulse or multi-pulse irradiation is not clear so far.
For underwater LIBS applications, it is desirable to make the plasma density quite low
so that the deformation of the spectra is minimum [7]. Therefore, whether the bubble
can expand further or not by controlling the pulse sequence is an important issue.

The aim of the present work is to clarify the effect of the second and later
pulses on the bubble dynamics. Time-resolved shadowgraph images have been taken
using an imaging system with nanosecond time-resolution, and the cavitation bubble
radius was obtained as a function of time. The results were compared with theoretical

calculation, and the effects of the second and later pulses upon the bubble dynamics are



discussed.

2 Experimental

A Q-switched Nd:YAG multi-pulse microchip laser with a wavelength of 1064 nm
provided from Hamamatsu Photonics Inc. was used as an excitation source. The laser
provides 10-12 pulses in one sequence with the pulse interval of ~18 us. Each pulse has
the width of 3 ns and the pulse energy of ~0.5 mJ. The total energy of one sequence of
the laser shot was ~6.0 mJ. Figure 1 shows an example of the time profile of the
multi-pulse microchip laser obtained with a silicon-PIN photodiode. The timing of each
pulse varies shot to shot and also shows a long term drift. Earlier pulses vary by several
microseconds, while the variation is accumulated to several tens of microseconds for the
later pulses.

Experimental setup for the shadowgraph measurement is shown in Fig. 2. The
laser beam was focused onto a target from the normal direction by a 60-mm focal length
lens. A Cu plate used as a target was placed in a cell filled with pure water. The cell is
made of polytrifluoroethylene resin, and has a hole to insert a water-immersion
objective lens from the side wall. The magnification of this lens was 20x, and the spatial
resolution was as high as 0.64 um per pixel. The laser irradiation spot was illuminated
by a tungsten lamp from behind, and the images of the bubble were obtained by
shadowgraphy. Time-resolved shadowgraph images were taken by an intensified charge
coupled device (ICCD) camera and obtained at various gate delay times. The gate width
of the ICCD was 500 ns.

Shock waves generated by the multi-pulse irradiation were measured by using
a Miiller-Platte Needle Probe (Dr. Miiller Instruments Co.). The probe was placed in
water at a distance of ~2 mm from the irradiation spot. The signal of the shock wave
was recorded by an oscilloscope. To check the timing of the shock wave generation, the
time profile of the multi-pulse microchip laser was monitored simultaneously with a

silicon-PIN photodiode.

3 Results

Figure 3 shows shadowgraph images obtained at various ICCD delay times after the



first pulse irradiation. Time sequence of the pulses and shadowgraphs, (a) - (j) is as
follows, Ist pulse, (a), (b), 2nd pulse, (c), 3rd pulse, 4th pulse, (d), Sth pulse, (e), 6th
pulse, (f), (g), 7th pulse, 8th pulse, (h), 9th pulse, 10th pulse, (i) and (j). The cavitation
bubble produced by the first pulse expanded with time. After the second pulse
irradiation (Fig. 3(c)), the bubble still grew. A small bubble was sometimes generated by
the third or later pulse irradiation on the top of the bubble already produced (Fig. 3(e),
(f)). The bubble deformed seriously after the sixth pulse irradiation (Fig. 3(g), (h)).

Figure 4 shows the temporal variation of the bubble radius measured in the
direction perpendicular to the target surface. When the bubble deformed seriously, the
bubble radius is not well-defined. The bubble size increased after the first and second
pulse irradiation. But it remained a certain size after the third pulse until the fifth pulse
irradiation, and then it shrunk. The rate of the bubble expansion seems to increase
slightly but discontinuously at the timing of the second pulse and probably also at the
third and forth pulses. The solution of the Rayleigh-Plesset equation best-fitted to
experimental results is also shown in Fig. 4, which will be discussed in detail later.

The result of shock waves measurement as well as the laser profile is shown in
Fig. 5. The first shock wave signal was observed 1.4 ps after the first pulse, meaning
that the generation of the shock wave was at the timing of the first pulse irradiation. The
second shock wave signal corresponds to the bubble collapse. We did not observe any
shock wave signal after the second one. Also, the shock wave was not generated at the

timing of the second and later pulses.

