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Abstract

Pulsed laser ablation in liquid is a very efficient technique for the synthesis of nanoparticles in colloidal form. In order to
maximize the applicability of this technique, it is imperative to understand the dynamics of the underlying phenomena like
the generation of cavitation bubbles and shock waves. Hence, in the present work, the dynamics of the cavitation bubbles
and shock waves produced during pulsed laser ablation of copper in distilled water is investigated. Two techniques, the
shadowgraphy and the beam deflection have been used to characterize these phenomena. The shadowgraphs reveal that
in the initial stage, the bubble grows upto a maximum size after which it compresses. It is also observed that the bubbles
exhibit secondary oscillations at higher laser fluence. The results obtained for the cavitation bubbles using the beam deflec-
tion technique matches well with those obtained by the shadowgraphy technique. Two fluid dynamical models, the modified
Rayleigh-Plesset and the Gilmore model have been applied to the temporal evolution data of the bubble obtained from the
shadowgraphs to analytically derive the thermodynamical properties of the bubble. Again, the beam deflection technique
is applied to study the dynamics of the shock waves and the associated thermodynamics is evaluated by considering its
propagation. The extreme high values of pressure and temperature derived at the interface of copper and distilled water can
be applied to understand the nucleation of nanoparticles.

Keywords Laser ablation - Cavitation bubbles - Shock waves - Shadowgraphy - Beam deflection

1 Introduction

The mechanism behind the formation of nanoparticles (NPs)
via pulsed laser ablation in liquid (PLAL) is one active area
of research which although has been rigorously studied,
never fails to raise curiosity amongst the researchers [1-5].
The success and popularity of PLAL are largely due to the
simplicity involved in the technique. PLAL is a more cost
effective technique as compared to its chemical counterparts.
It is also known that the NPs synthesized via PLAL are sta-
ble and are free from contamination as compared to those
synthesized by other methods, especially the chemical ones
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which require the use of various chemical reagents [6—8].
NPs of any material can be synthesized and there has been
successful fabrication of metal, semiconductor, metal oxide,
alloys and core—shell NPs using PLAL. The properties of
the synthesized NPs can be effectively tuned by varying the
laser parameters and the ambient conditions [8—12]. For
example, change in the laser fluence has been reported to
alter the properties of the NPs [9, 11, 13]. However, in order
to understand the origin of such changes, it is extremely
important to have a clear picture of the underlying mecha-
nism of PLAL [14, 15]. Over the years, considerable clarity
has been achieved in terms of understanding the mechanism
of PLAL and many new facets associated with PLAL have
come to the fore but there is an unending quest in this direc-
tion towards better understanding and increased applications
[4, 16, 17].

Once the laser beam is incident onto the target immersed
in liquid, target plasma is formed. The plasma formed is
confined by the surrounding liquid curtailing the free expan-
sion of the plasma unlike those of under vacuum or in pres-
ence of gaseous medium. As a result, the propagation of
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the plasma gets delayed and there is emission of primary
shock waves (SWs). Once the laser pulse is over, the plasma
starts cooling down and the hot plasma is replaced by vapor-
ized fluid. At this stage, there are rapid pressure variations
and the vaporized fluid forms a bubble or cavity called the
cavitation bubble. The behaviour of the SWs and the cavita-
tion bubbles influences the properties of the NPs formed.
As such, there have been many endeavours to study the
dynamics of the SWs and the cavitation bubbles [15, 18].
For better understanding of the nucleation and growth of
NPs via PLAL, studying the thermodynamical aspect of
PLAL has been one approach. In order to delve into the
thermodynamics of the processes involved, the determina-
tion of the pressure and temperature in the vicinity of the
target due to the emitted SWs and also the same within the
cavitation bubbles is essential. Diagnostic techniques like
the shadowgraphy and the beam deflection techniques can
be employed to characterize the exuberant nature of the SWs
and the cavitation bubbles. In the shadowgraphy technique,
image of the bubble and also the SW front as a function of
time with respect to the laser pulse is captured to obtain
the radius of the bubble and the speed of propagation of
the SW to understand the dynamical behaviour [18, 19]. In
contrast, in the beam deflection technique the entire time
evolution of the SWs and cavitation bubble can be obtained
in a single shot of the laser [18, 19]. The beam deflection
technique is the simpler technique owing to the low-cost and
high sensitivity associated with it. However, the technique is
limited by its inability to get visualization of the dynamical
evolution of the processes occurring in PLAL. Other tech-
niques such as stroboscopic imaging and X-ray radiography
to investigate the dynamics of PLAL and X-ray small angle
scattering to study the particle formation inside the cavita-
tion bubble have also been demonstrated [15, 20]. In a recent
work, Agrez et al. have used high-speed photography with
an adaptive illumination to study the SWs [21]. Han et al.
have developed a nanosecond resolution photography system
based on PIV dual-head laser and conventional industrial
camera to study laser induced cavitation bubbles as well
as the shock waves [22]. Geng et al. have recently studied
the attenuation characteristics of SWs using time resolved
shadowgraphy method [23]. Wilson et al. have very recently
demonstrated the use of an interferometric method to obtain
direct as well as single-shot measurements of the dynamics
of cavitation bubble [24].

