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Abstract

Experimental investigation of the phenomena of laser produced plasma-induced
shockwaves in media of different densities (air as well as liquids) has been carried out using
non-intrusive and real time diagnostic techniques. One of the refractive index-based imaging
techniques, namely laser interferometry has been employed to map the field of interest. In
order to record the transients associated with the plasma plume, a Mach Zehnder
interferometer has been coupled with an intensified charge coupled device (ICCD) camera.
An Nd: YAG laser operating at its fundamental wavelength (1064 nm) at a repetition rate of
10 Hz with a pulse duration of 6 ns has been employed to achieve the process of laser
ablation. Majority of the experiments reported in the present thesis have been carried out with
copper as the target material. A select set of experiments have also employed titanium as the
target material (these experiments were performed to understand the effect of target material
on the shape and/or size of the nanostructures produced as a result of the process of laser
ablation in liquids). For any given target material, the influence of the presence of physical
boundaries placed in the vicinity of the ablation site on the dynamics of the shockwaves
propagating through the medium has been studied. These experiments clearly brought out the
plausible role(s) of the different configurations of the physical barriers (placed parallel and/or
perpendicular with respect to the target) on the density of the ambient medium, which in turn
was seen to have significant impact on the size and size distribution of the resultant
nanostructures produced as part of the process. The whole field data recorded in the
form of transient evolution of the interferometric images provided a direct evidence of the
back reflection of the shockwaves from the physical boundaries placed around the ablation
site. The phenomenon of reflection of shockwaves from the confining boundaries led to a
periodic compression of the ambient medium, thereby affecting the medium density as part of
the process. Boundaries of the propagating shockwaves have been identified in the form of
sharp deformation of the interference fringe patterns in the field of view. The recorded
interferometric images have been quantitatively analysed using the customised data reduction
algorithms, developed as part of the present work, to retrieve the whole field data of
refractive index, mass density (of the ambient) and charge density (primarily the electronic
charge density in the plume region).

Effect of density of the medium on the characteristics of the shockwaves has been

studied by performing laser ablation experiments in liquid media of different densities (water,



25% (w/w) and 50% (w/w) aqueous solutions of ethylene glycol with densities of 1.0203
gm/cm?® and 1.0446 gm/cm?® respectively). Observations made in the liquid media have also
been compared with those of the experiments conducted with air as the ambient medium. As
compared to liquids, a sharp and distinctly visible shockfront was to be seen in the
experiments conducted with air as ambient medium. The observed differences in the nature of
the shockfronts have been attributed to the existence of multiple secondary shockfronts that
were observed to be following the primary shockfront in the shadowgraph images in the case
of laser ablation in liquid. These shockfronts resulted from the reflection of the stress wave
(that has its origin at the point where the laser strikes the target and travels further inside the
target material) from inside of the target material. Thus, the observed perturbation of the
medium density was the resultant of multiple shockwaves propagating through it. The
shockfront was seen to be spread over a larger distance (i.e. wider) in the case of liquid
ambient in contrast to a much sharper and distinct shockfront that was observed with air
ambient. Another significant observation that has been made from the liquid-based
experiments is that the lifetime of the plasma depends on the density of the ambient liquid. In
a medium of higher density, the plasma has been seen to thermalize faster in comparison to a
medium of lower density.

The potential of the presence of confining physical boundaries placed on either side of
the ablation site in controlling the size and size distribution of nanoparticles produced as a
result of laser ablation of metallic target placed in liquid medium has also been explored. The
study has been motivated by the fact that the presence of physical boundaries leads to a
longer thermalisation time of the plasma plume produced as a result of the interaction of the
high energy short laser pulses with the target material. Thermalisation time of the plasma
plume has a direct impact on the size distribution of the nanostructures produced through the
laser ablation in liquid. As part of this study, experiments have been performed in two
different liquid media (water and isopropyl alcohol) and two different target materials
(copper and titanium). For any given combination of liquid medium and target material, two
target configurations have been employed; first; open (flat) target wherein no confining
boundaries are present on the target surface, and second; the target surface is fitted with two
aluminium walls as the confining boundaries placed equidistantly on either side of the
ablation site. Results of the experiments revealed that the nanoparticles (nanostructures)
produced through the ablation of target with confining geometries are significantly larger in
size as compared to those obtained through the ablation of flat targets, irrespective of the type

of target material and liquid medium employed. This study holds its importance in view of



the fact that it successfully demonstrates the potential of the proposed methodology as one of
the simpler, yet effective ways of controlling the size and size distribution of nanoparticles
through laser ablation of metallic target in liquid medium, which is one of the relatively
greener methods in comparison to the other conventionally employed methods, e.g. chemical
methods.

Effect of application of electric field during the process of laser ablation has also been
explored towards the final stages of the present work. Although plasma is inherently quasi-
neutral, still the negative and positive charges present in the plume respond differently to the
applied external electric and magnetic fields. The available literature shows that electric field
affects the size of the nanoparticles produced due to the process of laser ablation. For the
present set of experiments, the target itself has been biased (while being immersed in the
experimental liquid medium) and the other electrode has been placed at a fixed distance from
the target and parallel to it. Three different cases have been considered; in the first case, the
target has been given a positive bias while the other electrode has been grounded; in the
second case, the target has been given a negative bias while the other electrode was
maintained on ground potential and finally, in the third case, no bias has been applied to the
target material. It has been observed that in the case of applied bias, the particle sizes are
significantly different as compared to those produced in the case when no bias was applied.
Through the findings of the initial sets of these experiments (that are currently underway), the
importance of electric field assisted laser ablation in liquid (EFLAL) in controlling the size of
the nanostructures has been demonstrated. However, the technique also has the potential to
control the shape of the nanostructures by facilitating the oriented growth, an area that forms

the future scope of the present work.
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Chapter 1: Introduction

The phenomenon of laser ablation (LA) finds importance in a wide range of
applications of scientific and technological importance, such as, thin film deposition,
preparation of nanoparticles, surgical tools in the field of medicine etc. The available
literature in the concerned field shows that this subject has attracted the attention of
researchers well over the past five decades and still there has been a considerable interest in
understanding this process from a fundamental viewpoint [1-3]. Over the years, the process
of laser ablation has been primarily studied in two regimes; ablation in air/gas based ambient
and ablation with liquid/water as the surrounding medium. LA in air needs to be understood
from the point of view of laser-induced breakdown spectroscopy (LIBS), material processing
and elemental analysis [4-7]. Contrary to that, ablation in liquid ambient has applications in
the field of medicine and life-sciences, owing to the fact that, entities like tissues, cells etc.,
have good amount of water content [8-14]. Apart from this, LA has been used as one of the
methods for fabrication of nanostructures/nanoparticles in the liquid media [15-18]. Over the
years, LA has evolved as both a processing as well as a potential diagnostic technique.

The mechanism of LA involves many complex processes, depending on factors like,
the kind of laser source being used (visible/IR/UV), the pulse duration
(nanosecond/femtosecond) etc. For example, response of a target material changes depending
on the wavelength of the laser employed for ablating the material, and hence different kinds
of lasers are used for processing different materials and achieving different end goals [19-20].
Similarly the pulse duration affects the threshold laser fluence required to ablate a certain
material because of the differences in the processes involved leading to LA [3, 21].

Of all the processes that are associated with the phenomenon of LA, the laser
produced plasma (LPP) plume and its interaction with the surrounding medium has been of
considerable interest among the researchers in the field. The interaction of a high power short
laser pulse, as it hits the metal target, leads to an almost instantaneous generation of plasma
plume starting from the target surface. The characteristic features of this plasma plume
include very high pressure, density and temperature. The presence of strong pressure
gradients in the medium leads to a sudden expansion of the LPP plume and hence the process
is considered to be nearly adiabatic in nature. As this expanding plume compresses the

surrounding ambient medium (gas/liquid), it transfers its momentum and kinetic energy to the

1



medium in a very short span of time, thereby resulting in the generation of a shockwave in
the medium. The region of the medium that is compressed and prevails ahead of the
propagating plume can be identified as the shock front. Thus, the shock front propagates with
a velocity that is relatively higher than the velocity of the plume (soon after the ablation
process has taken place). This process has been schematically shown in the Figure 1.1 below,

which is inspired from a published research article [22].
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Figure 1.1: Process of laser ablation of a metal target with a pulsed laser in air ambient.

In the case of laser ablation in liquid (LAL), apart from the shockwaves, cavitation
bubble is also very important. Cavitation bubble forms due to the sudden evaporation of
metal and the ambient liquid. The cavitation bubble comprises of the plasma, neutral particles
and the metal and liquid vapour. This bubble expands with time, under the influence of the
pressure at its interior, till the point where the pressure inside the bubble matches the external
hydrostatic pressure. Till this point, the plasma cools and the pressure follows a downward
trend. Due to this when the pressure at the interior falls below the external pressure, the
bubble starts collapsing leading to the heating of the plasma at its interior. After a certain
point when the pressure at the interior becomes greater than the external pressure, the bubble
starts expanding again. This cyclic process of expansion and compression goes on for a while
and then finally the bubble collapses releasing the nanoparticles in the ambient liquid. This
process has been extensively studied experimentally and a wide range of theoretical models
have also been developed [11, 15, 23-25].



The survey of the literature carried out on the basis of the studies reported by various
researchers in the past shows that the emphasis of the experimental and/or numerical models
has primarily been laid on the characteristics of LPP plume and shockwaves during their
early stage of formation. However for various applications, e.g. preparation of nanoparticles
through laser ablation of metals, the understanding of the effect of shockwaves on the
ambient medium during relatively later time instants (~ tens of us) becomes important.
Moreover, from the application point of view, the time over which the plasma cools down
and condenses in the form of nanoparticles is one of the important parameters. In this context,
it is believed that, a detailed understanding of the effects of forward moving and the reflected
shockwaves on these lifetimes would let us have greater control over the size and size-
distribution of the nanoparticles.

As discussed above, the process of laser ablation is important from the point of view
of fabrication of nanostructures. Several efforts have been made in this direction [18, 26, 27].
Metallic nanoparticles have been of significant scientific interest since long [28-30]. The
nanoparticles have been used for several applications, ranging from cosmetics to medicine to
paints and emulsions, since ages now. Gold and silver nanoparticles top the list followed by
copper and some other metals [15, 16, 31-33]. Now a days, nanoparticles have found
applications in the fields of sensors, drug delivery and other such relatively newer areas of
research [32, 34-36].

There are several methods of preparation of nanoparticles, which may be broadly
categorised into wet or chemical methods and physical methods. Researchers in the field have
devised a range of methods to synthesise nanoparticles in colloid or grow them using seed
nanoparticles. Not only that, nanoparticles of different shapes and sizes have also been
synthesised [37-39]. These methods produce nanoparticles suspended in a host medium.
Nanoparticles produced by these methods have been used widely for bio-medical and electro-
chemical applications.

Physical methods involve processes like ball-milling, sputtering, ablation etc. Ball
milling provides a very fundamental approach to nanoparticle fabrication, whereby a material
is ground and reduced to a nanoparticles. This method is commonly used for making non-
metallic and metallic nanoparticles [18, 40]. Laser ablation, on the other hand, provides a
method that is more sophisticated in nature and when employed, apart from formation of
nanoparticles, disseminates a lot of compositional information about the material itself [15,

23, 26, 33]. Preparation of nanoparticles by laser ablation of metals is governed by the



physics of laser-matter interaction. From this point of view, the study of laser-produced
plasma-induced shockwave generation and propagation is of immense importance.

Currently, the idea of nanofabrication is not just confined to nanoparticles. It has
rather grown into a bigger arena of research and development and encompasses different
shapes of such nanostructures ranging from cubes to cages to prisms and even complex
dendritic structures [18]. The shape control has been explored since quite some time now and
has been achieved primarily by chemical means [42-45]. Mostly, researchers have achieved
this feat of shape control by varying the concentration of capping agent (that arrests the
growth along one crystallographic plane while not affecting the others) or by changing
process parameters like temperature, pressure etc. Similar attempts have been made in the
case of laser ablation. For instance, researchers have used electric field as one of the means to
control the shape of the nanoparticles that result from the phenomena of laser ablation [45,
46].

To observe and understand the phenomena of LPP and the subsequent processes (and
their plausible effects), most of the research groups have resorted to the use of spectroscopy
and ICCD-based fast photography techniques as the primary diagnostic tools. These
diagnostics have provided insights into the various processes that occur during different
phases of the plume formation and expansion [6, 7, 48-52]. As is known, spectroscopy is one
of the widely used and most effective methods for finding the temperature and density of the
plume. Also, it gives information about the structural composition of the target material
(which eventually leads to a completely different field of research namely, laser-induced
breakdown spectroscopy (LIBS)). Contrary to this, most of the studies performed to
understand the shockwave phenomenon and the cavitation bubble have used intensified
charge coupled device (ICCD)-based shadowgraph imaging technique as the primary
diagnostic tool [12, 53-55]. Nevertheless, this technique has been successful in disseminating
information on the shape of the shockwave, shock temperature, shock pressure and shock
velocity in different media; it lacks the ability to accurately map the whole field in
quantitative terms. However, it is interesting to note that Mach Zehnder interferometry (MZ1)
has also been used as a tool to observe the charge density and change in the density of the
medium induced by the shock that is created due to the plume expansion. MZI integrated
with ICCD-based fast photography has come up as an effective diagnostic tool [56-59].

A vis-a-vis comparison of the various diagnostic tools reveals that spectroscopy gives
us information about the plume and its properties, like constitution of the plume (proportion

of ions, electrons and neutrals), the temperature of the plume, the state of ionisation of the
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ions present in the plume etc. However, it is unable to give any directly quantifiable
information on the shockwave or medium compression. Shadowgraph provides information
about the density variations in the medium due to shock, as it clearly shows the shock
boundary or the region with maximum changes in refractive index (RI). A time-correlated
study also shows the evolution of the shockfront. Not only that, when laser ablation is
performed in liquid media, shadowgraph images have been able to capture the phenomena of
formation and oscillation of the cavitation bubble and the release of nanoparticles in the
medium (in the case of ablation of solid targets). On the other hand, interferometry,
specifically Mach Zehnder interferometer (MZI), puts forth a method of differential
measurement and is able to reveal any variation in the RI field of the medium, be it a
lowering of the RI because of the presence of the negatively charged electrons or be it a rise
of RI because of the compression resulting from the propagating shockwave. As has been
discussed in Chapter 3, this technique has been exploited well for these measurements. In the
case of a process like LPP and the subsequent processes which occur in the duration of nano
and micro-seconds, all these measurements be it, spectroscopy or shadowgraphy or be it
interferometry need very fast methods of capturing the images. ICCD-based imaging is one
such method. In view of this, all the three methods discussed above employ ICCD as the
capturing device. Here it is important to mention that interferometry is a superior method
compared to shadowgraphy, for two reasons — first, it is based on the concept of differential
measurements so the accuracy is high, and second, the error is less in the case of the
processing of interferometric data. Shadowgraph provides second derivative of the RI (n),
and hence, to generate the Rl map of the whole field of view from the shadowgraph data, one
needs to integrate the data twice, whereas to extract the same information from an
interferometric images, one needs to integrate the data just once [59]. Thus, RI field
reconstructed from the interferometric images have lesser scope for error as compared to that
reconstructed from the shadowgraphic images.

With this background, the present work is concerned with a detailed investigation of
the phenomena of laser produced plasma-induced shockwave propagation in the media of
different densities. The absence of a method that could accurately map the whole field
medium (mass) density and charge (electron) density perturbation, following the laser pulse
hitting the target material, was a strong motivation behind taking up this work. As mentioned
in the previous paragraphs, the use of the process of laser ablation for producing
nanoparticles is in practice since quite some time and it is known that the nanoparticles result

from the cooling down (thermalisation) of the plasma resulting from the ionization of the
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target occurring due to the laser pulse hitting the target material. This plasma expansion
causes generation and propagation of shockwaves in the ambient medium which leads to the
formation of a region of a high density (shockfront) and the trailing low density region
behind the shockfront. These propagating shockwaves have been extensively probed by
means of ICCD-based interferometric technique to get a detailed quantitative information the
refractive index (RI) field and the corresponding time-evolution of the density distribution of
the medium, as the shockwaves propagate. Furthermore, physical boundaries have been fitted
on the target surface so as to facilitate the reflection of the shockwaves. The physical
boundaries were put laterally (in form of aluminium walls) and longitudinally (in form of
aluminium top plate) to study the effect of reflection of the shockwaves on the medium
density distribution and on the charge density distribution in the plume. The comparison of
the results obtained with and without any confinement show significant differences in the
time evolution of the RI field and hence in the distribution of mass and charge density at
different instants of time after the ablation has taken place. These studies have revealed that
the medium mass density and the electron density in the plasma plume are significantly
affected by the presence of physical confines in the close vicinity of the ablation spot.

