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Abstract

The measurement of charged particles and cavitation bubble expansion velocity is reported in a laser induced breakdown in
water using beam deflection set-up. Effect of laser power on charged particles, cavitation bubble velocities and higher order

bubble oscillations is also studied.
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1. INTRODUCTION

Laser induced ablation and breakdown in general and
especially in liquids has been receiving much attention
because of numerous applications. Pulsed laser induced abla-
tion has been studied extensively for deposition of the thin
films (Bashir et al., 2007; Ozaki et al., 2007; Weiger et al.,
2006; Veiko et al., 2006; Wolowski et al., 2007). There are
few reports aimed at laser assisted micro-machining processes
such as photo ablation, chemical etching, and surface cleaning
(Ramanathan & Molian, 2001), where the material surface
processes were performed under water, as it helps in cooling
of heat affected zone and prevents redeposition of ablated
materials. Recently pulsed laser ablation of a bulk target and
also suspended powder (Lee et al., 2006) inside a liquid
medium is used to synthesize noble metal, semiconductor
and metal oxide nanostructure (Mafune et al., 2000;
Chen et al., 2007; Thareja & Shukla, 2007) materials in a
controlled and size-selected manner. The nanoparticle has a
unique size dependent magnetic, optical, and electrical prop-
erty, which makes it a suitable candidate in the field of
material science. Pulsed laser deposition has also been
performed in liquids to prepare highly effective noble metal
surface-enhanced raman scattering (SERS) substrates
(Cui et al., 2006). In the field of medical sciences, the laser
induced breakdown process has been used for dissection or
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inactivation of cellular organelles, cytoskeletal filaments, and
chromosomes with high spatial precision, noninvasive intra-
ocular surgery mainly posterior capsulotom, which is frequently
being done after cataract surgery, laser induced lithotripsy,
angioplasty etc. (Venugopalan et al, 2002; Vogel et al.,
1990, 1996). Most of the research work in the field of laser
surgery is carried out by taking water as a model because the
biological tissues and fluids contain 80—85% of water.

Laser-matter interaction especially in liquids is poorly
understood. The phenomena have a highly complex,
non-equilibrium, and transient character. In view of the
above mentioned importance of laser processing in liquids,
a great deal of research is required to understand the complete
hydrodynamics of the process.

When a high power laser is focused inside a liquid media,
optical breakdown takes place due to rapid vaporization and
ionization of the media, mainly by focal heating. Once focal
heating generates the starting free electrons and ions, ava-
lanche ionization via inverse bremsstrahlung absorption
leads to plasma formation (Puliafito & Steinert, 1984;
Vogel et al, 1996). On a larger time scale, plasma in
liquids is replaced by vapor bubbles, which expand due to
inertia of vaporized fluid mass to reach a state when inside
pressure becomes less than the surrounding liquid. The
bubble collapses under the static ambient pressure of the
outside liquid. This sudden collapse of bubbles constitutes
a phenomenon of cavitation which results in a release of
large amount of energy. The pressure and temperature
inside the bubble rises again and the bubble rebounds. The
process continues until all its energy is dissipated into the
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surrounding liquid (Hickling & Plesset, 1964). The cavita-
tion effect is the main driving source of laser assisted
tissue cutting in a liquid media. Cavitation erosions helps
in fragmentation of kidney stones, removal of thrombus in
obstructed arteries etc (Palanker et al., 1997; Shangguan
et al., 1997). The dynamics of cavitations bubble finds
direct implementation in the double pulse laser induced
breakdown spectroscopy (DP-LIBS) (Rai et al, 2003).
Here the first pulse produces the cavitation bubbles in
water followed by excitation of plasma by the probe pulse
inside the bubble resulting into relatively intense and
narrow spectral emission due to gaseous state inside the
bubble. This improves the sensitivity of LIBS technique
underwater and hence has the potential for detection of
trace elements in water, monitoring sensor for liquids, an
analytical chemistry technique for analysis of sediments,
rocks under ocean, monitoring corrosion extent in nuclear
power plants and even clear identification of tissues, bones,
different microbiological bacteria, carious teeth (Fang &
Ahmad, 2007; Schade et al., 2006; Michel et al., 2006;
Diedrich et al., 2007; Samek et al., 2001).

In this paper, we report variation in charge-particle and
cavitation bubble velocity as a function of distance from
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the focal point in laser assisted plasma using beam deflection
set-up.