There are numerous reports on the study of the bubble
expansion and the subsequent release of the NPs from it
[20, 25]. However, the thermodynamics within the bubble
still needs to be better understood [26]. Hence, in the pre-
sent work, an attempt has been made to study the dynamics
of the cavitation bubbles and the SWs using shadowgraphy
and beam deflection technique. The bubble thermodynam-
ics have been studied analytically by the cavitation based
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modified Rayleigh-Plesset model developed by Lam et al. for
incompressible liquid [26]. The same has also been studied
by applying the Gilmore model which takes into account
the compressibility of the liquid [27]. The dynamics of the
SWs have been studied by the beam deflection technique,
and the thermodynamical parameters associated with it are
estimated.

2 Experimental details
2.1 Shadowgraphy technique

The principle of the shadowgraphy technique lies in the abil-
ity of a probe beam to cast the shadow of any obstacle lying
in its path onto a camera. The schematic of the experimental
setup for recording the images of the cavitation bubbles via
shadowgraphy is shown in Fig. 1. The second harmonic of
a Q-switched Nd:YAG laser (Spectra-Physics, INDI-HG)
having a pulse duration of 7 ns and operated in the single
shot mode was focused onto a copper (Cu) target. The Cu
target was placed at the bottom of a liquid cell (dimension:
5 cm X5 cmx 10 cm) made of glass as shown in Fig. 1. The
liquid cell was filled with distilled water (DW) to a height
of ~ 8 mm above the target. The laser beam was steered suit-
ably using a set of optical components and finally focused
using a convex lens (Lens 1) of focal length 10 cm on the
target. To record the dynamics of cavitation bubbles via
shadowgraphy, a probe laser beam from a continuous wave
He:Ne laser (Melles Griot, 05-LHR-991, Power:30 mW,
A=632.8 nm) was aligned in a direction perpendicular to
the direction of plasma or the pump Nd:YAG laser beam
focused onto the target in the vicinity of the ablated region.
For proper illumination of the bubbles, the probe beam was
expanded using a 10X microscopic objective as shown in
Fig. 1. This expanded probe beam (diameter ~ 8 mm) after
passing through the breakdown region was imaged onto
a fast gated charge coupled device (CCD) camera (PCO
Sensicam ge; Number of pixels: 1376(H) x 1040(V); Pixel
size: 6.45 pm X 6.45 pm; Scan area: 6.3 mm X 4.8 mm)
using another convex lens (Lens 2) of focal length 10 cm to
record the shadowgraphic images of the bubbles in the 1:1
configuration.

In order to record the temporal evolution of the bubbles,
the CCD camera was triggered appropriately at different
interval of time with respect to the laser pulse. The trigger-
ing scheme was monitored on a digital storage oscilloscope
(DSO; DP0O3034; 300 MHz, 2.5 GS/s). The Q-switched
pulse from the laser power supply triggered the function
generator (Tektronix AFG3102, 1 GS/s, 100 MHz) from
which a delayed trigger pulse with respect to the laser sig-
nal was generated. This generated pulse was used to trigger
the CCD. Thus, shadowgraphic images of the bubbles were
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Fig. 1 Schematic of the shadowgraphy setup

captured as a function of time with respect to the laser pulse
by delaying the output of the function generator.

Proceeding in this way, the temporal evolution of the
cavitation bubbles was recorded. As the experiment was
performed in single-shot mode, the recording of the images
for each delay time is a separate event with fresh laser shot.
The exposure time of the camera was kept fixed at 2 us and
a neutral density filter (NDF; optical density 1.3) was used
in front of the camera to avoid its saturation. The experi-
ment was performed at three laser fluences of ~ 10, 16 and
22 J/em?®.