Having carried out these studies on air ambient, the experiments were conducted to
characterise the laser produced plasma-induced shockwaves in liquid media of different
densities. It was observed that the density of the medium has a significant role to play in the
shockwave propagation and the lifetime of the plasma plume. The ambient medium density
and the presence of confining boundaries both were seen to be playing crucial roles in
altering the lifetime of the plasma plume. Having understood this, the laser ablation in liquid
(LAL) was carried out with high purity copper and titanium targets as the target materials and
water and isopropyl alcohol as the ambient fluids. Also, for every target material, two
different geometries of the target plate were considered. In one case, the target surface was
flat and was kept beneath a fixed liquid column, whereas in the other case, the target plate
had aluminium walls on either side of the ablation site, causing reflection of the shockwave.
The findings showed that there was an appreciable difference in the sizes of the nanoparticles
that were formed due to the ablation of a target material(s) with and without confining
boundaries for any given target-liquid combination. The present work is expected to provide
useful insights on the effect of the shockwave and reflected shockwave resulting from the
expansion of plasma plume on the shape and size of the nanostructures formed due to laser

ablation of metals placed in liquid medium.



The present thesis has been organised in six chapters, first being the present chapter,
which has given an overview and scope of the research work that has been carried out. The
references that have been included in this chapter are to show that how the present work
aligns with the existing literature. It also gives a glimpse of the relevance of the present work
vis-a-vis the existing sphere of knowledge. The second chapter is a brief account of the
literature that has been surveyed before these studies were undertaken. Significant research
outcomes have been discussed appropriately in this chapter. The third chapter deals with the
instrumentation aspects of the experiment. It includes the technical details pertaining to the
crucial and major experimental components used in the study. The fourth chapter is on the
data reduction methods and tools. It discusses the methodology that has been adhered to for
retrieving the RI field distribution from the recorded interferometric images. It also discusses
the relation of the RI field and the various physically observable variables like, charge
density, mass density etc. The fifth chapter comprises of detailed analysis of the results and
the interpretation of the analysed data. This chapter gives a perspective on how the results
obtained have been exploited to gain control over the size and size distribution of the
nanoparticles resulting from the process of laser ablation of metallic targets. The last chapter
highlights the conclusions of all the studies performed and gives an outlook to the directions

that may be taken in future.






Chapter 2: Literature Survey

The subject of laser ablation has been one of the widely studied topics in the area of
laser-matter interaction due to its importance in several scientific and technological
applications. There is a range of published literature on the various methods in which laser
ablation is carried out, for example, laser ablation in gas/vacuum, laser ablation in liquid etc.
which shows that extensive studies were carried out in this domain [3, 60, 61]. A very lucid
description of the series of events that led to the advent of laser ablation as a field of study
and its evolution to this current state may be found in the works of Miller [62, 63]. A detailed
survey of the existing literature in this area was done. A brief account of the same follows
henceforth.

To begin with, the present work is primarily about the laser-produced plasma-induced
shockwave and its effect on the medium density. The studies have been carried out with
different ambient mediums, air, water, 50% aqueous solution of ethylene glycol (w/w) and
25% aqueous solution of ethylene glycol (w/w). The reason behind the choice of media is
their varying densities. Also, water and ethylene glycol are used as coolants, so ablation in
these media may be seen as a method to generate nanoparticle suspensions, which enhances
the cooling capacity of these liquids to a great extent [64]. Studies on the reflection of
shockwaves have also been performed by putting physical barriers in the vicinity of the
ablation site. In the end the laser ablation of metal targets have been carried out in the liquid
ambient, with and without putting a barrier in the vicinity of the ablation cite. Therefore, in
context of the present work the literature survey has been broadly categorised into three

sections viz. laser ablation, fabrication of nanostructures, Mach Zehnder Interferometry.

2.1 Laser ablation

The ablation of metals by laser has been investigated since long [3, 53, 66-69]. Laser
ablation is carried out in vacuum, gas-atmosphere and in liquid ambient based on the desired
end result. Researchers have studied these phenomenon in different ambient, viz. air, water,
gasses at different pressure, and also between confining surfaces [5, 53, 69, 70]. The
objectives were mainly to understand the distinct processes that take place in the course of
ablation. Laser matter interaction and interaction of either of these with the ambient, triggers
different physical processes [3, 7, 17, 66, 71] . These studies become important from the

point of view of science and engineering because of involvement of plasma production and



its use in sputtering (which happens to be a very precise method for thin film deposition) and
elemental analysis (laser spectroscopy for analysis of composition of the specimen being
ablated) [72]. Also, there are applications of laser ablation in the field of biomedical
engineering, where it is used as a tool to ablate biological cells and tissues [73].

A very fundamental work on modelling the interaction of laser pulse with matter and
subsequent plasma formation and plume expansion was accomplished by Singh et. al. [74]. In
this work the plasma plume was assumed to be behaving like an ideal gas at high pressure
and temperature. They theoretically analysed the effect of most of the beam and substrate
parameters (spot size, energy density, atomic mass of the substrate etc.) on the plume and its
expansion. This model predicted most of the features of the film that is deposited using
pulsed laser evaporation. Although this work was carried out to understand and predict the
process of pulsed laser evaporation this throws light on fundamental aspects of the plasma
generation and plume expansion. Another interesting experiment was carried out by Anthes
et. al. in 1978, where they observed the fast-ions, generated as a result of ablation of target
being irradiated by 8 ns pulsed Nd: glass laser, using a Faraday cup and Thomson parabola.
[75]. This is probably one of the early experiments performed to observe laser ablation and its
effects. Here the experimental results were also corroborated with a model.

One of the most interesting parameters to study when it comes to the study of laser
ablation is the amount of mass ejected from the substrate. This aspect is important when it
comes to certain applications like thin film deposition or fabrication of nanoparticles.
Different models, both analytical and empirical, were proposed to estimate the ejected mass
and its dependence on parameters like, laser fluence, laser wavelength etc. In this regard the
notable works were carried out by many research groups at different times and at different
places. Dahmani and co-workers, in their paper have shown the wavelength dependence of
the ablation rate and ablation pressure [76]. Burdt et.al. have, in their work, presented an
experimentally established relation for the ablation rate [77]. They have shown that the
ablation depth scales to the power of 5/9 with the laser intensity. Torrisi et.al. have shown the
dependence of ablation yield on the laser fluence. They have done it for two different
wavelengths and have shown that the required fluence for producing same ablated mass
depends on the wavelength of the ablating laser [20]. The experiments carried out with 1064
nm and 308 nm laser showed that the threshold energy requirement for ablation is less for
shorter wavelength.

Apart from free expansion of the plasma plume, researchers have also studied the

effect of confinement on the process of laser ablation. In this regard the work carried out by
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Fabbro et. al. is very significant. Here, a physical model has been developed to understand
the laser ablation process and the pressure generated due to the shockwave in a confined
geometry [68]. Experimentally it was pointed out that the longer laser pulses (in 6 — 30 ns
range) generate more pressure and the pressure generated in a confined geometry is much
higher compared to the open geometry. This work also underlined the fact that the amount of
pressure generated is limited by the extent of ionization that takes place because of the laser-
matter interaction.

In the similar lines, Yeates and co-workers studied the plasma parameters (electron
and ion densities and temperatures), by putting physical barriers and arresting the free
expansion of plasma [78,79]. These works are very much related to the work that has been
carried out in this thesis. The studies of Yeates et. al. show that carrying out laser ablation in
a confined geometry cause the reflection of shockwave, which in turn alters the plasma
lifetime, charge density and temperature. These studies were performed using ICCD and
spectroscopic means. They have also shown that the effect of lateral and longitudinal
confinement are different from one another.

Recently Kumar et. al. have studied the dynamics of Li plume in the confined
geometry using ICCD-based fast shadowgraphic and spectroscopic technique [71]. This work
was fundamental in nature from the point of view of understanding the effects of
confinement. A vis-a-vis comparison of the plasma parameters was made between the two
cases, namely, freely expanding plasma plume and plasma plume expanding in confined
geometry. It was observed that in case of confined geometry that the intensity of certain lines
were increased. This observation was related to the presence of reflected shockwave in the
medium.

It has been seen time and again that restricting the expansion of the plume affects the
plasma parameters and the properties of the film that is formed in case of PLD. Therefore, it
becomes imperative to study the process that causes these effects — the laser-produced plasma
induced-shock. This process has been studied in detail in the present work. Therefore, a
discussion on the outcomes of the available literature is quite relevant.

The Spatio-temporal evolution of nanosecond laser ablation plumes of Al in the Ar
background at the atmospheric pressure has been studied by Harilal et. al. using a 1064 nm
laser [54]. They observed the features of hydrodynamic expansion of plume, material ejection
and shockfront using shadowgraph with the aid of an ICCD camera. They also reported the

generation and propagation of a secondary shockfront resulting from the fast ejection of

10



target material in a time window of 100 ns — 500 ns. They were able to show that most of the
plume expansion features may be reproduced by using a continuum hydrodynamics model.

Ecault et. al. have been able to observe the shear wave propagation in epoxy-resins
using a specific shadowgraphy device, based on the principle of photoelasticity. These waves
are triggered in the target material in response to the interaction of laser with the target. They
have calculated the velocity of shear waves and compared it to the velocity of the shock in
the medium. The results were able to bring out the relation of the relation between the shear
wave distributions on the initial pressure loading. These results were also corroborated with
the numerical results [80].

Recently Nguyen et. al. have also studied the laser-induced stress waves (LSW) by
ablating an epoxy-resin target. They have reported the effect of confinement of plasma using
a liquid layer overlay. It was proven using the obtained results that LSW is weaker with
thinner liquid layer. It had clearly been shown that the liquid film needs to be thicker than a
threshold value to observe the same effect with the bulk liquid [81, 82].

Different aspects of laser ablation and laser plasma induced shockwave were also
investigated from time to time. Pulsed laser deposition is one such technique that uses laser
ablation as a process to produce thin layer of coatings. A review by Ashfold et. al. discusses
about this technique and its implications [83]. Laser induced breakdown spectroscopy (LIBS)
is a tool to diagnose the elemental composition of materials by spectroscopically observing
the ablation plume. The atomic transition lines present in the ablation plume and their relative
strengths give out the information about the components present in the target. Rusak et. al.
have discussed about this aspect of laser ablation, which has proven to be a tool for the
analytical chemists and material physicists [4].

Following the same line Harilal et. al. underlined the effect that the presence of
shockwave has in case of laser ablation in air ambient. It describes how the shock front acts
as a barrier between the plume and the ambient oxygen and resists the oxidation process at
the early instants of the plume formation [84]. Masuhara has described how the proteins and
other molecule get crystalised due to the presence of shock. The authors discuss how the
shockwave leads to abrupt increase in the concentration of species in the liquid locally and
causes crystallisation [85]. Similarly the cavitation bubble and the cavitation process has been
studied extensively, by means of models and experimentation [67, 85-87]. All these efforts
made by the various research groups across the globe helped us develop a holistic view of the

process of laser ablation not just as a tool but as a method, as well.
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When the process of laser ablation is carried out by placing the target in a liquid
media, the process is commonly known as laser ablation in liquid (LAL). LAL is the corner
stone for the processes leading to the formation of the nanoparticle/nanostructure. Apart from
that there are biological application of laser ablation where the interaction of the laser takes
place with cells in the liquid ambient. From these points of view as well, LAL holds
reasonable significance. The fundamental difference between laser ablation in air/gas and
laser ablation in liquid is because of the formation of cavitation bubble. It comprises of the
liquid vapour and the metal vapour. Once it forms, it expands because of the internal pressure
till the pressure inside the bubble matches that of the ambient. After this the bubble starts
getting compressed, which in turns heats up the interior of the bubble increasing the pressure
and again the bubble starts expanding once the pressure at its interior becomes large enough.
This process of bubble oscillation has been explored by means of models and shadowgraphic
observations. Therefore, some of the research work related to the bubble has been discussed
below, however a much detailed discussion on LAL has been made in the next section in the
context of fabrication of nanoparticles, as it is relevant to the present work.

Modelling of the dynamics of laser ablation-induced bubble in water was successfully
carried out by Akhatov et. al. [11]. A mathematical model was developed considering the
expansion of the bubble to be spherically symmetric. The processes like evaporation and the
condensation of the liquid on the bubble wall and the effects arising due to the gas and liquid
dynamics, compressibility, heat and mass transfer effects were taken into account. It accounts
also for the occurrence of supercritical conditions at collapse. The numerical results obtained
for the collapse and the first rebound were is good agreement with the experimental
observations. This work also gives a brief description of the shockwave resulting from the
collapse of the bubble.

Soliman et. al. modified the Rayleigh-Plesset theory of the bubble dynamics by
including the kinematic viscosity, surface tension and the effect of contact angle between the
water, target surface and the bubble [89]. The modification using the kinematic viscosity and
the surface tension were effective especially when the ablation is to be carried out in
pressurised water. The pressure and temperature inside the bubble could be evaluated using
this model. However the authors of the paper suggested that the evaluation of the anomalous
thermodynamic parameters could help in more accurate implementation of the model.

Lazic et. al. were able to observe through the cavitation bubble, probably for the first
time, as the heated vapour inside the bubble with refractive index close to 1 (less than the

ambient liquid, water) causes strong defocussing of the incident probe beam [70]. They were

12



able to observe at an instant of early expanding and late collapsing phase of the bubble when
its refractive index was 1.23, which is relatively closer to that of water. With this work they
were able to show that, inhomogeneous clustering of vapour bubble perturbs the incoming
ablation laser beam and causes irregular ablation.

Tamura et. al. in their work published in 2015, unfolded the relation between the
nascent cavitation bubble and nascent plumes plume for improving the efficiency of LIBS
while it is conducted in liquid ambient [51]. They simultaneously observed the plume and
bubble at the early phase of their development and reported that in case of shorter ablation
pulse (30 ns) the size of nascent plume is larger compared to the bubble, however in this case
the plume quenching is fast because of its contact with water. In contrary, in case of a longer
ablation pulse (100 ns) the plume remains contained inside the bubble. They suggest that by
tuning the interplay between the bubble and laser pulse reasonable strong LIBS signal may be
obtained at later instants of bubble expansion.

Lim et. al. reported formation of complex bubble geometries like, elliptical toroidal
etc. by tailoring the ablating laser beam using a spatial light modulator. They studied the time
evolution of the bubble experimentally and tested the results with the help of simulations
[90]. They reported various dynamic features like, the inversion of the major and minor axis
for elliptical bubbles, the rotation of the shape for square bubbles, and the formation of a
unidirectional jet for VV-shaped bubbles in both, the experiments and the simulation. They
demonstrated the formation of specific bubble shapes directly through the intensity
distribution of a single laser focus and reported that ideally any bubble shape may be
generated using this approach.

Although, bubble is not a major part of the present thesis, still the discussion above
was necessary as the bubble is an unavoidable consequence of LAL. In case like ours where
the laser ablation is carried out by 8 ns pulse at a frequency of 10 Hz, bubble does not impact
the process of laser matter interaction directly, but if one resorts to high repetition rate of
laser pulse, say, in kHz then the bubble lifetime becomes important. In such cases the
presence of bubble hinders the path of the incoming laser pulses directly affecting the

ablation efficiency.

2.2 Preparation of nanostructures
Methods for the preparation of nanostructures may be broadly classified into two
major categories, namely, the chemical methods and physical methods. The approaches

falling under the chemical-based category comprise of methods that involve chemical ways
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of reduction of metal salts that lead to formation of nanoparticles from various precursors
[91]. The second major category include methods that use physical means like, ball milling,
sputtering etc. for producing the nanostructures [40, 92]. In addition, there exists another
mode of classification based on nanostructure preparation methods — top-down and bottom-
up approaches. In the top-down approach, the bulk material is broken down to form
nanoparticles whereas in the second approach i.e. bottom-up approach the smaller entities
like atoms or molecules are made to come together to form structures with dimensions in the
range of a few nanometers.

In the recent years, laser ablation has become one of the common methods for
fabrication of the nanoparticles. This method is used widely to fabricate metallic and
polymeric nanoparticles [1, 92-94]. This is a relatively greener method as it does not involve
harsh chemicals at any stage of fabrication. Also this method is simpler owing to the absence
of chemicals that are hard to get rid of, once the nanoparticles are formed. Laser ablation is
carried out in air/gas/vacuum or liquid ambient based on the desired end result. When laser
ablation is carried out in air/gas/vacuum it is mostly to let the ejected solid get deposited over
a substrate and the method is known as pulsed laser deposition (PLD) [74, 83]. On the other
hand, when the process of ablation is carried out in liquid the metal vapour cools down and
forms nanoparticles [23, 31]. This process is known as laser ablation in liquid (LAL) or
sometimes, pulsed laser ablation in liquid (PLAL).