4 Discussion

It is clearly observed in Figs. 3 and 4 that the bubble shrinks and collapses even during
the irradiation of the sequential pulses. From around 70 ps, the boundary between the
bubble and the liquid became unstable, and the bubble could not remain hemispherical
or deformed in a random manner. Oscillation in the bubble size, i.e., the repeating of the
formation and collapse of the bubble, which were often observed in previous studies
[9-12] were not observed in the present work. This behavior agrees with the results that
no shock wave signal was observed after the second one. It seems that these results are

due to a very low pulse energy employed in the present work. Also, the results show that



the shock wave was not observed at the timing of the second or later pulses. This means
that the second and later pulses do not produce an abrupt change of the pressure in the
bubble. From the viewpoint of the shock wave generation, the behavior of the bubble
produced by multi-pulse laser irradiation seems to be quite similar to the one produced
by a single pulse [13].

It has been known that the Rayleigh model [14] describes a collapse of the
cavitation bubble in an infinite and incompressible fluid with the assumption that the
pressure of the liquid as well as the pressure inside the bubble is constant during the
bubble collapse [10, 11, 13]. In the Rayleigh model the radius of the bubble at delay
time ¢ after the pulse irradiation, R(?), is described by [10, 11]

RO) d*R(7) +E{dR(t)} _P (1)

dt* 2| dt oL
where P, is the liquid pressure (ambient pressure), and pp is the liquid density. The
velocity of the bubble boundary U obtained by integrating Eq. (1) is given by [10, 11,

14]
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Here, Rpmax is the maximum radius of the bubble. The integral form of Eq. (2) is as

3/2
t= 3pL J.R (F/Rmax) l/zdr- (3)
2Pw ’ (1_(r/Rmax )3)

By using this formula R as a function of ¢ is calculated numerically using the trapezoidal

follows

integration method. We fitted this calculation to experimental results, and obtained the
best-fit maximum radius, Rmnax, of the bubble. In the calculation P.=10° Pa and pL=103
kg m~> were used. Figure 6 shows the comparison between the experimental
observation and the best-fit result of the Rayleigh model. R,y is the maximum radius
obtained by fitting to the data after the first pulse before the second pulse, and Rz 18
that obtained using the data after the second pulse before the third pulse. The Rayleigh
model was in accordance with the experimental results of the bubble radius. The

maximum radii of the bubbles obtained as the best-fit parameter values of the Rayleigh



model were 586.4 and 657.1 um for Rmax1 and Rmax2, respectively. This means that the
bubble behavior of the multi-pulse irradiation is slightly different from that of the single
pulse irradiation.

The energy Ep of a cavitation bubble is proportional to the cube of its
maximum radius [10, 11, 15, 16]

_ 4P,

E, 3

R max - 4)

By substituting the maximum radius obtained above into Eq. (4), the energies of the
bubbles converted from the first and second pulse energies were calculated to be 84.5
and 34.4 nJ, respectively. The bubble energy transferred from the second pulse is only
41 % of that from the first pulse. This suggests that the contribution of the second pulse
energy converted into something other than the bubble expansion or the kinetic energy
of the bubble expansion is larger than that of the first pulse. Although it is not clear what
the pulse energies are used for, possible candidates may be the plasma formation,
heating of the surface and/or inside the bubble, evaporation of the surface species, and
so on [17]. The present result of the shock wave measurements suggests that the second
and later pulse irradiation cannot raise the pressure inside the bubble to give an
explosive expansion. In other words, the energies of the second and later pulses are only
slightly converted into the bubble expansion energy. These results obtained by
considering the Rayleigh model agree with the results of the shock wave measurement.
For further examination for the verification of this idea, we introduce the
Rayleigh-Plesset equation to describe the bubble dynamics. It is well known that the
temporal variation of the spherical bubble radius produced by a single pulse irradiation
is in good agreement with the Rayleigh-Plesset equation [12, 18, 19]. Unlike the
Rayleigh model, the Rayleigh-Plesset equation takes account of the temporal variation
of the pressure inside the bubble. To investigate the effect of the second and later pulses,
the dynamics of the bubble was studied theoretically by fitting to the Rayleigh-Plesset
equation. The Rayleigh-Plesset equation is given in the following form [12, 18, 19]