2.2 Beam deflection technique

The principle of the beam deflection technique involves the
deflection of a probe beam due to a refractive index gradient
of the medium lying in its path. This deflection of the probe
beam is recorded by a position-sensitive detector. Using this
technique, the entire time evolution of the SW and cavitation
bubble can be obtained in a single shot of laser. The sche-
matic of the beam deflection setup employed for the study
of the cavitation bubbles and the shock waves is shown in
Fig. 2.

The basic arrangement for the generation of laser
induced plasma of the target in DW is same as that of the

shadowgraphy technique. The only difference is in the way
the probe beam is launched and detected. In the beam deflec-
tion technique, a photodiode is used as the detector replac-
ing the CCD camera in the shadowgraphy setup. Here, the
He:Ne laser beam (probe beam) is directly made to fall onto
a photodiode (P1; Model: 13 DSI 001) which is aligned so
that the centre of the beam falls on it giving the maximum
signal. The photodiode signal is displayed onto a DSO
(through a 50 Q terminator) interfaced to a computer.

The DSO was triggered with the Nd:YAG laser pulse
(employed for the generation of laser induced plasma)
through another identical photodiode (P2). For this, a scat-
tered signal at 532 nm of the incident laser was made to fall
on P2 and displayed similarly on the DSO along with the
signal from P1.

3 Results and discussion

3.1 Dynamics of cavitation bubbles

Figures 3, 4, 5 show some of the shadowgraphic images
of the cavitation bubbles captured at various delays with

respect to the laser pulse, for laser fluence of 10, 16 and 22 J/

cm?, respectively. Each and every image in these figures is
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Fig.4 Shadowgraphs of the cavitation bubbles at laser fluence of ~ 16 J/cm?

1376 x 1040 pixel® and the distance was calibrated using a
standard scale.

From these images, the bubble radius was measured. Its
variation as a function of the delay time with respect to the
laser pulse is shown in Fig. 6 for all the three laser fluences.
The values shown in the figure are the average over images
taken for 20 shots of laser. At~ 10 J/cm?, it is observed that
the bubble starts expanding due to the inertia of the vapor-
ized species present inside and reaches a maximum radius
of 1.5 mm at a delay time of 100 us with respect to the
laser pulse. This is followed by a stage in which the bubble
starts compressing in order to maintain the pressure with the
hydrostatic pressure of the surrounding liquid. During this
stage, the radius of the bubble continues to decrease and it
decays completely after 190 ps. The same trend of increase
upto a maximum radius followed by compression is also
observed at higher fluences of ~ 16 and 22 J/cm?.

For these higher fluences, the bubble expands upto a
maximum radius of 2.5 and 3.4 mm, respectively, at the
same delay time of 125 us. However, at both~ 16 and 22 J/
cm?, after attainment of maximum bubble radius, the bubble
radius decreases and then increases again before dying out
completely beyond 275 and 325 ps, respectively. The first

increase in the bubble radius and its collapse is generally
referred to as the first oscillation of the bubble. [28, 29] The
subsequent increase followed by a decrease in the bubble
radius which is observed in the case of higher fluences is the
second oscillation of cavitation bubble. [28, 29] Thus, from
the shadowgraphs of the bubbles at different delay time, it
is observed that at lower fluence of ~ 10 J/cm?, there is no
second oscillation of the bubble. However, at higher flu-
ence of ~ 16 J/cm? the second oscillation becomes clear and
the same becomes more pronounced for the highest fluence
of ~ 22 J/em®.

In order to confirm the shadowgraphy results of the slight
increase in the bubble radius towards the later stage of the
cavitation bubble followed by its complete decay for the
higher laser fluences, the beam deflection signals at these
conditions were analysed. The beam deflection traces at laser
fluences of ~ 10, 16 and 22 J/cm?, depicted in Fig. 7(a—c)
show that the bubble lifetime from the shadowgraphy and
beam deflection signal are in reasonably good agreement.
The slight variation in the results from the two techniques
may be attributed to the following factors. In the BD sig-
nal, the change in refractive index due to the formation of
cavitation bubble and shockwave deflects the probe beam

@ Springer



187 Page6of13

P. K. Baruah et al.

Fig.5 Shadowgraphs of the cavitation bubbles at laser fluence of ~ 22 J/cm?
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Fig.6 Variation of bubble radius with time at various laser fluences
obtained using shadowgraphy technique

which eventually comes back to its initial dc level. The
entire dynamics in the BD setup is recorded in a single shot
of laser. However, in the shadowgraphy investigation, the
images are recorded at a step size of 5 ps and some infor-
mation is lost there. Also, as fresh laser shots are used for
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images at different delays, shot-to-shot variation associated
with the laser also induces some variation.