LAL has been carried out in different media, which have different viscosities,
densities, refractive indices etc. so as to control the size of the nanoparticles [96, 97]. Also,
the chemical interaction of the ambient medium with the target material has been exploited to
generate different sizes and compositions of the nanoparticles. These different methods
generate different size and size-distribution of nanoparticles with different stoichiometry [98,
99]. Literature is available on nanoparticles suspensions being used as ablation targets
whereby particles of different sizes and surface morphologies distinct than the target particles
were obtained [99-102]. Efforts have also been made to develop the method - electric field
assisted laser ablation in liquid (EFLAL), which enables one to fabricate nanoparticles of
varied shapes and sizes by applying electric field across the ablation target [45, 46, 104].
Researchers have also shown that the parameters like laser wavelength, laser fluence and
height of the liquid column affect the size and size-distribution of nanoparticles [105, 106].

The wide range of applicability of nanoparticles has fuelled the research on
fabrication and characterisation of a variety of nanoparticles. Over last few decades the area

of research has broadened from nanoparticles to nanostructures; encompassing not just
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spherical or nearly spherical nanoparticles but also a plethora of structures like, prisms, cages,
spindles, wires etc. [18, 107, 108]. The variation in the shape, size or surface morphology of
the nanostructures leads to a change in its physical properties and response to a specific
physical, chemical or biological stimulus [108, 109]. This, in turn, makes the nanoparticles a
promising candidates for a host of applications in different spheres of life. The applications
range from simpler ones like paints and heat exchange fluids to more involved ones like drug
delivery, catalysis and quantum computation [110, 111].This necessitates the gain of precise
control over the shape and size of these nanostructures.

As discussed in the preceding chapter, the scope of the present work includes the
effects of propagation and reflection (from the physical boundaries) of the laser produced
plasma-induced shockwaves on the formation of nanostructures. The plausible role of the
presence of physical barriers on either sides of the ablation site have been thoroughly
explored in the light of available literature. It therefore becomes imperative to present a brief
discussion on some of the works that are relevant to the present thesis and they have been
discussed below.

Dolgaev et. al. reported formation of a variety of nanoparticles (Ti, Si, Au and Ag) in
a variety of liquid media (H,O, C,HsOH and C,H4Cl,) [26]. A high repetition rate (15 kHz)
Cu-vapour laser was used to ablate the various target materials and the size distribution of the
nanoparticles were studied. The dependence of the size of nanoparticles on the laser
wavelength and the laser fluence were also studied. The authors also proposed that by making
use of the surface plasmon resonance of the metal nanoparticles the particle size distribution
may be manipulated.

Compaginini et. al. reported production of Au sols in n-alkane solutions using the
second harmonic of a Nd:YAG laser (532 nm, 5 ns pulse at 10 Hz) and fluences ranging from
1 to 200 J/cm2. They reported the shape and aspect ratio control of the particle by altering the
chain length of the alkane host [31]. They reported formation of high aspect ratio particles
using laser fluence higher than 5 J/cm? and varying the chain length of the n-alkane. In their
studies they found that for the lightest alkane used, i.e. n-pentane they observed an aspect
ratio of 6.5, whereas for higher chain lengths the aspect ratio decreased. They also stated that
after a certain limit increment of the laser fluence simply increases the yield of nanoparticles
instead of having any effect on shape and size.

Mahdieh et. al. investigated the effect of the height of liquid column, number of laser
shots, and the effect of ambient media on the size of the nanoparticle formed by laser ablation

[105, 106]. They carried out the experiments with Ti and Al in water, acetone and ethanol
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and found out that in acetone the particle mean size is the least and the distribution is
narrower. Also, with increase in the laser fluence bigger size of the nanoparticles were
obtained. They attributed these features mostly to the variation in the thermos-physical
properties of the target materials and the interaction of laser with the target in different media
being different. They also performed experiments with Al and Ti at different depths of
distilled water. They found that the height of the water column substantially affects the size
and the size distribution. The same experiments were then repeated with fixed laser heights
but different number of laser pulses. It was observed that the irradiating with more number of
laser pulses produced smaller particles with narrower size distribution.

Werner et. al. in 2012 presented the new findings on size control of gold and silver
nanoparticles produced by LAL [103]. They argued that the polydispersity in the particles
formed by LAL are majorly because of the uncontrolled heat dissipation caused by the
vapour bubble formed during the ablation. They conducted the experiments under high
pressure and achieved better control over size distribution. Their work laid stress on the size
control by controlling ablation wavelength, pressure and fluence for a given media and
material.

Shape and size control is not a new thing when it is to be done with the help of
chemical means and methods. However, the recent advancements in size control is electric
field assisted laser ablation (EFLAL). This technique promises a better control not only over
size but also over shape, by directing the growth of nanostructures in one direction. A review
article written by Zeng et. al. underlines some of these developments [18].

Work of Lin et. al. is remarkable in this direction [45, 104]. The group claims to have
developed GeO, micro and nanostructures using EFLAL. The ablation of the target was set to
take place in between two parallel plate electrodes with the ablation site equidistant from
them. They have shown that when there is no electric field spherical nanoparticles are
formed. At an applied electric field of ~14 V cubes are formed whereas at 32 V  spindle-
shaped structures were obtained. They, in another paper reported fabrication of CuO
nanostructures by electric field assisted directional growth of CuO nanoparticles. The
nanospindles produced here are of different aspect ratios based on the amount of electric field
applied during the process of their fabrication. This kind of fabrication is stated to be capable
of wavelength-selective absorption and are useful as biomedical means. The advantage with
EFLAL is that the desired structure can be fabricated in one step by appropriately setting the

electric field across the ablation site.
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Recently in 2017, Sapkota et. al. reported size control of Sn nanoparticles by EFLAL
[46]. They reported a reduction in size on application of electric field across the ablation site.
They argued that due to the presence of electric field the probability of recombination of ion-
electron is reduced leading to an increased probability of electron capture by nanodroplets,
which in turn would lead to size deformation of these droplets. This deformation leads to
breaking down of these droplets under the effect of thermal agitation.

Having discussed some of the works which contributed a lot to the evolution of the
field of laser ablation, in the present thesis we focus to look at the effect of propagation of the
shock in the medium as a whole. In the present literature, to the best of our knowledge, the
whole field study of perturbation of the medium and plume density due to the laser-produced
plasma-induced shockwave and its reflection from the physical barrier (placed close to the
ablation site) has not been reported. Also, we proposed a novel method of fabrication of size-
controlled nanoparticles by making use of our understanding of the phenomena of interaction

of reflected shock with the plume.

2.3 Mach Zehnder interferometry

To understand the process of laser ablation in detail various observation tools, both,
direct and indirect, have been used from time to time. Most of the work that has been carried
out in the recent past, in this direction, have used spectrometers/spectrophotometers as the
primary diagnostic tools [4, 5, 23, 67, 111-116]. Apart from these, researchers have also used
Rayleigh scattering as a method to find particle size distribution and time evolution of size
[116-118]. These methods have been tried and tested over a range of target materials and in
different media. Integration of spectroscopy with scattering signals also makes a strong
diagnostic tool for characterization of plasma, commonly known as laser-induced breakdown
spectroscopy (LIBS) [17, 23, 115].

Geohegan et. al., for example, investigated the propagation of yttrium plasma plume
in the low pressure argon background. Here they demonstrated that the ion flux gets split into
the fast and slow components. They used ICCD based measurements and spectroscopic
techniques to observe the phenomena experimentally [120].

Researchers have established Mach-Zehnder interferometry as one of the best
methods to find spatiotemporal variation of density. The primary reason behind this is, it’s
differential nature. Mach-Zehnder interferometers always determine the differential change,

i.e. change in the sample with respect to the background and thus improves SNR. MZI has
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invariably been used in particle density related measurements [121,122]. This technique has
also been used to determine plasma densities [56,121].

Zhang et. al. investigated the laser produced plasma by using MZI and processing the
obtained interferograms by appropriate algorithms [58]. They studied the Spatio-temporal
evolution of the laser-produced plume and mapped the electron density at different time
instants starting from the time of ablation. They assumed the plume to be cylindrically
symmetric and hence were able to generate a 3-D profile of the plume.

Ye et. al. employed MZI to observe the electron density distribution in plasma
experiments [123]. Instead of recording separate interferograms to observe the time resolved
phenomena they suggested the multiframing approach. Here a rotating mirror framing camera
was used to record the interferograms at different instants. The frame rates were as high as
2.9 MHz.

Breitling et.al. demonstrated that the interaction of metal vapour/plasma is different
with the lasers of different wavelengths using MZI [124]. They described the regions of
absorption and absorption mechanisms based on the RI field that was obtained from the
interferograms. In this work they were able to demonstrate the distinctive behaviour of the
shockwave with the different wavelengths. Also the electron density in the plume region was
precisely estimated.

Kim et. al. were able to show the difference in the behaviour of the plasma plume and
the shockwaves in a gas field medium and in a gas jet by employing MZI as a tool [125].
They were able to tell the difference using a fluid-based model.

The work by Chen et. al. dates back to 1985 wherein he suggested that the transient
density measurements can be done using recorded interferograms. He used the method of
digitally processing the interferograms generated with a Mach Zehnder Interferometer that
captured the jet of He-Ar mixture coming out of a nozzle. This is probably one of the early
works where automated method was used for analysing the interferograms to reduce manual
effort.

Apart from 1-D and 2-D, 3-D mapping has also been carried out. Azambuja et. al.
characterised the 3-D profile of high density pulsed gas jets with cylindrical and non-
cylindrical shapes [122]. Here they used two MZIs in orthogonal configurations. They also
suggested that similar configuration and methodology may be adopted for laser plasma
related studies.

Researchers have implemented digital holography as well, to map the plasma density

inside a discharge tube [126]. Time and again this technique has proven its effectiveness in
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determination of parameters that lead to a change in refractive index [128-130]. In the present
work Mach Zehnder and shadowgraphy have been employed to capture the phenomena of

shockwave and the evolution of charge in the plasma dominated region.

2.4 Objectives of the present work

The above studies have practical applications in the field of material processing,
micro-machining etc. Apart from these, laser-ablation has been employed to produce
supersonic beams of particles for atomic and molecular studies. In the field of medicine
ablation of organic materials, bioceramics etc. LA plays an important role. Colloids
containing metal nanostructures with a coolant fluid as the host medium promises the
potential solution to the challenge of taking out heat efficiently. The present literature
available in the field has established the fact that by changing the size and shape of the
nanoparticles, the heat conduction efficiency may be manipulated. Also, it has been shown by
a group of researchers that the size and shape of the nanoparticles may be controlled by
changing laser fluence, laser wavelength, pulse duration and the properties of the ambient
medium. In this direction, the present work explores the potential of the technique of laser
ablation of metallic targets in liquids as one of the simpler, yet effective methods to control
the size and size distribution of nanoparticles/nanostructures. The technique is primarily
based on the dependence of the thermalisation time of the plasma plume on the characteristics
and/or dynamics of the propagation of laser produced plasma-induced shockwaves in media
of different densities. Under such circumstances, developing a detailed understanding of the
phenomena of propagation of laser produced plasma-induced shockwaves in the medium
becomes important. In this context, the present thesis primarily focusses on non-intrusive
diagnostics of the phenomena of shockwave propagation in the medium and its plausible
impact on parameters such as, mass density (of the medium), electronic charge density (of the
plume) etc. using one of the refractive index-based imaging techniques namely laser
interferometry. A Mach Zehnder interferometer coupled with an ICCD camera has been
employed to record the transients associated with the process. Potential applications of the
primary findings of the experimental studies in the area of fabrication of the nanostructures

have also been discussed.
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Chapter 3: Apparatus and Instrumentation

The work reported in the present thesis is primarily experimental in nature and
employs one of the non-intrusive diagnostic techniques, namely, laser interferometry, for
investigating the phenomena of laser produced plasma-induced shockwaves. Factors such as
stringent requirements of aligning the two arms of the interferometer, precise control over the
ablation of the target material, fast and real time imaging of the entire process etc. contributed
towards increasing the inherent complexities involved in the experimental work. The present
chapter describes the complete experimental facility employed for developing an
understanding of the phenomena of shockwave. Full view photographs of the experimental
setup (laser interferometer and the ablation chamber) have been shown in Figure 3.1. The
present chapter describes the various components of the complete experimental facility that
includes; 1) optical layout of the laser-based interferometric setup, 2) ablation setup and 3)
the related instrumentation employed to image phenomena like high speed camera, filters etc.
The chapter also brings out the detailed experimental procedure along with the precautions
that are needed to be taken for conducting these experiments.

Figure 3.1(a) shows the photograph of the Mach Zehnder interferometer (MZI) that
was set up to observe the phase change occurring due to the process of propagation of the
shockwave and plasma plume in the medium (air and/or liquid). As is seen in the image, the
setup comprises of the spatial frequency filter assembly to clean the probe beam and the
interferometer itself. The interferometer was illuminated by a He-Ne laser (Research Electro-
Optic Inc.) and diode pumped solid state (DPSS) laser (Coherent Inc.) for two different
experiments. Figure 3.1(b) and (c) show the photograph of ablation stage and glass chamber
(ablation chamber) used for ablation, respectively. The ablation chamber has been separately
discussed in another section of this chapter.
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Figure 3.1: Full view images of the experimental setup, a) Mach Zehnder interferometer, b) ablation
stage with focusing system and c) ablation chamber
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3.1. Mach-Zehnder interferometer

A schematic diagram of the MZI and the complete experimental setup has been
shown in Figure 3.2. The schematic diagram has been explained in the following paragraph.
The schematic diagram clearly shows the major components of the MZI, and they are the
mirrors, beam splitters, band pass filters and the spatial frequency filter. The details of these
components have been discussed later in different subsections of this section.

As shown in Figure 3.2, mirrors M1 and M2 have been used for steering and for
initial alignment of the laser beam. The original laser beam is close to 2 mm in diameter. A
beam expander assembly (Thorlabs), comprising of lenses L-1 and L-2 with a pin hole (P) in
between, has been used to expand the light beam. The distance between the aperture and the
lens is adjustable. The expanded and diverging light beam, as it emerges from the variable
aperture, has been collimated into a 20 mm diameter beam using a collimating lens (L2). This
collimated beam now acts as the probe beam for the Mach Zehnder interferometer. The first
beam splitter (BS-1) splits the light beam into the two arms of the interferometer; the test arm
(BS-1 to M-3 to BS-2), which houses the ablation cell and the reference arm (BS-1 to M-4 to
BS-2). The optical components of the interferometer (e.g. beam splitters, mirrors (M-1 and
M-2) etc. are of high optical grade (BK 7, Flatness: A/10). The movable stop has been placed
on the reference arm so as to enable the same system to capture the shadowgraph images.
When the stop is ON, the light from the reference arm does not reach the beam splitter BS-2
and therefore the interference does not take place. In this case, the only beam available is the
beam through the sample arm, which is used for capturing the shadowgraph of the ablation
process. When the stop is removed the interference occurs and the interferograms are

recorded. The laser ablation setup has been discussed separately in the next section.
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Figure 3.2: Schematic drawing of the complete experimental set-up employed for the ablation study.

3.1.1 He-Ne laser

He-Ne Laser (Research Electro-Optic Inc.) was used for setting up the MZI. The
beam was having horizontal polarization with 35mW power and 632.8nm wavelength. The
laser was highly stable with excellent pointing stability. This laser was used to observe the
shock phenomena in air ambient. The specifications relevant from the point of view of the

experiment have been tabulated below.

3.1.2 Diode pumped solid state (DPSS) laser

A diode pumped solid state laser (Verdi V-5 from Coherent Inc.) with central wavelength
532nm has been used for MZI with liquid media. The laser was operated at output power of
200 mW and 20% of the output power was used for the experiment. The parameters that are

crucial from the point of view of our experiments have been listed in Table 3.2.
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Table 3.1: Specifications of He: Ne Laser

Output power (max) 35 mW
Wavelength 633 nm

Spot size 1.22 mm (x 10%)
Beam divergence < 0.66 mrad
Mode TEMgo (>99%)
Noise (30 Hz — 10 MHz) < 1% RMS
Polarisation Linear (>500:1)
Longitudinal mode spacing 163 MHz

Long term beam drift < 0.05 mrad

Table 3.2: Specifications of Coherent Verdi V-5

Output power (max) 5W

Wavelength 532 nm

Spot size 2.25 mm (= 10%)
Beam divergence < 0.5 mrad
Power stability + 1%

Noise < 0.02% RMS
Polarisation Vertical (> 100:1)
Linewidth <5 MHz RMS
Pointing stability < 2 prad/°C

3.1.3 Optical components

Apart from the above mentioned instruments, optical elements like mirrors and line — filters
were used for the purpose of experimentation. For 532 nm probe laser the mirrors used were
BB2-E02 (THORLABS) with surface quality of A/10. The other important details have been

given in Table 3.3.