Py()-P d*R(@) 3 [dR(t)T L A dR(®) 25

= =R(1) ,
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where Pg(f) is the pressure inside the bubble, and pr, v, and S are the density, the

kinematic viscosity coefficient, and the surface tension of water, respectively. Assuming



an adiabatic van der Waals equation of state for a spherical bubble, the vapor pressure

inside the bubble is given by [19]

25 R -h*Y
Py()=| P, + =2 | == . 6
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Here R, is the radius at which the pressure inside the bubble corresponds to P, 4 is the
radius determined by the excluded volume of the water molecules and y is the ratio of
the specific heats. In the present work, # = R,/ 9.174 and y =1.13 have been used [19].
The solid line in Fig. 4 shows the solution of the Rayleigh-Plesset equation
best-fitted to the bubble radius after the first pulse irradiation before the second pulse.
Good agreement was obtained for the fitting in this time range. The difference between
the bubble radius expected from the Rayleigh-Plesset calculation best-fitted to the data
before the second pulse and the experimental observation is rather small. On the other
hand, the maximum size of the bubble after the second and later pulses became slightly
larger than that expected for the bubble produced only by the first pulse. These results
suggest that the second pulse irradiation has limited effects on the bubble expansion.
The present results give important insights into the mechanism of low-density
plasma generation by the multi-pulse laser. Such a low-density plasma gives
well-defined atomic spectra without a continuum or a significant broadening, even by
the non-gated detection. Our recent study using a multi-pulse laser suggested that the
role of the second pulse is to produce a plasma in the bubble rather than the expansion
of the bubble, while the role of the first pulse is to produce the bubble [8]. This agrees
with the present result that the second pulse irradiation makes a mild ablation which
does not give an explosive expansion nor a shock wave. Such a mild ablation is
important to produce the low-density plasma applicable to underwater LIBS

measurement without time-gated detection.

5 Conclusions

We investigated the expansion dynamics of the cavitation bubble generated by the
multi-pulse laser irradiation of a solid target immersed in water. It has been clarified that
the second and later pulses did not cause an explosive expansion of the bubble having

been generated by the first pulse, although additional slight expansion was observed. It
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was found that the second pulse contributes to the bubble expansion only about 28 % of
the first pulse. If the remaining part of the second pulse energy was used to produce the
plasma in the bubble, the energies of the first and the second pulses are used in quite
different ways, i. e., the first pulse produces a bubble and the second pulse produces a
plasma in the bubble. Such a difference in the roles of the first pulse and the second
pulse seems to be essential to keep the density of the light emitting region low and to
avoid the generation of a high-density plasma. As a result, such behavior enables us to
obtain well-defined atomic spectra without a continuum or a significant broadening

even without the time-gated detection in the underwater LIBS.
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Figure captions

Fig. 1
Time profile of the multi-pulse microchip laser. The profile of the first pulse magnified

25000 times in the time axis is shown in the inset.

Fig. 2

Experimental set up for the shadowgraph measurement.

Fig. 3
Shadowgraphs of the bubble produced by the multi-pulse laser ablation of a Cu target in
water at various ICCD delay times from the first pulse irradiation. The timing of the

measurement is given in each shadowgraph as a delay from the first pulse.

Fig. 4

The radius of the bubble produced by the irradiation of a Cu target in water plotted as a
function of the ICCD delay time from the first pulse irradiation (open circle). The
solution of the Rayleigh-Plesset equation best-fitted to the experimental data before the

second pulse is also shown (solid line). The figures at the top show the pulse numbers.

Fig. 5

Shock wave signals (a) and the time profile of the laser sequence (b).

Fig. 6

Comparison between the experimental observation of the bubble radius (cross symbol)
and the solution of the Rayleigh model (solid line) best-fitted to the data after the first
pulse (a) and after the second pulse (b).
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