For clarity of understanding, a smooth curve of bubble
growth in time and identification of secondary cavitation has
been shown in Fig. 7(d) by using an approximate formula
reported by Obreschkow et al. [30, 31].

At the fluence of ~ 10 J/cm?, beam deflection trace does
not show any second oscillation of the bubble which is in
accordance with that of obtained from the corresponding
shadowgraphic images. Interestingly, at~ 16 and 22 J/cm?,
the speculation about the second oscillation obtained from
the shadowgraphs of the bubbles is confirmed by the beam
deflection signal which clearly shows the second oscillation.
The oscillations are more prominent at the highest fluence
of ~ 22 J/em®.

In the generation of NPs by the process of PLAL, the
properties of NPs, its size in particular, are dependent on
the dynamics of the cavitation bubble [18]. So, in order
to investigate the influence of laser fluence on the size of
the NPs, the temperature and pressure inside the cavitation
bubble should be estimated at various fluences. Depending
on the magnitude of the pressure and temperature, an idea
about the role of laser fluence on the size of the NPs can be
ascertained.
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Fig.7 Comparison of the temporal evolution of cavitation bubbles by
shadowgraphy and beam deflection technique at laser fluence of a 10,
b 16 and ¢ 22 J/cm?; d Calculated values of Bubble radius as a func-

3.2 Rayleigh-Plesset (R-P) model

The temporal evolution of the cavitation bubbles can be uti-
lized to get the pressure profile of the bubbles. Analytically,
the dynamics of the cavitation bubble is discussed based on
the Rayleigh—Plesset (R-P) equation given by [26, 32, 33].

411R

R R

RR + %Rz = % Pyt —P,— 2 (1)

where R, p, Py P;, 0, n represent the bubble radius, mass den-
sity of the liquid, internal pressure of the bubble, pressure of

tion of delay time; SG: Shadowgraphy, BD: Beam deflection. The 1st
and 2nd oscillation of the cavitation bubble are also marked in the
figure

the surrounding liquid, liquid surface tension and viscosity
of the liquid, respectively. R = ‘i—f and R = %. Lam et al.
have modified the R-P equation by neglecting the viscous
term and the surface effects in the original Equation [26].
For the case of water, it was shown that the ratio of inertial
to viscous forces is~ 10 and hence the contribution of the
viscous term is negligible [26]. Moreover, the contribution
of the inertial term as compared to surface tension is~ 10?
and can be neglected. Thus, the modified R-P equation is
reduced to [26].

@ Springer



187 Page8of13

P. K. Baruah et al.

. 3. 1
RR + zR2 = —[Py(1) - P|] )
P
The bubble pressure, Py as a function of time can be
obtained by carrying out an integration of the R-P Eq. (2)
which finally gives [26].

H)
2 R
where y is the ratio of the heat capacity and C is a constant
of integration. Here, it has been assumed that the bubble
evolution is adiabatic and the mass transfer to and from the
bubble is neglected.

After estimating the pressure profile of the cavitation
bubble, the temperature of the bubble as a function of time

is derived by using the isentropic equation for an ideal gas
which is given by [26, 34].

Py =1 -y |P +

3

where T, and P, are the temperature and pressure corre-
sponding to the time from which the bubble expansion is
considered i.e. t=7 ps, in the present study. The value of P,
is taken from the plot of Py(t) vs delay time and 7,=647 K
is taken to be the critical temperature of the liquid i.e. water
[26]. The reason behind taking the critical temperature as
T, is that as the bubble is formed, the temperature inside
the bubble is below the critical temperature of water and so
the critical temperature is considered as the upper limit for
T, [26]. The value of y was taken to be 1.22 for water [35].

The pressure and temperature profiles of the cavita-
tion bubbles at laser fluences of ~ 10, 16 and 22 J/cm? are
depicted in Fig. 8a—c, respectively.