Table 3.3: Specifications of broadband mirrors

Material Fused silica
Flatness M10

Quality 10-5 scratch-dig
Parallelism <3 arcmin
Clear aperture > 85%

Reflectance

> 98% at 45° angle of incidence @ 532 nm

The mirrors used for manoeuvring the Nd: YAG laser beam (@1064 nm) were NB1-
K12 procured from THORLBS. These mirrors were coated such that they have high
reflectivity at 1064 nm (~ 99%) and 532 nm (> 98%). These have high damage threshold of 5

Jlcm? and 8 J/cm? at 1064 nm and 532 nm, respectively for 10 Hz repetition rate and 10 ns
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duration pulses. The laser-ablation of metal target results in the formation of plasma
plume which has emissions ranging over a very broad range of spectrum (including the entire
visible spectrum). To avoid stray radiation falling on the camera and degradation of the
image quality a band pass filters were used which were centred at 632.8 nm and 532 nm and
had a linewidth of 1 nm £ 0.2 nm. The filters used for 632.8 nm and 532 nm were FL632.8-1
and FL532-1, respectively. Both the filters were procured from THORLABS. The two filters
FL632.8-1 and FL532-1 have transmission wavelength centred at 632.8+0.2 nm and 532+0.2
nm, respectively and have a transmission of 50% and 40% respectively.

3.2. Laser ablation setup

The ablation setup has been shown schematically in Figure 3.3. The major
components of the setup have been labelled. The picture of the real setup with focussing lens
and stage has been shown in Figure 3.1b. The setup has been briefly described in the
following paragraph. The description of mirrors has already been given in the preceding

Mirror
Nd:YAG laser

Beam splitter
Joule meter

Focusing lens

Ambient liquid ——

Metal target Glass container

Translation stage

Adjustable stage

Figure 3.3: Schematic diagram of the laser ablation setup
section.

The fundamental wavelength (1064 nm) of Nd: YAG laser (Quantel Q-smart 850),
with a pulse duration of 6 ns has been used as the ablation beam. The ablation beam has been
focused using a plano-convex lens (f = 175 mm) and is made to hit the target surface at
normal incidence. The laser fluence that have been set for different experiments have been
appropriately mentioned in Section 3.5. A small fraction of the beam was split and let to fall

on an optical energy meter to ensure that the laser fluence is constant during the course of the
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experiments. The crucial components of the setup have been described as subsections of this
section.
3.2.1 Ablation chamber

Two identical ablation chambers were made. Each of them was made up of BK-7
glass of flatness A/10. The thickness of the glass is 5mm and the dimensions of the chamber
are 50 mm x 50 mm x 60 mm. The glass chamber has been shown in Figure 3.1c. The
parallelism is < 5 arcmin. The size of the chamber has been so chosen to avoid any effect of
the reflected shock (back from the walls of the container) in the field of view, over the period
of observation. In case the dimension of the chamber had been smaller the reflected shock
would have been seen within the interval of a few microseconds starting from the time of
ablation. Also, this bigger size ensures that a 10 mm water height will be enough volume to
ensure that there will not be appreciable change in the density of the medium due to the
release of a few micrograms of nanoparticles. This enabled us to perform the experiments of

ablation in liquid for 20-25 shots without changing the liquid.

3.2.2 Nd: YAG Laser

Quantel (Q-smart 850) Nd: YAG laser was used for the purpose of ablation. It has a
repetition rate of 10 Hz and peak energy 800mJ with 5ns pulse width (FWHM). It was used
to ablate the Cu and Ti metal plate kept in chamber filled with water. In the present
experiments the laser was operated in single shot mode. The delay between the Q-switch
trigger pulse and
flash lamp output was used for controlling the laser energy. The laser source has
the facility to generate 2nd and 3rd harmonics wavelength i.e. 532nm and 355
nm. The specifications that were of importance from the point of view pf our experiments
have been given in Table 3.4 (http://www.quantel-laser.com/en/products/item/q-smart-850-
mj-.html). All of these have been measured at 1064 nm.

Table 3.4: Specifications of Quantel Q-smart 850 (Nd:YAG laser)

10 Hz

Pulsed energy (max) 850 mJ

Energy stability + 2%

Power drift + 3%

Pulse duration 6 ns

Pointing stability < 40 prad

Jitter +0.5ns

Fucusability < 2 times the diffraction limit
Linewidth <0.7cm”

Divergence < 0.5 mrad
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| Polarisation | Horizontal (> 80%)

3.3. Intensified Charge-Coupled Device (ICCD) Camera

The laser produced plasma and its associated phenomenon is highly transient in
nature. The laser induced phenomena, like plasma formation, shockwave
propagation and cavity expansion take place over the time scale of nanoseconds to
micro seconds. Therefore, for the time resolved study of the above phenomena,
very fast time response is needed to record the experimental data. Intensified charge couple
devices (ICCD) are capable to record and analyse ultra-fast events with very high accuracy.
ICCD camera consists of three major parts, image intensifier, coupling
lenses and CCD chip. Coupling or imaging lens of the camera is an assembly of
optical lenses used to collect the light and make images of objects on CCD. Charge
coupled device (CCD) chip is used to store or record the images. It is an integrated
circuit made onto a silicon surface forming light sensitive elements called pixels.
Photons incident on this surface generate charge that can be read by electronics
and turned into a digital copy of the light patterns falling on the device. Image
intensifier is most important component of ICCD and its brief description are

given below.

3.3.1 The image intensifier

The image intensifier is the most crucial system component of an intensified CCD
high speed camera. The main function of the image intensifier is the multiplication of the
incident photons, i.e. the amplification of the light signal. This enables the ICCD camera to
take images at extremely low light conditions and/or at extremely short exposure times in
nanoseconds order, when the integral of the photon flux over the exposure time is very small.
The image intensifier is built with three independent components, namely, photocathode,
multi-channel plate and phosphor screen.
Photocathode: The light signal incident on the photocathode of the image intensifier. The
photocathode converts the incoming photons to photo electrons. The specific material
composition of the photocathode enables to cover different spectral ranges. Multiple photo
cathodes cover the spectral range from UV, VIS to IR. The photocathode sensitivity is one of
the important properties of ICCD camera to choose the most suiting photocathode according

to the application.
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Multi-channel plate': Multi-Channel Plate multiplies the incoming electrons from the
photocathode. A multi-channel plate is made from highly resistive material having regular
array of small tube, known as multi-channels. Each multi-channel acts as continuous-dynode
which multiplies the incident electrons under the presence of a strong electric field. The

typical multiplication factor of a double MCP is 10°. The schematic diagram has been shown

Photocathode .

Incident hv Hvto CCD

MCP e
(single stage)

Phosphor
SCreen mmm

Figure 3.4: Schematic diagram of the process of photon multiplication in ICCD
in Figure 3.4%

Phosphor screen®: The phosphor screen emits photons as the accelerated electrons hit the
material. The phosphor screen of image intensifiers converts the electron avalanche from the
micro channel plate back into photons. Typical conversion factors of the used phosphor
screens are between 20 and 200 photons per electron, depending on the phosphor type and the
kinetic energy of the electrons, i.e. the acceleration voltage. In order to increase the number
of photons emitted in the direction towards the CCD sensor, the backside of the phosphor is
coated with an aluminium layer that reflects photons towards the proper direction, as shown

in the enlarged detail in Figure 3.5,

! http://stanfordcomputeroptics.com/technology/image-intensifier/multi-channel-plate.html
% The image has been taken from the webpage of Stanford Computer Optics Inc.

® http://stanfordcomputeroptics.com/technology/image-intensifier/phosphor-screen.html

* The image has been taken from the webpage of Stanford Computer Optics Inc.
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Figure 3.5: Schematic diagram of phosphor screen

3.3.2 Fast gating system®

The principle of high speed gating has been shown schematically in Figure 3.6°.
There are three voltages applied to the image intensifier as shown in the drawing. The voltage
between photocathode and multi-channel plate enables gating operation of the image
intensifier. If the voltage between photocathode and multichannel plate is negative, the
photoelectrons from the photocathode are accelerated towards the multi-channel plate. This
means that the shutter is open. If the voltage is positive, the photoelectrons are kept at the

VEALAWIA LA

Fhotocathode
Phosphor

4

f
’

A: 200V gating voltage variahle
B: 1000V single stage MCP, {1480V double stage MCP)
C: U=6kY acceleration voltage

Figure 3.6: Principle of high speed gating

® http://stanfordcomputeroptics.com/technology/image-intensifier.html
® The image has been taken from the webpage of Stanford Computer Optics Inc.
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photocathode, thus the shutter is closed. This operation mode of the image intensifier is called
gated mode and the voltage is called gating voltage.

A unique advantage of the gated ICCD camera over all other kinds of cameras is its
ability of ultrafast gating. Shutter speeds with exposure times of the order of few
nanoseconds (ns) are possible and are mostly used in the laser produced plasma experiments.
In the present experiment, an intensified charge coupled device (ICCD) camera (4Picos,
Stanford Computer Optics, Inc.) having variable gain and gate width is used to record the
images shock and cavitation bubble. This ICCD offers gating times of down to 200
picoseconds (ps). The specific values of the parameters that were used for our experiments

have been mentioned in the subsequent chapters appropriately.

3.4. Target material

Target material has a very crucial role to play in the set of experiments that are being
discussed in this thesis. Apart from the purity and surface quality of the material, the
geometry is also important. Along with the flat (open) target plates, two other geometries of
the target have also been taken into consideration. The schematic diagram of the target plates
have been shown in Figure 3.7. In one of the cases two aluminium walls have been fitted on
either side of the ablation spot and in the other case an aluminium plate was set above the
target in a way that it was parallel to the top surface of the target. The targets materials used
for the experiments were 99.9% pure copper and titanium plates.

For each set of experiments, the target was thoroughly washed with acetone and
rinsed with DI water to avoid any impurity due to the target surface contamination. Also, it
was made sure that target surface was properly polished and flattened by mechanical means
to avoid any errors that may arise due to the macroscopic surface irregularities. The target
plates were mounted on a precision linear translation stage so that the target plates can be
moved after every few shots to avoid any anomaly arising due to the formation of crater on
the surface because of repeated ablation on a single site. Apart from these, there were specific
details related to each set of experiments that were performed in different ambient (air/liquid)

that are being discussed in the next section.

3.5 Experimental methodology

Three different experiments have been performed and are being included in this
thesis. The experiments were designed and conducted to observe the shockwave generation,
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propagation and reflection (only in the experiment with physical boundaries) in air/liquid
ambient and to investigate the presence of physical boundaries (that result in the reflected
shockwave) on the size of the nanoparticles produced due to ablation. The following
subsections deal with the means and methods that were resorted to for conducting these
experiments. The experiments related to observation of shockwaves employed MZI as the
diagnostic tool whereas in case of nanoparticle production, the characterisation was done
using scanning electron microscopy (SEM). The ablation setup and the MZI have been
discussed in the previous sections of this chapter and therefore only the details of the target

material, target geometry and experiment-specific parameters are being presented here.

3.5.1 Ablation in air ambient to observe shockwave propagation and its effects

The ablation was carried out on 99.9% pure copper targets with the fundamental
wavelength (1064 nm) of an Nd: YAG laser. The laser beam was focussed to a spot-size of
0.5mm on the target surface. All the experiments were performed keeping the laser fluence
constant at 19J/cm?. The ablation laser was set in a way that the beam hit the target surface at
right angle. The schematic drawing of the target plates have been shown in Figure 3.7. For
the purpose of observation of shock in open i.e. without any confinement, the target was
placed as shown in Figure 3.7a. However, for studies on the effect of lateral and longitudinal
confinement vertical walls and top plate were used in conjunction with the target. Figures
3.7b and 3.7c show the arrangements made to observe the effect of lateral and longitudinal
confinement of shock in the medium, respectively. The walls and top plate were made up of
aluminium sheets (1mm thickness). A hole was drilled at the center of the top plate (Figure
3.7¢), which was big enough to let the laser beam pass through it (5mm), to observe the
vertical confinement. The separation between the walls in case of lateral confinement is

13.5mm and the height of the top plate with respect to the target surface is 10mm.
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Figure 3.7: (a) Plane target (b) target with vertical walls (for lateral confinement of shock) and (c)
target with horizontal confinement (top) plate (for longitudinal confinement of shock)

The targets were mounted on precision linear translation stages (20um/rotation) to
ensure smooth movement. The target was shifted after every shot to ensure that a new point is
available for ablation and the effects of crater are not there. Also, in case of lateral
confinement the ablation point was made to lie equidistant from the two walls.

Here the Mach Zehnder interferometer (MZI) was set up using a He-Ne laser
(Research Electro-Optic Inc.) operating at 632.8 nm, as has been discussed in Section 3.1.1.
The beam was expanded and the noise was filtered using a spatial frequency filtering
assembly coupled with a beam expander setup. The final diameter of the collimated beam
that was used for interferometry was 25 mm. The fringe-shifts occurring due to the
perturbation in the medium due to the propagation of the shock wave resulting from ablation
of metal was recorded using a fast gated ICCD camera (4 picos from Stanford Computer
Optics Inc.). It was synchronized with the laser Q-switch output and desired time delay was
generated using the in-built mechanism of the camera. The exposure was set to 100ns’. The
camera was interfaced with a PC using a frame-grabber card. The proprietary software
provided by the Stanford Computer Optics Inc. was used to operate the camera and record the

images. A calibration of the ICCD was needed to correlate pixels with real physical

" Here, it is important to mention that for the process of observation of laser plume or charge dynamics desired
integration time is of the order of a few ns. However, in our case the processes that have been observed (shock
propagation) occur over a time scale of ps, and hence, an integration time of 100 ns gives good accuracy.
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dimension, which was done by a grid of known dimension. As discussed above a movable
stop has been placed on the reference arm of the MZlI, so that the reference beam could be
blocked as and when needed so as to perform shadowgraphy with only the beam passing
through the sample on.

3.5.2 Ablation in liquid ambient to observe shockwave propagation and its effects

Ablation of a copper target (99.9% purity), mechanically polished and chemically
cleaned, was performed by the fundamental (1064nm) of an Nd: YAG laser (Quantel Q-smart
850) with a pulse duration of 6 ns®. The spot size was maintained at 0.5mm at the target
surface. Laser fluence was set to 11 J/cm? and ablation was performed in a cubical glass
chamber (with open top), the walls of which are made up of optical quality glass (BK7) with
surface flatness of the order of 1/10. All the experiments were set-up with target immersed
in liquid and the height of the liquid column was maintained constant at 25mm. To perform
ablation in different liquid media, ethylene glycol (reagent grade) was used in different
proportions with DI water to achieve 25% and 50% ethylene glycol aqueous solutions (w/w).
It is worth mentioning here that, in general, the phenomenon of laser ablation in liquids
(LAL) produces nanoparticles, which in turn may lead to an increase in the density of the
liquid medium after a relatively large number of ablation shots. However, in the present
work, the possible influence of this effect has been taken care of by using an ablation cell of
sufficiently large dimensions (50 mm x 50 mm x 60 mm) with the liquid column height of at
least 25 mm in the experiments, thereby avoiding any significant changes in the concentration
of the liquid medium due to a single shot. Furthermore, fresh liquid after every twenty shots
has been used in the experiments, which also ensures that there is no significant accumulation
of nanoparticles in the liquid medium.

A chamber (indicated as compensator in the figure) of the same dimensions and
material as the ablation chamber and containing the same quantity of experimental liquid has
been used as a compensator to equate the optical path lengths of the two arms of the
interferometer under reference conditions. The MZI here was illuminated with a 532 nm laser

beam from a DPSS laser as discussed in Section 3.1.2. The laser power reaching the beam

®It is to be mentioned here that the visible range of wavelength could have also been employed in the
experiments. However, the present set of experiments make use of the fundamental wavelength (1064 nm) for
ensuring sufficiently high power density after accounting for the losses due to attenuation through the medium.
This becomes important as the primary focus of the present study is to investigate the effect of shock
propagation in media of different densities. In this context, the application of fundamental wavelength (1064
nm) ensures enough power density to clearly observe the effects of the propagating shock waves in the given
liquid medium.
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splitter BS-1 was set to 40 mW. The beam size was fixed at 20 mm by putting a beam
expander and spatial frequency filter. The shift in the fringes that occurred due to the changes
in RI resulting from the propagation of shock, was recorded using a fast gated ICCD camera
(4picos from Stanford Computer Optics Inc.) with an integration time of 25 ns’. An
interference-based line filter F-1 (centered at 532+0.2 nm with a linewidth of 1nm) has been
placed before the camera to allow only the 532 nm beam to pass through it. The ICCD
camera has been synchronised with the laser Q-switched output, and the in-built timing
generator of the camera has been used to generate the required time delay. The exposure was
set equal to 25ns. The camera has been interfaced with PC using the proprietary frame
grabber software provided by Stanford Computer Optics Inc. The ICCD has been calibrated
using a grid of known dimension to correlate the pixel size with real physical dimensions in
the field of view. A movable stop has been placed in the reference arm of the MZlI, so as to
let the only beam passing through the sample arm fall on the ICCD to record the

shadowgraph images.