2. EXPERIMENTAL SET-UP

The schematic of the experimental set-up is shown in
Figure 1. A stainless steel double cross of internal diameter
50 mm is used as a liquid cell. Photograph of the liquid
cell is shown in Figure 2. The top and bottom ports were ter-
minated with blank flanges and all other ports were termi-
nated with glass windows as shown in Figure 2. The
second harmonic of Q-switched Nd: YAG laser (HYL-101)
was focused with 15 cm lens into the liquid cell filled with
de-ionized distilled water (conductivity < 1 pQ~'). This
resulted in evaporation and ionization of water in the focal
region which led to the formation of high density plasma.
Beam deflection set-up, (Alti & Khare 2006a, 2006b)
shown in Figure 1, was used to measure cavitation bubble
and charge-particle velocity. The formation of plasma fol-
lowed by cavitation bubbles resulted in change in refractive
index, which in turn deflected the He-Ne beam. The deflected
signal is captured by a photodiode (D1) and displayed via
50 ) terminator on to the DSO (Tektronix TDS 2012)

—\\ Photodiode (D1)
DSO
Glassplate (G2)
Photodiode (D2
Trigger
Lens (L
Nd: YAG Laser
Glassplate (G1)
Liquid Cell
( He-Ne Laser G Mirror (M1)

Fig. 1. Schematic of experimental set-up.
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Fig. 2. Photograph of liquid cell.

interfaced with computer. The deflection is registered in the
form of a dip (modulation) in the dc signal of a cw He-Ne
laser. As the plasma plume is over, the He-Ne beam comes
back to its original path and the photodiode output to its
initial dc level. By measuring the relative delay of the
deflected signal at the different positions, the velocities
were estimated. The DSO was triggered by 4% of 4%
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reflection of Nd: YAG laser beam from microscopic glass
plates G1 and G2, detected by photodiode D2.

3. RESULTS AND DISCUSSION

The complete oscilloscope trace of beam deflection signal is
shown in Figure 3. Possible candidates for first negative
narrow peak (inset a) could be high energetic electrons,
and other charged particles. Focal heating by focusing high
power laser inside the liquid cell generates the starting free
electrons. The electron accelerates in the photon field of
the source laser. The accelerated electron in turn ionizes
other molecules and atoms. The process continues to gener-
ate ions and electrons resulting in plasma formation within
the duration of laser pulse. On a larger time scale, recombi-
nation takes place and the plasma is replaced by cavitation
bubbles whose main content is probably water vapor, hydro-
gen, and oxygen gas (Barnes & Rieckhoff, 1968). Cavitation
bubbles undergo three stages; primary bubble collapse,
rebound and higher order bubble formation. The second
broad dip (Fig. 3.) at 170 mJ followed by third and fourth
dip is attributed to first, second, and third order cavitation
bubble oscillations, respectively. The inertia of vaporized
fluid mass inside cavitation bubbles expands until all of its
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Fig. 3. Complete oscilloscope trace of deflected He-Ne signal at —] mm from the focal region at different laser energies.

(a) Charged-particles (b) Shockwaves.
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Fig. 4. Beam deflection traces of cavitation bubbles at 24 mJ. The 0 mm position corresponds to the focus.

kinetic energy is converted to potential energy to reach a state
where the inside pressure becomes less than the hydrostatic
pressure of the surrounding liquid. So the bubble collapses
and the pressure inside it rises again. The process repeats
and the bubble oscillates until all of its energy is dissipated
into the surrounding liquid. Each time the bubble collapses,
a shockwave is emitted which carries away the energy to the
surrounding liquid. The emitted shockwave is shown on an
expanded scale for 83 mJ laser pulse energy in inset of
Figure 3b.

Figures 4 and 5 shows beam deflection signals at different
positions both in forward and backward direction with respect
to the focus of the high power laser for cavitations bubble and
charged particles, respectively. The duration of charged par-
ticlesis on the orderof 1 js. Therefore the signals were recorded
separately at expanded scale of 1 ps/div, shown in Figure 5.

The variation of charged particles velocity with distance is
shown in Figure 6. Near the focus, the velocity is in the
range of 10* m/s. At a region away from the focus electrons
are lost due to recombination, diffusion, and heat conduction.
This results in cooling of plasma and a fluid dynamical
process overtakes ionization reducing the velocities in the
acoustic range. The variation of primary and secondary
bubble velocities as a function of distance from the focus at
different laser energies are shown in Figure 7. The trend
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observed is similar to that of the charged-particles, except
that the velocities in this case are in subsonic range. As the
energy carried away by the bubbles are smaller compared to
the charged particles and so its appearance is confined to a
smaller extent. The charged particles and cavitation bubbles
velocity for different values of laser energies is listed in
Table 1. It was observed that the backward velocity decays
faster than the forward velocities because recoil momentum
is more in the forward direction. As the laser-generated
bubbles are not in equilibrium with the surrounding liquid so
the bubble dissipates all of its energy by undergoing large
numbers of oscillations. With each oscillation the bubble
attenuates by emitting vaporized material and a shock wave
in to the surrounding liquids. Subsequently higher order
bubble velocities decrease.