Considering the dynamics of the bubble at the laser
fluence of 10 J/cm?, the bubble pressure starts decreas-
ing from~ 3.0x 10® Pa (=7 us) and reaches a value
of ~ 1.2x 107 Pa (=35 ps). After this, the pressure
of the bubble varies slowly and reaches a minimum

=t 6 .
=T Py(t)\ ~ @ of ~ 2.4?< 10 Ra at a delay of 100.ps (corresponding to
B\ = 1o P, the maximum size of the bubble) with respect to the laser
pulse. Thereafter, the pressure starts increasing slowly
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Fig.8 Pressure and temperature profiles inside the cavitation bubble as a function of time at laser fluence of a 10 J/cm?, b 16 J/cm?, and ¢ 22 J/

cm
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upto~ 1.7x 107 Pa at 160 ps and then sharply increases
upto~ 1.7x 10° Pa at 190 us which denotes the collapse of
the bubble. At the fluences of ~ 16 and 22 J/cm?, the pat-
tern of pressure variation is similar but the low pressure
regime is for a prolonged duration of 155 and 165 ps, respec-
tively, as compared to 135 ps for the fluence of ~ 10 J/cm?.
The minimum bubble pressure for~ 16 J/cm? is found to
be~ 2.7 x 10° Pa at 125 ps and that for~ 22 J/cm? is found
to be 1.9x 107 Pa at 125 ps.

As far as the temperature evolution of the bubble as
a function of delay time is concerned, the same trend of
decrease in the temperature of the bubble with the increase
in delay time is observed. The temperature attains a mini-
mum value at the same time as that of minimum pressure,
after which the temperature of the bubble starts rising again
till it reaches a maximum of nearly 1000 K in the case
of ~ 10 J/cm? and more than 1000 K for fluences of ~ 16 and
22 J/cm?. The variation of pressure and temperature inside
the cavitation bubbles estimated in the present study is of
the same order of magnitude as those reported in pioneer-
ing works on cavitation bubbles carried out under similar
conditions [35].

3.3 Gilmore model

In this context, it is to be noted that the RP model applied
above deals with incompressible flow. This implies that the
model is suitable for the bubble dynamics until a few micro-
seconds before the collapse time. During the collapse, as the
pressure drastically increases, the compressibility cannot be
neglected anymore, and leads to the damping (i.e. energy
release through mechanical wave emission) which limits the
number of rebound.

As a consequence, if one wants to compute the pressure
at the end of the collapse, the Gilmore model (which include
the compressibility) is more suitable [27]. To the best of
the knowledge of the authors, application of Gilmore model
for the estimation of pressure evolution along with spatial
evolution (from the bubble wall to different locations in lig-
uid) has not been done so far in the case of PLAL. Also, as
reported by Ibrahimkutty et al., most of the NPs are inside
the cavitation bubble and get dispersed in liquid during col-
lapse [36]. Therefore, the estimation of the ambient (pres-
sure) conditions at different locations in the surrounding
liquid during bubble collapse is pivotal.

Hence, the pressure has also been estimated using the Gil-
more model. In this model, the pressure Py is given as [27].

Py =P, + E;(P— Poo) + R(r3r: R3) (PQOZU2>
() (-2t =) -(35)]

&)

where P_, R, p., and c, represent the hydrostatic pressure,
radius of the bubble, density of water and velocity of sound
in water, respectively. 7 is taken as ¥ =R +x, where x is the
distance from the bubble wall. U is the velocity of the bubble
wall and P is the pressure on the walls of the bubble given

3r
by P = p, [%] , where p, is the initial pressure inside the

bubble prior to collapse and R, is the radius before collapse
[37]. For our study, p, can be very well taken to be the
hydrostatic pressure and R, as the maximum bubble radius.
The value of y is again taken to be 1.22 for water. Using
these values, the pressure has been estimated using the Gil-
more model. Figure 9(a—c) shows the pressure profiles at
different fluence as a function of distance from the bubble
wall and also the delay time with respect to the laser pulse.

At the laser fluence of ~ 10 J/cm?, at a distance of
50 pm from the bubble wall, the pressure decreases from
2.7x 107 Pa and reaches a minimum of 1.03 x 10° Pa after
which it again rises to 1.98 x 10® Pa. These values follow
the same trend as observed in the pressure profiles esti-
mated using the RP model. However, the pressure values
are slightly lower as the region of interest is slightly away
from the bubble wall and the compressibility of the liquid
is also taken into consideration. Similar results are obtained
in the case of laser fluences of ~ 16 and 22 J/cm? with the
values being higher in proportion with the laser fluence used.