3.5.3 Investigation of the effects of physical boundary on the size of nanoparticles

The effects of the reflection of laser produced plasma-induced shockwave (due to the
presence of physical boundary) on the medium density and the plume lifetime has been
thoroughly investigated by conducting experiments in the air ambient. In this experiment the
focus is on studying the effects of the presence of physical boundaries on either side of the
ablation site on the size and size distribution of the nanoparticles that were formed due to the
process of LAL. To understand the effect of the confining boundaries, four sets of
experiments have been performed. In this direction, two different target materials and two
different ambient liquids were chosen. Water and isopropyl alcohol (IPA) have been chosen
as the ambient liquids. The reason for selection of IPA and water as the two liquid media has
been based on the fact that their viscosities and densities are significantly different from each
other and hence significant contrast in the effect of confinement may be expected. At the
same time, the refractive indices of the two liquids differ slightly and hence the transmission
and reflection from the liquid target interface do not differ significantly for a chosen target

material. It enables us to assume that the laser fluence is constant for a specific target material

*While the pulse duration of the laser employed for ablation is 6 ns, the shock wave phenomenon has been
observed over a time scale of microseconds. In this arrangement, the camera observes just one instant of shock
and treats it as static over the integration time. As would be discussed in the subsequent sections, the shock
wave propagation has been interpreted in the form of propagation of the deformation of the interference fringe
patterns in the field of view. Thus, the fringe deformation has been observed at much later time instants after the
pulse has died out.
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in different ambient fluids. Two sets of experiments have been performed with copper and
titanium targets (with and without confining walls) in water ambient and two other sets of
experiments have been performed with the same targets but with IPA as the ambient medium.
In each case, the height of the liquid column was maintained at 10 mm with reference to the
top surface of the target surface. Ablation of the target surface has been achieved by firing the
laser beam at 5Hz for 30 minutes (9000 shots). The laser fluence was maintained at 11 J/cm?.
This time interval has been chosen so as to make sure that there are not too many
nanoparticles in the suspension so as to avoid any possibility of agglomeration. On the other
hand, the number is high enough that is required for characterizing the produced particles for
size distribution using SEM.

Copper and titanium plates (99.9% purity) with dimensions of 25 mm x 25 mm x 2
mm have been used as the target plates. Before the start of the experiments, the surfaces of
the target plates were polished and thoroughly rinsed in acetone to avoid impurities due to
oxide formation. Two different target geometries have been used for both the target materials.
The schematics of these two configurations of target plates have earlier been shown in Figure
3.7 (a) and 3.7(b). It is important to mention here that, the separation between the walls in
case of air based experiments was 13.5 mm, whereas in case of liquid based experiments the
separation was 10 mm. The ablation was carried out in such a way that the point of ablation
remains equidistant from both the confining walls. The Al walls were put on the target
surface to reflect back the laser-induced shockwaves towards the ablation site (plasma
plume). The effects of placing these barriers have been discussed in Chapter 5 (Section 5.3).

The LAL experiments have been performed in a custom made glass cuvette with open
top, as discussed in Section 3.2.1. The chosen dimensions of the cuvette made sure that the
total time that the shock waves (generated due to the ablation of the metal) take in travelling
from the point of ablation to the walls of the container and back again to the ablation point
(after getting reflected from the container walls) is significantly greater than the
thermalisation time of the plasma produced during the process. This condition needs to be
satisfied to avoid any plausible effect(s) of the reflected shockwave on the plasma plume,
with the flat plate target geometry, i.e. in the case where there are no ablation boundaries. If
this condition is not met, viz. in the case of a smaller-sized container, then the reflected
shockwave will affect the process of thermalisation of the plasma. Hence, the process of
formation of nanoparticles will get influenced and one will not be able to achieve what may
be termed as LAL of a flat target without any confinement. The ablation chamber has been

kept on a translation stage (20 um precision) for the previously discussed reasons.
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Chapter 4: Data Reduction

4.1 Analysis of interferograms

An interferometer uses two coherent beams of light travelling in two sections namely,
reference and the object sections which interfere with each other causing alternating bands of
constructive and destructive interference patterns called as fringe patterns. The light
travelling in the object section passes through the object which has a different phase details
than the reference section. Since the fringe patterns are formed as a result of the path
integrated phase produced by the light travelling in the object beam it contains the path
integrated data of the physical phenomenon inside the object namely changes in mass density,
charge density etc. Each of the constructive (bright) or destructive (dark) bands present in the
Interferogram represents the locus of constant phase difference. Mathematically the
alternating dark and bright fringes in the interferogram can be represented by the following
relation,

I(x,y) = A(x,y) + B(x, y)cos[anF + Ap(x,y,t)] (4.1)

A wavelet is a specifically designed pulse function used to analyse the signal locally.
A complex 2D mother wavelet is assumed with which a family of wavelet in the shape of the
mother wavelet is produced by dilation, translation as well as rotation of the mother wavelet.
By definition a Morlet wavelet is a plain wave modulated by a Gaussian function,

Y(x) = ei‘*’oxe(%”'z) (4.2)

Here w, is the amplitude factor and o is the half width at half maxima of the Gaussian
wave. A family of wavelets is produced by performing various operations on the mother
wavelet. These Operations are governed by the parameters namely, scales (dilation
parameter) and angles (rotation parameter). For optimum processing speed, the scales and
angles are determined by the relations that are described in the J. Ma et al. such that it
satisfies the admissibility condition [130-132]. For our analysis we used o = 0.5 and wy =
5.336 such a way that admissibility condition is satisfied. Discrete angles and scales are
calculated by the relation shown in Equation 4.3. After applying the continuous wavelet
transform, using the set of wavelet coefficients an angle map describing local orientation of
the fringes and scale map describing the scales of the fringes has to be constructed. A ridge
detection scheme described in Equation 4.4 is used to determine the angle map and the scale
map. The phase at the ridges can be retrieved by Equation 4.5. Since cosines are positive in
both the first and the fourth quadrant, a sign ambiguity is inherent in the calculation of the
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wrapped phase directly from the ridge detection for a complex interferogram. To counter the

sign ambiguity, the wavelet analysis is carried out for discrete angles in 6 € [0, r].

7O = 2sin~t Y2
41T0

vz (4.3)
- N 2m 432
si=q' 1Sl’sl=/1l(1+4mf)’q=2 zﬂ

20

W(x, y)ridge = W(Hridge: Sridger %, ¥,

(4.4)
Where, (@riage Sriage) = argmax{|W(x,y)|} vV 6 € [0,m),s € S

1 imag (W(x: y)ridge)
real(W(X, y)ridge)
Analysis of complex fringe pattern also requires a sign determination procedure for

@ = tan~ (4.5)

the determination of the sign of the wrapped phase. A 2D wavelet analysis uses the continuity
in the orientation of the fringes to determine the sign of the wrapped phase. To determine the
continuity in the orientation angle the direct difference in the angle between 2 adjacent pixels
taken and the continuity is checked. The correction scheme for both the correction in the
angle as well the phase is given by Equation 4.6.

(6;,9,), if|A8—m| > AO (4.6)
[eil (pl] = (Hil (pi); lf IAB - 7T| > IAQ - an
(6; + m,2m — ¢;), else

Where, A0 = 6; — 0,_4

For efficient determination of sign, a pixel scanning strategy which uses the
magnitude of the ridges found as the relaiblity/quality map is used. Before finding the
unwrapped phase values using quality guided unwrapping, a windowed fourier filter is used
to remove the local discontinuities and smooth the local variations [133-135]. The pixel by
pixel phase difference obtained is predominantly because of the path difference produced by
the refractive index changes in the object. Since the observed plasma plumes are
axisymmetric in nature the path the light beam travels along each cross section of the image
is found to be varying starting from 2R (axisymmetric central line) to O (periphery of the
plume) where ‘R’ is the maximum radial extent of plume. The estimation of the refractive
index map in such cases of varying path length requires the use of Abel inversion and the
relation between the refractive index and the phase difference between the two arms of the

interferometer for the case of axisymmeteric field is given by Equation 4.7.
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_i<f°°am¢_(’°y) (4.7)

nry) =ne = 2m2 dx

(x? — rz)_%dx>

Abel inversion when applied on to the projected path difference determined from the
obtained phase shift as reconstructed from the recorded interferometeric images provides a
direct estimate of the refractive index map. The Abel inversion of the data set has been
realized using modified fourier hankel algorithm and the discritized version of the algorithm
is given by Equation 4.8 [136]. The modified fourier hankel algorithm has an inherent
advantage over other abel inversion algorithms as it eliminates the discontinuity at the
axisymmetric central axis. It also enables the smoothening of noisy data. For the case of the
analysis of the interferogram obtained experimentally, the smoothening parameter a« = 0.1

and the interpolation paramter n = 0.001 is fixed.

N Nn
2 k=[]
a’m aikm ajkm ’
n=Ne = —op (x)) Z k]o( N )cos( N ) (4.8)
i— N k=1
J=72
Read Image unwrap using .
and the quality guided Ab&lh[merﬂan of
binary mask unwrapping phase map

Set the parameters

Filter the wrapped

Estimation of

of the Mother hase density and charge
wavelet P density
Apply 2D L
Continouns dAppl}. SIEM
- etermination
wavelet <cheme
transform

Figure 4.1: Description of the algorithm for analysis of complex interferogram using 2D continuous
wavelet transform

4.2 Analysis of synthetic data with various noise levels

This section describes the effect of increasing noise levels and relative insensitivity of
the analysis algorithm employed for demodulation of the noisy synthetic interferograms. The
effect of noise on the demodulation is quantified by using root mean square (RMS) error (¢)

of the obtained phase distribution.
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(=) +(r-y)" (4.9)
Ap(x,y) = ae b?

A MATLAB based code has been developed and tested on synthetic data which is
generated by using a Gaussian phase distribution as shown by Equation 4.9. Various levels of
noise have been added to the interferograms and the obtained interferograms are shown in
Figure 4.2. 1t can be seen that increasing noise level in the interferogram reduces the contrast
between the fringes and the background due to which the distinguishing features (sinusoidal
variation in the fringe intensity) are lost. This analysis not only provides the estimate of the
error for various noise level also it tests the ability of the continuous wavelet analysis for low

contrast fringes. The demodulated fringes are filtered using 2D windowed Fourier filter to

Vertieal|Poe's)
&

VarscalPoebs

. Lt C———————_ et 1"}
W20 30} g S0 100 15¢ 2CO 250 300 350 400 450 500
Horizonk IParts) Horizeata(Piolg]

VertcahiPanis)

W0 200 28 30 oo s W 00 1% X0 3% 30 B0 A0 4 200
Horzomtel M) Hororty |PYxols|

Figure 4.2: Simulated Interferogram with various noise levels (a) 0%, (b) 5%, (c) 10% and (d) 30%

remove the local breaks in the fringes.
Figure 4.3 shows the effect of WFF on the wrapped phase produced after sign
determination. As we can see, the presence of local discontinuities near saddle point creates
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local discontinuities in the determination of sign. These local discontinuities are filtered and
the filtered wrapped phase map is produced. After filtering the wrapped phase map is
unwrapped using quality guided phase unwrapping with the quality normalized interferogram
as the quality. The RMS error is calculated for the simulated data using the unwrapped phase

map and the actual Gaussian phase map using the relation given by equation (4.10),

. \/ izo(¢? — 92)

(4.10)

n

Where, € is RMS error, ¢ is the unwrapped phase values and ¢, is the actual phase in

the interferogram.
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Figure 4.3: Effect of filtering on wrapped phase for 30% Noise level. (a) unfiltered and (b) filtered
wrapped phase

Table 4.1 illustrates the insensitivity of the 2D wavelet analysis to noise clearly. As
we can see the increase in noise level although affects the actual wrapped phase calculation,
the tandem use of 2D windowed Fourier filter along with the 2D continuous wavelet analysis
makes the unwrapping more accurate by filtering out the unwanted breaks near the saddle
point in the wavelet analysis. This gives a more accurate and continuous wrapped phase
calculation which reduces the error in the calculation of unwrapped phase map.
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Table 4.1: RMS error for various Noise level between 2D CWT

Noise level (%) RMS error
0 0.0069
5 0.0070
15 0.0072
30 0.0072

4.3 Retrieving the Refractive Index Values from the Interferograms

In view of the axi-symmetric nature of the shock wave generated due to laser ablation
of the metal surface and the associated refractive index field, principles of Abel inversion
have been employed for the reconstruction of the refractive index values from the phase
distribution as estimated using the method described in the Section 4.1. The Abel inversion
has been carried out using the modified Fourier-Hankel algorithm [136, 137]. Following this

approach, the relative changes in the refractive indices can be mathematically expressed as;

d (A_‘M)
n—n, = __1fr° 2m ) _dy (4.12)
* T r dy w/yz - T'Z

Here A¢ is the spatial distribution of the phase differences as extracted from the recorded
interferometric images, n., is the reference refractive index and A is the wavelength of the
coherent source employed in the present set of experiments (1= 632.8 nm, He-Ne laser).
Having determined the refractive index distribution, the medium density has then been
estimated using the following relation;
n-1_ap (4.12)
nz+2 3
Here a is the molecular polarizability and p is the number density of the entities
(atoms/molecules) constituting the medium. Further p is related to the mass density p,, by

the relation[138, 139],

m

P =3P (4.13)

m is the molar mass and N, is the Avogadro number
From Equations 4.12 and 4.13 we get a relation between p,,and the refractive index of the

medium,
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The same relation reduces to n = 1 + Cp,,, in case of mediums that have RI close to 1, where

(4.14)

Pm

C is a constant known as Gladstone-Dale constant and changes from one medium to another
and with wavelength of light[140].

In case of the experiments performed in air ambient, the calculation of mass density
from the RI data has been carried out using Equation 4.14. The value of molecular
polarizability has been taken to be a = 2.118 x 10~23¢m3as reported in the literature[141].
The density thus obtained and added to the background density of air at 30 degree C (p, =
1.16 X 1073g/cm3) gives the true density of the medium. We have presented the effect of
shock in terms of the ratio of this modified density to the background density (pj).

In the case of the experiments that were conducted in liquid ambient, the density of
the Ethylene Glycol (EG) has been taken from the standard data sheet available in the
literature and the mass was calculated for 25% and 50%(w/w) aqueous solution.The density
of the solutions with different proportions of EG was also calculated using this data. The
densities for 25% and 50% (w/w) aqueous solutions of EG were found to be 1.0203 g/cm3
and 1.0446 g/cm3, respectively. The density of water is known to be 0.9971 g/cm3 at STP.
The RI data for different compositions of aqueous EG solution is available in literature [142].
Fogg et. al. reported that the variation of Rl with mass fraction of EG in aqueous solution
follows a linear trend. Thus, RI for the two concentrations of interest (25% w/w and 50%
w/w) were obtained from the linear fit of the data reported by Fogg et. al. The estimated
values of RI were 1.357793 and 1.382765, for 25% and 50% aqueous solutions of EG,
respectively. The RI for water is known to be 1.3312. These RI data have been used for
further calculations.

Equation 4.14 may be re-written as;

3m n®?—-1

= 4.14a
Nypm n? + 2 ( )

a

As a is not known for different concentrations of EG, it was first evaluated from
Equation 4.14a for the known values of p,, and n for the different concentrations. The value
of a thus obtained was used for calculating the mass density corresponding to the different
values of n.

To calculate the charge density in the region having plasma we have used the relation [58],

2
€0
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Here, n is the refractive index, €, is the permittivity of the free space, c is the speed of light in

free space, m, is the mass of an electron and e,is the electronic charge.