The charged-particle velocity and cavitation bubbles vel-
ocity increases with increase in laser power. Higher order
cavitation bubble oscillations becomes more pronounced
with higher energy, as third, fourth, and even fifth order
bubble oscillations in the subsonic range was observed at
170 mJ. This is because with the increase in laser energy
the pressure gradient rises and the bubble becomes highly
unstable. The oscillation of bubbles continues in order to
balance the pressure difference which becomes more rigor-
ous in case of higher energies.
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Fig. 5. Beam deflection traces of charged particles at different distances w.r.t the focus at 24 mJ. The 0 mm position corresponds to the

focus.
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36
We used Gilmore’s model (Gilmore, 1952) to fit our
experimental results of cavitation bubble velocity fields, 30 L
throughout the liquid for different laser energies. It is
26 |-

assumed that no shock waves are emitted during the
generation and collapse of the primary bubbles, so system
is continuous and no jump conditions are required for conser-
vation of momentum and conservation of mass equations
given below:
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Fig. 6. Variation of velocity with distance for charged-particles.
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Fig. 7. Variation of velocity with distance for cavitation bubbles.

Where u is the vector velocity, ¢ is the velocity potential,
p is the pressure, p is the density, u is the viscosity of the
liquid. Also the flow field in liquid can be described by the
expression of spherical sound waves provided all velocities
are small compared to sonic velocity in liquid, Ce.

¢ )

Yooy
r Coo

Under a spherically symmetric condition and by considering
the above equations we arrive at the expression which
describes the dynamics of cavitations bubble motion.

C dR

dUu U 3 5 U U
RUdH U
+——<1—E> ®)

where R, C, H, U corresponds to the same parameters r, ¢, h, u
(initially at liquids) at the bubble wall and % is the enthalpy
difference. It was observed that the bubble wall velocity U
varies as R~/ when solved analytically. In order to derive
the relations of velocity fields throughout the liquid (under
quasi-acoustic approximation), the radial velocity is found
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by combining Egs. (2) and (4).
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Eq. (6) is solved in an explicit analytical way to get the
equation of velocity fields throughout the liquid:
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The velocity field derived above is strictly confined to the sub-
sonic range and hence fits to present experimental results of
the primary bubbles velocity. In order to estimate the size of
the bubble, we used Rayleigh’s model (Rayleigh, 1917) of
cavitation bubble.
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(Rmax 1s maximum bubble radius, p, is the vapor pressure of
water). The collapse time 7. equals half of the duration of
the time interval between generation and first collapse of
the bubble. Using Egs. (7) and (8) theoretical values were
estimated for the velocity fields. Since the contribution due
to the first term in (7) is dominant, rest of the terms were
neglected. Figure 8 compares the plots of primary bubbles
velocities from the Gilmore’s model discussed above and
that of the obtained from beam deflection set-up for different
laser energies. The theoretical model almost approximates the
experimental points but at the focus it breaks down as it has
an asymptotic nature with 1/ * dependence. The experimental
result shows some deviation with the theoretical model in the
focal region, which may be attributed to multiple breakdowns
as intensities are very high near the focus of the laser
beam. However Gilmore model fits well at distances away
from the focus.

Table 1. Measured peak values of charged particles and cavitation bubble velocities and bubbles confinement distance

Primary Secondary Third order Fifth order

bubble bubble bubble Fourth order bubble Primary bubble
Energy Charged-particle velocity velocity velocity bubble velocity confinement Secondary bubble
(mJ) velocity (m/s) (m/s) (m/s) (m/s) velocity (m/s) (m/s) (mm) confinement (mm)
170 30 x 10° 892 546 90 30 10 7 5
83 22 x 10° 356 244 - - - 35 2.5
24 12 x 10° 285 124 - - - 2 2
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Fig. 8. Comparison of experimental and theoretical results.

4. CONCLUSION

The charged-particles and cavitation bubble velocities as a
function of distance were measured for high power laser
induced breakdown in distilled water. Beam deflection
set-up was employed to measure the velocities. The velocity
of charged particles and cavitation bubble increases with
increase in laser energy. The charged particle velocities are
of the order of 10* m /s whereas the primary and secondary
bubbles velocities are in the acoustic region of few 100 m/s
near the focal region. The higher order bubbles further
slows down due to loss of energy into the surroundings.
Cavitation bubbles oscillations are more pronounced at
high laser power. We have used Rayleigh’s model and
Gilmore’s model to fit experimental plots of primary bubbles
velocity for different laser energies. Experimental and theor-
etical results show agreement at regions away from the focus.
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