3.4 Dynamics of shock waves

Another factor playing an important role in the synthesis of
NPs by PLAL, in addition to the cavitation bubbles, is the
dynamics of the SWs [14, 18]. Laser ablation of the target
immersed in liquid induces SWs in its vicinity which propa-
gates away from the target [7]. The expanded view of beam
deflection signal in the early phase as a function of distances
above the target for the three fluences of ~ 10, 16 and 22 J/
cm? is shown in Fig. 10a—c, respectively. The variation in
the position of the SW front as a function of distance away
from the target, implies the slowing down of the SWs as it
moves away from the target.

The SW velocity v, is determined by considering the tem-
poral evolution of the SW front at different positions with
respect to the target surface. The measurement of the SW
velocity can be performed by considering the modulation
in the He:Ne probe beam at different positions with respect
to the target surface as shown in Fig. 11. For this, the target
as well as the lens, Lens1 (as shown in Fig. 2), were moved
simultaneously along the direction of the source Nd:YAG
laser beam and the deflection was recorded as a function
of distance from the target. Figure 11 shows the expanded
view of the signal recorded at two distances from the target,
say X, and X,. As shown in Fig. 11, AT is the difference
between the delay time T, and T,, with respect to the trigger

@ Springer
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Fig.9 Pressure profiles as function of distance from the bubble wall and the delay time at laser fluence of a 10 J/cm?, b 16 J/cm?, and ¢ 22 J/cm?

pulse at positions X, and X,, respectively. From AT and AX,
the velocity of the SW can be measured easily.

From the SW velocity, an estimate of the SW pressure
can be obtained by the application of Newton’s second law
across a SW discontinuity. This is given by [38].
Ps - Ph = VVpP (6)
where P, P, v,, vy and p are the SW pressure, hydrostatic
pressure, SW velocity, particle velocity and density of water,
respectively.

The equation of state relates v, and v, and this relation is
empirically stated as [38, 39].

@ Springer

vy =a+bv,

)

where a=1.48 km/s is the velocity of sound in water and
b=2.07 is a constant.

The SW velocity as a function of distances from the target
is shown in Fig. 12a—c for laser fluences of 10, 16 and 22 J/
cm [2], respectively.

As the SW propagates away from the target, its velocity
decreases in all the three cases. The maximum SW velocity
estimated for 10, 16 and 22 J/cm? are 8.1x 10°, 9.5x 10° and
12.1x 10 m/s, respectively.

The corresponding SW pressures are evaluated using
Eq. (6). Now, considering the SW propagation as a
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Fig. 10 Beam deflection trace showing the deflection corresponding to the first SW after the laser pulse at laser fluence of a 10 J/em? b 16 J/

cm?, and ¢ 22 J/cm?

compressible one, the estimation of the temperature from
the shock wave pressure is done using Eq. (4) [34].

The variation of the SW pressure and temperature
with distance from the target for different laser fluences is
depicted in Fig. 12d—f. While the maximum SW pressure
is~ 6.2x10'° Pa, the maximum temperature is found to be
as high as~ 3316 K. These extreme conditions favour the
formation of NPs and hence a proper understanding of the
dynamics of both cavitation bubble and SWs is an absolute
necessity to understand well the mechanism of NP synthesis
via PLAL.

Offset Y values

Trigger pulse

Delay(microsecond)

10

Fig. 11 Beam deflection signal as a function of time at different posi-

tions from the target; the inset shows the positions schematically
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Fig. 12 Shockwave velocity as function of distance from the target at laser fluence of a 10, b 16 and ¢ 22 J/cm?; Variation of pressure and tem-
perature as a function of distance from the target at laser fluence of d 10, e 16 and f 22 J/cm?

4 Conclusion

Cavitation bubbles and SWs produced during pulsed
laser ablation of a Cu target immersed in DW have been
extensively studied in this work. The thermodynamics of
the cavitation bubble derived using the temporal evolu-
tion of the bubble reveal the variation of high pressure
(~ 108-10° Pa) and temperature (~ 400-1200 K) inside
the bubble. The SWs emitted by the laser produced plasma
travel at the speed of the order of ~ 10° m/s. The pres-
sure and temperature at the interface of Cu and DW have
been estimated from the SWs and are found to be as high

@ Springer

as~ 10'° Pa and ~ 3000 K. The pressure and temperature
estimated for both cavitation bubbles and SWs are found to
increase with the increase in incident laser fluence. These
calculations can be extended to study the effect of differ-
ent laser parameters as well as ambient conditions on the
properties of the NPs synthesized via PLAL and can help
in its better tunability and controlled synthesis.
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