4.4 Errors and uncertainty analysis

Errors in any optical-based measurement technique, e.g. interferometry as
employed in the present work, arise due to several factors which primarily include slight
misalignment of the optical components, optical aberrations, noise generated at various stages
of the experimental run time, quantitative analysis of the recorded optical images (e.g.
estimation of phase values from the interferometric images) etc. Of all these factors, the
errors associated with slight misalignment of the interferometric system have been minimized
to the maximum possible extent by carefully aligning the two arms of the interferometer. In
view of the fact that the experiments reported in the present work have been performed in
wedge fringe setting mode of the interferometer, under reference conditions, it was ensured
that the wedge fringes are reasonably straight and parallel to each other. While quantifying
the interferometric images, the maximum error associated with phase estimation was
estimated to be ~ 5% and the error in shot-to-shot repeatability (due to the variation in laser
power and minute changes in ambient temperature and humidity) was found to be close to =
1%. Taking into account these individual errors, the maximum possible error in the
estimation of the absolute values of mass density and electron density have been estimated to
be = 10.04% and = 5.09% respectively. Further details of error analysis in the context of

interferometry-based measurements may be seen elsewhere [136-138, 144, 145].
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Chapter 5: Results and Discussion

In this chapter the focus is on drawing physically appreciable inferences from the
refractive index (RI) maps obtained by analysing the recorded interferograms. The Rl maps
generated by processing the interferograms have been analysed to get the whole field mass
density and charge (primarily electron) density in the field of view. Time evolution of the
shockfront in the media of different densities have been studied and the effects of interaction
of the shock with physical boundaries has been investigated. The implications of these
investigations have been tested by performing experiments with different target materials and

in different liquid media. A detailed discussions has been presented in the following sections.

5.1 Time resolved interferometry study of the plasma plume induced

shockwave in confined geometry

The origin of shock in case of laser ablation with nanosecond laser pulses is well
known and has been extensively explored in the past by various research groups. Both,
theoretical models as well as experimental observations are well documented and widely
available in the literature [54, 74]. The generation and propagation of the shockwave due to
the expanding plasma plume has been studied and a detailed discussion on the effect of
interaction of the shockwave with the physical barriers has been presented.

The interferometry images (interferograms) have been recorded to investigate the
dynamics of the laser-plasma induced shockwaves in different geometrical configuration and
their interaction with expanding plasma plume. In the present section detailed discussion has
been done on the observations (interferograms). In order to quantify the present observations,
refractive index (RI) maps have been generated by processing these interferograms and
finally the change in RI with time has been converted into the electron density profile of the
plasma and density perturbation of the medium (air). The discussions have been made under
three sections; free propagation of shock in air, shockwave between laterally as well as

vertically confining walls.
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5.1.1. Free propagation of shock in air

The interaction of high power laser pulse with a metal target results in the formation
of plasma consisting of neutrals, ions and electrons. Typically, in the case of 8 or 10ns pulse
there are two phases — the first is for 2-3ns when the plasma is formed and the second phase
is when the pulse heats up the plasma for the rest of the duration. The initial plasma is
characterised by high pressure, temperature and density and expands adiabatically, pushing
through the ambient fluid (gas or liquid in our case). Due to the sudden compression of the
ambient medium and hence transfer of kinetic energy from the expanding plume to the
ambient, a shockwave is generated [74]. The thin layer of compressed gas propagating ahead
in supersonic speed is known as the shockfront. The densities on the head and tail of the
shockfront are higher and lower than the ambient density, respectively. The density gradients
have been measured experimentally and have been well documented in the available
literature [47]. The propagating shockwave affects the dynamics of the plume and this effect

is prominent in the case of confined geometries [74].

At the initial instants, the shock and the plasma plume propagate with almost the same
velocity and only after a few hundred nanoseconds (typically, t > 200 ns) the distinct
hemispherical shockfront is seen to be propagating leaving behind the emissive plume [71].
However, this shock is not exactly the same as the one that sets at very early time instants
(t < 50 ns), which causes the shock induced density jump and is within the plume [57]. The
shockfront is hemispherical in shape at the onset and is well approximated by the point blast
model proposed by Taylor and Sedov [145]. One of the conditions necessary for this model to
hold good is that the mass of the ambient gas within the shockfront M, should be much
higher than the ablated mass in the plume M,. The ablated mass calculated in the present
experiments (with air as ambient) was close to 0.3ug per laser shot, as calculated based on
the scaling laws [77]. This is much smaller as compared to the mass of the gas in the
shockfront. The position of the top of the hemispherical top of the shockfront is related to the

time by the relation [71];

R = o (=) o (5.1)
Pb
Here, p, is the background medium density, Eg is the energy driving the shock, ¢, is a
constant that depends on the ratio of the specific heat of the background gas and t is the time
instant with respect to the initiation of the ablation. It has been established theoretically with
the help of different models that 10-15% of the energy deposited on the target material by the
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laser pulse releases post ablation and drives the shockfront [146]. In the calculations in the
present thesis, the position of the shockfront has been fitted with time using the equation of

the form R(t) = At™ + B. Since, laser intensity and background gas have been maintained

0.2
same throughout the experiments, so the term ¢, (j—s) may be treated as a constant.
b

The parameters of the propagating shock are dependent on the velocity of the
expanding plume V},, the Mach number M, the background gas temperature (T},) and the
background gas density (p,). The plume expansion velocity can be calculated from the
position of the head of the emissive plume which is visible at earlier instants. The shock

velocity (I%), shock temperature (T,) and the density at the shockfront (pg) are given as [145],

+1
2y -1
T.~ ————M?2 l)T )
$ y+1(y+1 + b (5.3)
y+1
ps = (m) Pb (5.4)

Here y is the ratio of specific heats of the background gas.

The reflection of shock from physical barriers has also been studied thoroughly by
many research groups across the globe and the dependence of reflected shock parameters on
the incident shock parameters have been established. The parameters, density at shockfront

(p), velocity of reflected pressure (P) and the temperature at the shockfront (T') are given as,

T. 3y—1

— =~ 55
T, » (5.5)
Pr )4

T 5.6
pi v—1 (56)
B. 3y—1

P=o1 (5.7)

Here the subscripts r and i represent the reflected and incident shock parameter respectively.
However, the above equations hold good for normal shock reflection (longitudinal
confinement). In the present study the shockfront is incident on the target at an angle (in case
of lateral confinement) and hence the calculation of reflected shock parameters in this case
have been carried out using the relations that are different than above. These have been
discussed in Section 5.1.2.
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To observe the characteristic propagation of shock front in atmospheric pressure,
shadowgraph images were recorded. The shadowgraph images have been shown in Figure
5.1. The hemispherical shockfront is clearly seen in the images. Also, the propagation of the
shockfront is visible as the size of the hemisphere is increasing as the time is progressing. As
expected, it may be seen that the strength of shock is decreasing with the advancement of

time, as the shockfront is tending to merge with the background.

Figure 5.1: Shadowgraph images of the propagating shockfront
The position of the shock front versus time curve was plotted and was found to be of
the form, At™ + B, with A = 262.45 + 6.21, n = 0.48 and B = 5.83 £+ 0.015, which is in
accordance with the Taylor Sedov model. The velocity was calculated by using the
relation, vg,,4(t) = %ftt: nAt"1dt, with t = t, —t,. From the position of the shockfront

versus time curve, the shock velocity at atmospheric pressure was found to be ~862 m/s. The
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Figure 5.2: Taylor Sedov fit of the position of shockfront versus time plot
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Taylor Sedov fit has been shown in Figure 5.2. All the pixel dimensions have been converted
to physical distances using the calibration factor of 230 um/pixel.

For more investigation of the plasma plume and subsequent shockwave, sequence of
interferograms has been recorded at different instants of time as shown in the left panel of
Figure 5.3. Here, only the representative interferograms have been shown keeping sufficient
time interval between them for clear representation of the evolution of the shock front.
Appreciable bending of the interference fringes is observed at the central region of the
interferogram, which may primarily be attributed to the strong variation in the RI field due to
the plasma. It becomes evident that the fringes at the center of the image just above the
ablation point were curved in the beginning and with time they tend to become straight. The
change of the curvature of the fringes with time is to be correlated with the change in the

plasma parameter. Strong opposite shifts at the edge of the fringes (due to compressed and
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Figure 5.3: Interferograms (left) and the corresponding RI maps (center) and mass density ratio (right)
show the propagation of the shock front. A clear correlation may be seen between the interferogram, the
corresponding RI maps and mass density maps. The x- and y-axis represent the pixels.
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rarefied media on the two sides of the shock front) clearly define the propagating semi-
circular shock front boundary.

The quantitative analysis of the recorded interferograms has been performed
following the data reduction methodology discussed in Chapter 4. The interferograms have
been processed for determining the refractive index field distribution in the field of view and
also the 2-dimensional distribution of the associated medium mass density. The time
sequence of the respective refractive index fields have been shown in the second column of
Figure 5.3.

In the Rl maps, there are two distinct regions; one having RI higher than or equal to
that of air and the other having RI less than that of the air. The increase in the RI of certain
regions above the background value (RI >1) is to be attributed to the compression of the air
under the influence of propagating shockwave. The locus of the points of maximum RI
(semi-circular in shape) is the boundary of the shock front. In order to calculate the relative
density of the medium, we consider only the region where RI is greater than 1. It is to be
noted that, in any discussion relating the mass density of the medium, the plasma dominated
region (RI<1) has not been included. This region has been separately depicted in Figure 5.5.

The mass density has been calculated corresponding to the Rl map, as discussed
through Equation 4.14 and has been shown in the third column of Figure 5.3. It may be seen
that with the passage of time the density of the medium at the shock front falls down. For
instance at t = 8 us, the maximum density achieved at the shock front is ~1.6mg/cm?®, which
is nearly 1.4 times the background density, but at 15 ps, the density at the shock front is 1.05
times that of the background. It is seen that with time the high density region moves towards
the edge of the shock-front. This becomes evident in the density map corresponding to
t=15us, where the central part of the shock-front may be seen merging with the background
but the region to the left and right of it still have appreciably higher density than the
background which is roughly 1.05 times the background air density. This is because of the
fact that, the central part of the shock, owing to its higher velocity (shock velocity is highest
along the propagation direction), compresses the medium more than the edges of the shock
do. Therefore, it loses energy faster as compared to the edges.

For better clarity on understanding, the evolution of density perturbation, across the
expansion axis, has been analysed. In Figure 5.3, the horizontal line drawn on the density
map corresponding to t=8 us represents the line along which the density variation has been
studied. This line is 8 mm above the target surface. The variations of the relative change in

the density of the medium (p/p,) as a function of the lateral dimension for various time
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instants have been shown in Figure 5.4. It is to be seen that, as the time evolves, the ratio of
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Figure 5.4: The density of the medium at a plane above the target surface and perpendicular to the
direction of laser. It is very clear that with passage of time the region of maximum density is moving
away from the center and the amount by which the density differs from the background is also
decreasing, marking the weakening of the shock.

density keeps reducing. Moreover, the spatial location corresponding to the maximum change
in the density is seen to be shifting away from the center, towards the edge of the shock.

As stated earlier, the region where the RI is lower than unity is mainly dominated by
the plasma plume, as shown in Figure 5.3 (second column). Therefore, this region of RI map
may be used to estimate the 2-dimensional charge (mainly the electronic charge) density
distribution of the plasma plume using Equation 4.15. Temporal evolution of the electron
density distribution inside the plasma plume has been shown in Figure 5.5. At any given
instant the maximum charge density is observed to be at the central region and shows a
gradual reduction as one moves away from that region. No appreciable change in the electron
density distribution with time is visible. This is because, the time-interval over which the
observations have been made, the plasma plume has already reached stagnancy at the
atmospheric pressure. It is interesting to note that, the high electron density persists for a
longer time. The reason behind this is that, at ambient pressure, plume is confined in a small
volume, which increases the collisional processes inside the plume. The increase in the

collisional processes is responsible for the prolonged lifetime of the charge density.
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Figure 5.5: The electron density distribution inside the shock region, just above the target surface.

5.1.2. Propagation of shock in air with lateral confinement

When the shock front encounters a physical barrier, it gets reflected and affects the
medium as well as the plasma parameters between the two confining surfaces. In order to see
the effect of confinement, two parallel metal plates (13.5 mm apart) have been placed
symmetrically along the shock propagation direction, as shown in Figure 3.7(b). The
observations have been interpreted in terms of RI, medium density and the charge density
inside the plume, as was done in the previous case. Figure 5.6 shows the recorded
interferogram images (left), the corresponding Rl maps (center) and the resultant mass
density distribution (right) at different instants of time.

The effect of confinement is not seen till t=10us as there is no reflected shock front.
The fringe deformation is almost identical to that observed in the previous case. However, as
the time progresses, for instance at t=15ps, the onset of shock-wall interaction is to be clearly
observed in the interferogram shown in Figure 5.6. A clear deformation of the fringe pattern
is observed on the confining walls. This deformation is caused due to the shock that is
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reflected back into the medium, thereby compressing it inward. This leads to the sharp

changes in the RI of the medium in the vicinity of the confining walls. Furthermore, with
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Figure 5.6: Rl maps (top) and corresponding interferograms (bottom) for the medium confined between
two vertical walls. The effect of shockwave confined between the two walls may be clearly observed at
instants later than 10 ps

reference to Figure 5.6, during the later time instants (t=19 and 21 ps), the reflected shock has
started dominating after having subdued the effect of initial shock.
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This effect is clearly seen in the Rl map, which has been shown in the second column
of Figure 5.6. Up to 10ps, the higher RI regions are seen to be localized within the spatial
extent of the primary shock front. However, as the time progresses tot = 15 us, a high
density region can be seen to be taking shape near the confining walls. It, in turn, signifies
that the reflected shock has started compressing the medium laterally. At the later instants of
time, the high density region attached to the two side walls grows in size and keeps
compressing the medium in between. For example, comparing the Rl maps shown for t = 19
ps and 21us, one can see that the shock has now created a region of high RI connecting the
two walls. It is interesting to note that at t = 19 us and 21 us, the reflected shock is stronger
than the primary shock, which is also observed in the interferogram images. The curvature of
the fringes close to the walls (corresponding to the reflected shock front) is more than that
seen at the onset of the initial shockwave in the medium. Similar observation is highlighted in
the corresponding RI map wherein the region of higher RI occupies much more area in
between the two walls as compared to that it occupied during the initial instants.

The whole field density distribution of the medium has also been determined for this
case as shown in the third column of Figure 5.6. Again, the plasma plume region has not been
considered for these calculations. Good correlation is observed between the Rl map and the
whole field mass density distribution. It is to be seen that the mass density at the shock front
diminishes with time, and for instants after t = 10us, the high density region starts building
up close to the walls. The density maps corresponding to t = 15us and 19us reveal an
increase in the density up to ~1.5mg/cm®. The values of maximum density at these two time
instants are 1.28 (t = 15us) and 1.37 (t = 19us) times the background densities. It is also
quite evident that this high density region is moving inward. Finally att = 21us, the
compression is seen to be grown enough to have created a high density region at the center.
The regions close to the two walls have a density of ~1.69mg/cm?®, which is 1.5 times higher
than the background density. Also it is interesting to note that this value is higher than the
density rise that is seen for t=6us, which was ~1.18 times the background density. These
observations reveal that due to the presence of confinement walls, the effect of shock not just
gets prolonged but also remains strong enough.

For better clarity on understanding, the evolution of density perturbation, across the
expansion axis has been analysed. In Figure 5.6, the horizontal line drawn on the density map
corresponding to t = 6 us represents the line along which the density variation has been
studied. This line is 9.2 mm above the target surface. The variations of the relative change in

the density of medium p/p, as a function of the lateral dimension for various time instants
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have been shown in Figure 5.7. It is to be seen that, as the time evolves, the ratio of density
keeps reducing in the region of primary shock front. Two peaks are to be seen in each of the
plots, which are symmetrically located on either sides of the ablation point. Once the effect of

confinement surfaces (at t = 15us), the magnitude of the two peaks are seen to be increasing
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Figure 5.7: Plot of the ratio of density of the shock region to the background density at different
instants of time at a plane which is 9.2 mm above the target surface. The ratio versus position has been
plotted between the two walls.

and reaching a maxima at t = 21us. Contrary to the previous case where the shift was found
to be moving towards the edge, here they are seen to be moving inward with the evolution of
time, which is expected because the reflected shock front is moving inwards building the
compression causing the increment in the mass density.

The mass density distribution in the presence of the confinement wall (third column
of Figure 5.6), could be explained as follows. The propagating primary shock front advances
in the medium and reaches to the confining boundary and gets reflected back in the medium.
With the evolution of time, the point of shock-wall interaction is seen to be moving in
upward direction. In this scenario, the reflected shock front that originated at an earlier instant
would advance more in the medium compared to its counterpart that started off later in time.
In order to get the direction of the reflected shockwave, the spherical shockwave has been
approximated as the plane shock front for short extents of space and instants of time.
Therefore in the present case, the tangents of the spherical shockwaves represent the direction

of plane shock fronts at the point of interaction, as shown schematically in Figure 5.8.
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For the calculated shock velocity, the Mach number (M) comes out be 2.61. With this
speed the shock would take ~8 s to make the first contact with the boundary which is
6.75mm apart from the point of ablation. With these considerations, the angle of incidence of
the shock front () has been calculated, as shown in the schematic in Figure 5.8 and as
discussed in the previous paragraph. The value of 3 at t=8us comes out to be ~29°. The angle

of reflection of shock (&) has been measured using the formula, tand = tanf ([cos?B —

Angle of incidence
of the shock Shock front

20 40 60 80 100

Figure 5.8: The scheme for finding the shock angle for the primary shock. The interferogram
shows the shock front at 10us when no confinement is there. The circle is approximate fit of the
shock front. The angle the tangent makes with the wall is the shock angle.

cot?p]/[1 +%M2(y + cos2p)], where y (=1.4) is the ratio of specific capacities for air

[147]. The angle § comes out to be 7.9° in our case. Also, the density at the shock front
comes out to be ~1.4 times the background density in case of free propagation which is again
in close agreement with the observed value 1.26. The ratio of densities was calculated by
using the relation, p,/p; = (y + DM?sin?B/[2 + (y — 1)M?sin?p].

Apart from the perturbation of the medium density, reflected shockwave significantly
changes the electron density distribution of the plasma plume as well. Figure 5.9 shows the
two dimensional distribution of the electronic charge density for the plasma region (where RI
< 1) The time evolution of the charge distribution shown in Figure 5.9 reveals that the
electronic charge in the plasma region is getting reduced with time up to 10 us, where the
shock reflection is not significant. Strong lateral confinement of the charge density profile is
observed for the time delay greater than or equal to 15 ps, where the medium density is
getting perturbed by the shock reflected by the confining walls. Cross sectional extent of the
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charge density profile shrinks sharply and overall profile becomes narrower resulting into
increment in the overall electron density as compared to the observed electron density in
absence of the reflected shock. Further, it is interesting to note that the charge density as well
as its axial and lateral dimensions are reduced at relatively higher time instants, t=21ps. This
could be understood as follows: at higher time delay, the reflected shock fronts from the

either sides approach towards the central region. This creates the high density region in front
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Figure 5.9: The electron density distribution map inside the shock region, just above the target surface.
of the plasma plume as well. Thus, we can say that at higher time delay, the plasma plume is
surrounded by the compressed medium, which in turn arrests the expansion of the plasma
plume. In the region of strong confinement, the thermalisation processes of the plasma plume
is expected to expedite because of the recombination process. This could be the reason
behind the reduction of the electron density at higher time delay.

In order to present the charge density distribution along a horizontal plane a section at
the height of 3.7mm from the target surface has been plotted and shown in Figure 5.10. For
reference, this plane has been schematically shown in the form of a horizontal line in Figure

5.9 for t = 6us. The plots in Figure 5.10 also reveal that a high charge density region starts
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evolving att = 15us (the onset of the effect of reflected shock) and rises till 19us and the

region gets squeezed at 21ps. This is in agreement with the observations that have been
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Figure 5.10: Electron density distribution on a plane 3.7 mm above the target surface.

described in the preceding paragraph.

5.1.3. Propagation of shock in air with longitudinal confinement

Continuing in the similar line, the studies relating to the reflection of shockwaves
have been carried out with longitudinal confinement geometry. In order to see the effects a
metal plate was placed at a height of 10 mm from the target surface, as shown in Figure
3.7(c). The observations have been interpreted in terms of RI, medium density and the charge
density inside the plasma plume. The results have been summarised in Figure 5.11 in which
the first, second and the third column have the interferogram images, the RI-maps and the 2-
dimensional mass density distributions, respectively.

Up tot = 15us, the propagation of the primary shock was observed and it was
similar to the case of propagation of shock in absence of confinement. At later time instants
(t = 25us and 28ps), the effect of reflected shock may be seen in the interferogram images
where the fringes are seen to be bending, close to the edges of the fringe systems in the
vicinity of the top plate. Although the deformation is not as sharp as it was observed in the
case of lateral confinement, yet it is evident from the comparison of the interferogram images
corresponding to t = 19us (where the shock front has surpassed the field of view) to that
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att = 25us (where the effect of shock-plate interaction starts showing up, close to the edges

from the top). These observations become more significant in the RI-maps shown in the

Interferogram Rimap Mass Density (x10? g/ec)

Figure 5.11: Interferograms (left) and corresponding RI maps (right) for the medium confined between
the target surface and a horizontal top plate.

second column of Figure 5.11. The RI-maps corresponding to the instants t = 15us shows
the weakening of the primary shock. Att = 25us clear signature of the reflected shock is to
be observed.

The whole field density distribution for this case has also been determined and has
been shown in the third column of Figure 5.11. Att = 10us and 15 ps, the strength of
density perturbation has gone down. At t = 25us and 28us, the density build-up takes place
and it starts evolving from the two sides of the top confining plate. The shock-front is found
to be evolving from the two sides of the top plate and not from the center. The absence of the
effect of reflected shock front at the central region is because of the presence of a hole that

was made to let the ablating laser beam pass through (as shown in Figure 3.7 (c)). Here the
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maximum density reached at the shock-front in case of the primary shock is ~1.16 times the
background density but in case of reflected shock it is ~1.26 times the background density.
The evolution of density perturbation, across the expansion axis, has been analysed
for a better insight. In Figure 5.11, the horizontal line drawn on the density map
corresponding to t = 10 ps represents the line along which the density variation has been
studied. This line is 7.4 mm above the target surface. The variations of the relative change in
the density of medium p/p, as a function of the lateral dimension for various time instants
have been shown in Figure 5.12. Two peaks corresponding to the maximum value of the
density ratio shift apart with respect to the point of ablation (center point of the target surface)
and move closer to the edges of the target surface. Fort = 19us no density variation

compared to the background medium is to be observed, as the density ratio approaches unity.
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Figure 5.12: The density distribution on a plane parallel to the target surface and at a height of
~7.4mm from the same.

However, during the final stages of the phenomenon i.e. at t = 25 us and 28 us, the region of
relatively higher mass density can be seen building up near the edges of the confining top
surface. This in turn points towards the build-up of compression that pushes the medium back

towards the target surface and hence a clear effect of shock can be seen.

Figure 5.13 shows the temporal evolution of electron density distribution in case of

confinement from the top. From the charge distributions shown, the higher charge density
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region can be seen to remain more or less stagnant and does not evolve much with time.
However, at the later instants of time (t = 25us and 28us), due to the reflected shock the
region containing the charged particles starts shrinking. In case of reflection, as seen in the
present case and the previous case, the recombination process certainly gets affected. The
Charge Density {x 10*® per cm?) 15 ps

15 30 15

1 20 1

10 ps

0.5

40 50 60 70 8o ° 30 40 50 60 70

Figure 5.13: Evolution of electron density with time in case of shock propagation with a top plate confining
the shock

overall behaviour of the charged region is now primarily governed by two competing
mechanisms; the natural recombination and the compression of the medium due to the
reflected shock. In contrast to the case of confinement with walls (lateral confinement), the
impact of the reflected shock on the evolution of charge density distribution is not that
significant when the confining surface is longitudinally placed above the target surface.

A one to one comparison of the three cases (propagation in air without confinement,
lateral confinement and longitudinal confinement) considered in the present experimental
study has been made through Figure 5.14. The interferogram images recorded at t=15us and
the corresponding mass and electronic charge densities as quantitatively determined from the
interferogram images have been shown. In qualitative sense, the extent of fringe deformations
observed in the three cases is quite different. Strong fringe deformations due to the reflected
shock are clearly evident in the case of lateral confinement. On the other hand, such effects
are not to be seen in the absence of physical confinement or in case of longitudinal

confinement. In the mass density map, it is to be seen that, in the absence of confining
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Figure 5.14: Comparison of the shock fronts at a given instant of time under different conditions, that is,

free propagation, lateral and vertical confinements (from top to bottom)

surfaces the shock advances with the passage of time and the shock front weakens, similar
observations have been made for longitudinal confinement; but in case of lateral confinement
a region of higher mass density is seen to be evolving close to both of the confining surfaces.
Looking at the charge density distributions, it becomes clear that in absence of any confining
boundary, the charge distribution is spread and the maximum density is found to be at the
center. In case of lateral confinement the spread of the charge density is less and a denser
region is seen to be formed at the center for the same amount of laser fluence. In contrast to
these two cases, in the case of vertical confinement the charge distribution has spread and has
shrunk considerably, while the maximum charge density is still to be observed at the center of
the distribution. From here it is to be inferred that the reflected shock in the medium strongly

governs the mass density of the medium and the charge density in the plume.

5.2 Time resolved interferometric study of the plasma plume induced

shockwave in liquid media
The density perturbations play a crucial role in the implementation of LAL in applied

research. Therefore, a detailed quantitative analysis of the whole field mass and electronic
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charge density perturbation is necessary. As an attempt to develop this understanding, this
section is concerned with the experimental investigation of the effects of propagation of
laser-induced shock wave in liquid media of different densities. Experiments have been
performed with water and aqueous solutions of ethylene glycol (EG) with two different
concentrations. Using interferometric technique, the refractive index (RI) variations over the
field of view have been captured. Detailed quantitative information of the mass density
distribution and the effect of medium density on electronic charge density in the plume region
has been obtained by using these RI distributions. The transient evolution of the shock and its
effects on the medium have been discussed in detail.

The sequence of the interferograms at different time delays have been recorded to
observe the dynamics of the shock and the plasma plume that resulted from laser ablation of
metal substrate immersed in the liquid media. For quantitative understanding, the
interferograms have been converted into refractive index (RI) maps and the change in RI with
respect to the background has been converted to the charge density and density perturbations
of the medium. The concerned data reduction methodology has already been discussed in
detail in the previous chapter. The complete study has been presented in two sections,
namely, laser ablation of copper in water and laser ablation of copper in aqueous solutions of
ethylene glycol (EG). Two different proportions of EG have been considered; 25% (w/w) and

50% (w/w) aqueous solutions of EG.

5.2.1 Laser ablation of copper in water

The characteristic propagation of the shockwave in the medium was captured by
recording the shadowgraph images at different instants of time. Position of the shock front
versus time curve was plotted and the curve was fitted to Taylor Sedov model, r(t) = At™,

with n =0.86 and A = 378.14 + 2.67. The average velocity was determined from this
fitted curve as, vy, (t) = %fttlz nAt"'dt, with t = t, —t, and was found to be equal to

~1743 m/s. The position of the shock front versus time curve and the corresponding Taylor

Sedov fit has been shown in Figure 5.15.
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Figure 5.15: Plot of the position of shock front versus time derived from the shadowgraph images.
The corresponding Taylor Sedov fit has been shown and the fit parameters have been tabulated.

Further investigations on shock wave and the plasma plume were carried out by
analysing the interferograms recorded at different instants of time. The time-lapsed
interferograms have been shown in the left column of Figure 5.16. Labels a, b, ¢, d and e
correspond to the time instants of t = 2,4, 6,8 and 10 us respectively. It is to be mentioned
here that only the representative interferograms have been shown that are evenly spaced in
time, so that the evolution of the shock can be clearly depicted. It is evident from the
interferogram shown in Figure 5.16(a) that just above the ablation point, the fringes are
significantly deformed. This bending of the otherwise straight and parallel fringe patterns is
due to the strong variation in the RI of the medium in this region, which is attributed to the
presence of the plasma plume. As the same region is seen in the subsequent interferograms,
the corresponding fringes seem to get straightened because of the changes in plasma
parameters with the passage of time. Close to the edges of the deformed fringe pattern, strong
opposite shifts are observed (due to the compressed and rarefied media on either sides of the
shock front), which clearly define the propagating semi-circular shock front boundary.

The recorded interferograms have been analysed using the methodology discussed in
the previous section and the RI map (whole field refractive index distribution) corresponding
to every spatial location of the interferogram has been generated. The time sequence of the RI
maps corresponding to each interferometric image has been shown in the second column of

Figure 5.16. Two distinct regions are seen in the Rl map; one having RI greater than or equal

63



Ratio of density

100 o .
33125 1 0002
20|
4415y M0
0
200
H o001
£ D
0 '
105
00 0

W W 1 W0 W X0 W &0

Refractive lndex Map

Flaeh

317 1 0000
“
P a N0
20
2118
20,
= 110007
[ 4
“0
0 B 130 300 000
1
e

MO W0 M0 &0

'\nd-

Figure 5.16: The interferograms (left). RI maps (center) and the ratio of mass densities (right). The
labels a, b, ¢, d and e correspond to 2, 4, 6, 8 and 10 s, respectively. In the images shown, one
pixel corresponds to a physical dimension of 55 um.

to that of water (n,, = 1.3312) and the other having RI less than that of water. The observed
increase in the RI values in some regions with respect to the background (R1 of water) is to be

attributed to the compression of the medium under the influence of the propagating shock
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wave. The locus of the points of highest values of RI, which describes a semicircle, is to be
identified as the boundary of the shock front in the medium. The density of such regions in all
the RI maps has been calculated and the ratio of the calculated density to the background
density of water (p,, = 0.9971 g/cm?) has been shown in the third (the rightmost) column
of Figure 5.16. For calculation of mass density of the medium, only the regions having RI
greater than or equal to that of water have been considered. Regions having RI less than that
of water appear in the initial time instants and are primarily dominated by the plasma plume.
At later instants of time, however, the cavitation occurs and the bubble is formed, which
scatters most of the light and is seen to be forming a dark region closer to the target surface.
While interpreting the interferograms, this fact has been considered and hence only the
interferometric images corresponding tot = 2 and 4 us have been considered to determine
the charge density in the plume. A comparative study of all the three cases has been presented
later.

The mass density calculations have been carried out by making use of Lorentz-Lorenz
relation (Equation 4.14 and 4.14a). It can be seen in the third column of the Figure 5.16 that
the density at the shock front shows a decreasing trend with time. Since the bulk modulus of
water is quite high (2.2 GPa), a significant compression of the medium is not expected. The
densities of the medium at t = 2 usand t = 10 us are 1.00017 times and 1.00004 times the
background density, respectively. Although these density variations are not very high, yet
these may be seen in quantitative terms in the mass density maps of Figure 5.16. Also, it is to
be seen that the region of maximum compression is moving away from the centre as the time
advances. This may be correlated with the higher axial velocity of the shock front in
comparison to its off-axial component. This, in turn, means that the central part of the shock
compresses the medium more as compared to the edges and hence loses energy faster. A
close observation of Figure 5.16(c) and 5.16(d) reveals that there is a wider region over
which the perturbation is prevailing, instead of just the shock front. This is because of the fact
that there are waves getting reflected from inside the target and these waves are also
contributing to the perturbation. Hence, the Rl maps and/or the mass density maps shown in
the figure basically represent the resultant of all the wave fronts (primary and reflected). A
detailed discussion on this phenomenon has been presented later in a different section
(Section 5.2.3).

For better clarity on understanding the temporal evolution of the shock front, the
density variation across the expansion axis has been analysed. The black horizontal lines
drawn in the density ratio maps in Figure 5.16 correspond to the horizontal sections across
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which the density variations have been studied. At t = 2 us, this line is 2.75mm above the
point of ablation. Similarly, in all the other images, the density variation across the mass
density map has been studied at the shock front. These variations have been plotted as a
function of lateral dimension and have been shown in Figure 5.17. The density variation is
the maximum at the initial time and then it keeps decreasing thereafter. Also, the lateral
spread of the shock increases and, as expected, the shock energy is found to be spreading
outward with time. The dip in the plot corresponding to t = 2 us may be because of the
abrupt change in RI values locally due to the breakdown of water caused by the laser beam.
This effect is also reflected in the corresponding Rl and mass density maps shown in Figure
5.16. At later instants of time, the shock gets reflected from the water-air interface and comes

back in the medium. However, these reflected shock waves have not been studied in the

present work.
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Figure 5.17: The density of the medium at the planes containing the shock front and perpendicular to the
direction of ablating laser beam (x = 12.5 mm represents the ablation site).

5.2.2. Laser ablation of copper in agueous solution of ethylene glycol

Ethylene glycol (EG) has been one of the most commonly employed heat transfer
fluids. Unlike water, EG is more viscous and dense and has extensively been used as the host
fluid for preparing metallic nanoparticle suspensions, commonly known as nanofluids [64,
148, 149]. Among the various methods available for preparing such nanofluids, ablation of
the bulk metal in the host fluid itself i.e. the aqueous solution of EG has been one of the
direct approaches. In view of the fact that this method involves laser ablation in liquids, it

becomes imperative to develop an understanding of the phenomenon of the laser plasma-
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induced shock wave propagation in such solutions. In this context, the LAL experiments have
been performed in aqueous solutions of EG of two different densities in the present work.
Comparisons have been made in terms of the density perturbations in the EG medium with
water as the reference fluid. As stated above, the aqueous solutions of EG with two different
proportions, 25% (w/w) and 50% (w/w), have been prepared and the characteristic
propagation of shockwave was observed by recording shadowgraph images. The velocities of
shockwave have been found to be ~1914 m/s for 25% EG solution and ~1986 m/s for 50%
EG solution.

Interferometric images corresponding to different instants of time have been recorded
to observe the shock propagation through the medium in both the cases. The recorded
interferograms have been analyzed using the data reduction methodology discussed in the
previous section and the corresponding RI maps and mass density distributions have been
obtained. The interferograms for both the concentrations of EG have been shown side by side
in Figure 5.18 to have a clear comparative view. The interferograms shown here are again the
representative images, like in the previous case, to give a clear qualitative understanding of
the evolution of the shock front. The labels, a, b, ¢ and d correspond to time instants of
t =2,4,6 and 8 us respectively. In the images shown, the horizontal axis represents the
lateral dimension on the target surface with ablation site at the centre. As indicated in the
figure caption, one pixel size corresponds to a physical dimension of 55 um. It may be seen
from the interferograms that the shock front is propagating slightly faster in 50% EG
solution, which is in accordance with the difference in the speeds of the shockwave in the two
cases, as presented above. The oppositely oriented bends in the fringes closer to the edge of
the fringe pattern is because of the compression and the rarefaction of the medium ahead and
behind the shock front, respectively. As earlier seen in the case of water, here also, the locus
of points with maximum bending of fringes (the regions with maximum change in RI)

describes a semicircle, which is the boundary of the forward moving shock front.
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The mass density maps (corresponding to the interferograms shown in Figure 5.18)
for two different concentrations of EG have been shown in Figure 5.19. The physical

dimensions along the x and y directions of the maps shown are the same as that mentioned in

Interferogram (25% Eg) Interferogram (50% Eg)

400

200 3 200 3
Pixel Pixel
Figure 5.18: Interferograms for 25% EG (w/w) solution (left) and 50% EG (w/w) solution

(right). The labels a, b, ¢ and d correspond to 2, 4, 6 and 8 ps respectively. In the images shown,
one pixel corresponds to a physical dimension of 55 um.
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Figure 5.19: The ratio of the density of the medium to the background (unperturbed) density at the
planes containing the shock front and perpendicular to the direction of ablating laser beam. Left panel
is for 25% EG solution and the right panel is for 50% EG solution. One pixel corresponds to a physical

dimension of 55 pum.

Figure 5.18. The shock front is clearly visible in these images as the region of high density.

These high-density regions are seen to be propagating ahead with the passage of time. Also, it

is seen that with the passage of time, the region over which the density is perturbed,

increases. For an in-depth analysis of the temporal evolution of the shock front, the density
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variations across the expansion axis along a given horizontal section have been plotted. This
horizontal section has been so chosen that it passes through the region of maximum density
perturbation. So, the horizontal section also advances with the passage of time. The plots
have been shown in Figures 5.20 and 5.21 for 25% and 50% EG solutions, respectively. It is
clearly seen from these figures that with the passage of time, the density at the shock front
decreases and the energy gets spread out in the lateral direction, i.e. the region of impact is

moving radially outward, like in the case of water.
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Figure 5.20: Density of the medium at the planes containing the shock front and perpendicular to the
direction of ablating laser beam for 25% EG solution. Lateral position x = 12.5 mm represents the
ablation site.
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Figure 5.21: Density of the medium at the planes containing the shock front and perpendicular to
the direction of ablating laser beam for 50% EG solution. Lateral position x = 12.5 mm
represents the ablation site.

5.2.3. Multiple wavefronts in the medium

Unlike the case of gaseous medium, shock-induced mass density perturbations in
liquid medium are spread over much wider region as seen in the experimental results
discussed in the previous section. This observation is to be attributed to the multiple wave
fronts that successively keep surfacing in the field of view after the formation of the primary
shock front. As the laser pulse hits the target, rapid expansion of plasma plume leads to the
formation of primary shock wave. At the same time, the laser pulse also initiates a stress

wave that starts travelling in the target material, a phenomenon which has also been reported

Field of view

Interferogram Shadowgraph

Stress wave Reflected
inside the target stress wave

Figure 5.22: (a) schematic representation of the reflection of the stress wave (b) Interferogram image
from water at 8 ps and (c) corresponding shadowgraph image
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by several groups in the past, both experimentally as well as through numerical investigations
[25, 81]. The stress wave inside the target gets reflected and transmitted at the target-medium
interface, as shown schematically in Figure 5.22(a). Consequent upon the difference in the
acoustic impedance of the two media, a process of successive reflection and transmission
takes place leading to the emergence of multiple nearly flat wave fronts in the ambient
medium.

The acoustic impedance for a medium is defined as z; = p;v;, where p is the density
of the medium and v is the velocity of sound in the medium. The suffix i = 1 or 2 which
respectively denote the media on which the wave is incident and the media on the other side
of the interface (in which the wave is transmitted or from which the wave is reflected).
Owing to the fact that the reflected stress wave contains much lesser energy as compared to
the primary shockwave, it is relatively weaker in strength. Therefore it is not very prominent
in the recorded interferogram, as may be seen in Figure 5.22(b). This may also be understood
by the fact that the amount of energy that will be transmitted to water ambient from the target
surface will be approximately 13.4% (the relation between reflection coefficient R and the
acoustic impedance z is, R= (z1-z2/21+2,)?) of the energy of the stress wave. To clearly
observe these reflected waves, shadowgraph images were recorded under the same
experimental conditions. A representative shadowgraph image has been shown in Figure
5.22(c) where the primary and reflected shock waves are clearly visible. In order to observe
the evolution of these reflected waves, the shadowgraph images for water as the ambient
environment (from t = 2 usto t = 12 us) have been recorded and a few representative
images have been shown in Figure 5.23.The primary shock front and the first reflected stress
wave have been labeled in the images corresponding to t = 5 us and 6 us (Figure 5.23) for
clear understanding. The white arrows in the later instants depict the first one of the many
advancing reflected stress waves. Also there are V-shaped waves present in the medium at
the time instants of t = 5 and 6 us on the two sides of the evolving hemispherical shock.
Similar observations have also been reported in the past [82, 150]. The velocity of these
waves depends on the acoustic impedances of the target and the surrounding medium.

In order to confirm that the flat wave fronts that are visible are indeed the reflected
stress waves in the medium, we have correlated the separation between the two consecutive
flat wave fronts with the travel time of the sound wave in the target material. Given that the
target material is copper, the velocity of sound is known to be 4600m/s and the average speed
of shock in water is 1711m/s (as calculated from the shadowgraphs in the previous section).
The temporal separation between the two consecutive reflected stress wave fronts calculated
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using these values is in very good agreement with the time taken by the stress wave to travel
a round trip inside the target. This has also been confirmed by taking a target of different
thickness. Therefore, it is reasonable to consider that the wider region under perturbation, as
seen in the Rl and also the mass density maps, is a resultant of the cumulative effect of the
primary shock wave and the successively reflected stress waves. The position of the first
reflected wavefront versus time plot gives the velocity of this front, which is equal to
1727m/s. This is consistent with the speed of shock wave in water that has been found and
discussed in Section 5.2.1 earlier. Similar observations have been made with 25% (w/w) and
50% (w/w) solution of EG in water. Position-time graphs have been plotted for the first
reflected shock front for all the cases and have been shown in Figure 5.24. Here the speed of
the reflected waves comes out to be ~1856 m/s and 1925 m/s respectively for 25% and 50%
EG solutions which is in close agreement with the values obtained from the data, reported in

the previous section (Section 5.2.2).
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Figure 5.23: Shadowgraph images depicting primary and successively reflected shock fronts. One
pixel corresponds to a physical dimension of 55 yum.
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Figure 5.24: Position versus time graph for the first reflected shock front for water and aqueous solution
of 25% and 50% EG.

5.2.4 Charge density in the plume

As discussed in Section 5.2.1, the regions which are just above the target surface and
close to the point of ablation are dominated by the presence of plasma. The plasma comprises
of both, positively charged ions as well as the electrons. In addition, there are some neutral
particles as well. Both, the ions as well as the electrons contribute towards the change of
refractive index. However, the relative contribution of electrons towards the changes in the
refractive index field is significantly higher as compared to that of the ionic contribution [55,
58]. Therefore, the effective changes in the refractive index field (a net lowering of refractive
index) are observed primarily due to the electronic charge in the regions close to the target
surface (just above the point of ablation). This electronic charge density in this plasma plume
region has been calculated from the corresponding RI values, which are essentially less than
that of the ambient. This idea works well with gasses, but in the case of liquid, the metal and
water vapor resulting from the ablation form a bubble, commonly known as the cavitation
bubble, and it surrounds the plasma region. This bubble leads to significant amount of light
scattering, leading to practically very less or no light passing through it. In the case of water,
it was seen that the formation of bubble starts at around t = 8 us, but in the case of more

viscous liquids it was observed at the time instants as early as t = 4 us. Therefore, it
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becomes difficult to observe the effects of charge once the bubble is formed. The dimension
of the bubble is within a few mm for the temporal range over which the data has been
recorded. This bubble gives the perception of a dark fringe which is misleading and hence
may lead to the wrong estimate of charge density. Thus, here the discussions pertaining to the
charge density distribution have been made only for t = 2 usand 4 us. For qualitative
understanding, the representative charge density maps for water and 25%(w/w) EG have been

shown in Figure 5.25 for two different instants of time.
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Figure 5.25: Charge density map in the plume region at 2us and 4pus for water and aqueous solution of
25% EG. In the maps shown, one pixel corresponds to a physical dimension of 55 um.

With reference to the data shown in Figure 5.25, a comparison of the charge density
maps retrieved at two different time instants for water (left column) shows a significant
reduction in the charge density of the plume over a period of 2 ps. Similar observations are
also to be made from the charge density maps shown for 25% EG aqueous solutions (right
column). These trends are expected since the charge in the plume region gets quenched with
time and the plasma thermalizes. On the other hand, at any given time instant, t = 4 us (say)
the charge density in the plume for 25% EG solution is comparatively lower than that seen
for the case of water (as may be seen in the top row of Figure 5.25). This trend of charge
density is also seen in the maps corresponding to the time instant of t = 4 us as well (bottom
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row). These differences in the charge density maps of the two liquids observed at any given
time instant are to be attributed to the fact that in a medium of higher density, the plume
thermalizes faster due to the increased number of collisions. Thus, for the same material and
the same laser fluence, the charge density dies out faster in the medium with relatively higher
density (the EG aqueous solution in the present case). Furthermore, the electron charge
density maps shown in Figure 5.25 clearly reveal a decreasing trend in the charge density as
one moves away from the target surface as well as with the passage of time. Similar trend is
also to be seen along the radial direction wherein the charge density can be seen to be rapidly
falling at any given instant of time.

For better clarity on the quantitative aspects, a comparison has been made between the
charge distributions in the three media. The electronic charge density (determined following
the assumption that the laser-produced plasma is not completely ionized) has been plotted as
a function of the lateral dimension at a plane that has the maximum charge density (~0.55
mm above the ablation site). These plots have been shown in Figure 5.26. It is clearly seen
from Figure 5.26 that at higher values of the density of the medium, the charge density is low
in the plume region for the same instant of time. The observed reduction in the charge density
with increase in the density of the medium may be attributed to the higher rates of collision of
charges in the plume region because of the stronger confinement effects. This eventually
leads to rapid thermalisation of plasma. Also, the charge density, for any liquid (water and/or
EG solution), decreases with time, as is expected in the case of plume expansion.
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Figure 5.26: Charge density distribution as a function of lateral dimension in the plume region at 2ps
and 4ps for water and aqueous solutions of 25% and 50% EG. x = 12.5 mm represents the ablation site.
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Importance of the observations made on the basis of the interferometry-based
experiments, as discussed above, can be understood by considering the fact that a range of
theoretical studies present in literature suggest that the phenomenon of laser ablation in liquid
(LAL) leads to the formation of metal vapor and subsequent condensation of the same. This
stage of condensation leads to two competitive and coexisting processes, namely the
nucleation (formation of nanocrystals) and nanoparticle growth (adhesion of metal vapor
around the nucleation center). When the plume thermalizes rapidly, the nucleation process
dominates and more number of particles are formed, which are smaller in size. On the
contrary, if the process of thermalisation is relatively slow, it leads to the formation of bigger
particles owing to the dominance of the crystal growth process over nucleation. Therefore,
the dependence of the plasma life-time on the medium density is crucial from the point of
view of monitoring the size control of the nanostructures resulting from ablation of metal in
liquid media, a subject which forms the future scope of the present experimental work.

In conclusion, the observations suggest that the medium mass density perturbation
results due to both, the primary shockwave as well as the reflected stress waves. It has been
observed that the velocity of shock and reflected stress waves increase with the increment in
the density of the ambient fluid medium. The results related to the charge density of the
plume clearly show that the charge density in this region dies off faster in the medium of

higher density.

5.3 Controlling the size distribution of nanoparticles through the use of

physical boundaries during laser ablation in liquids

The results from the previous two sections reveal that the presence of physical barrier
in the vicinity of the ablation site prolongs the lifetime of the plasma plume. Also, the plasma
plume quenching depends on the density of the medium. The present sections deals with the
experiments wherein the above observations have been exploited to develop one of the
simple, yet effective method of controlling the size and size distribution of the metallic
nanoparticles produced due to the process of laser ablation.

Details of the experimental setup and the methodology has been discussed in Chapter
3. Laser ablation in liquid (LAL) has been carried out with two different target materials
immersed in different liquid ambient media under constant laser fluence and height of the
liquid column. The as prepared suspensions carrying ablated nanoparticles have been scanned
using SEM (Zeiss-Merlin). For the preparation of samples for SEM characterisation, a few

78



drops of the suspension was dried over a cleaned Al foil, which was later put on the sample
holder using a carbon tape. Before preparing the samples, the suspension was sonicated well
to avoid agglomeration and ensure homogeneity. The SEM images were later analysed using
image processing codes to retrieve the particle size distribution. To process the SEM images
of Cu and Ti in water and IPA, image processing algorithm and the related code was written
in MATLABY7. The images were first processed and filtered to render enhanced contrast
between particles (foreground) and background. Depending on the quality of the images,
manual and automatic contrast enhancement was carried out on images. Thereafter,
considering the particles to be spherical in nature, Hough Transform (HT) was employed to
detect the diameter of the circle considering 2D projection of 3D particles from their
processed SEM images. The algorithm being computationally extensive, to detect the large
number of particles in images with high particle density, same images were processed
multiple times through the algorithm with smaller range in diameter distribution. Thereafter,
diameters of particles obtained in pixel were converted into their physical dimensions from
their respective scale bars. These particle sizes were then sorted for different ranges and the
statistical distribution thus obtained was put in the form of histograms. A detailed discussion
on the findings have been made in the next section under two headings, viz. the effect of
physical boundaries in water ambient and the effect of boundaries in IPA ambient. Since the
focus of the work is on the investigation of the presence of physical barrier on the size
distribution of nanoparticles, the ambient media have been kept similar while analysing the
data and hence this classification. The viscosities of water and IPA at 25°C are 0.89 cP and
2.04 cP, respectively, significantly different from one-another [151]. The densities of water
and IPA at 25°C are 0.997 g/cm® and 0.786 g/cm?® respectively. Copper and titanium have
been chosen as target materials because they respond differently to the applied laser pulse
[152]. The compositions of Cu and Ti nanoparticles formed in water and IPA ambient have
been thoroughly reported and investigated by many researchers [99,153,154]. The refractive
indices (RI) of Cu and Ti are significantly different at the ablation wavelength (1064 nm) and
hence for any given liquid medium, these materials exhibit appreciable differences in their
reflectivity and transmissivity. The values of refractive indices have been tabulated below in
Table 5.1 [151]. The corresponding reflectivity values derived from these RI values have
been tabulated in Table 5.2.
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Table 5.1: Refractive indices of the target materials and ambient liquids

Material Copper Titanium Water IPA

RI 0.37861 3.4654 1.332 1.3514

Table 5.2: Reflectivity values at the interfaces

Copper Titanium
Water 0.310627 0.197757
IPA 0.316185 0.192616

Primary findings of the laser ablation experiments conducted with two target
materials immersed in liquid media have been discussed in this section. Results have been
categorized primarily into two different sections; the first section (Section 5.3.1) discusses the
effects of the presence of confining boundaries when the target is kept in water ambient,
while the observations made with IPA as the liquid environment have been presented in the
second subsection (Section 5.3.2). For each liquid medium, the experiments have been

conducted with two types of target materials i.e. copper and titanium.

5.3.1 Experiments in water ambient

It has been established by the researchers that the size of the nanoparticles produced
by the method of laser ablation depends on a range of parameters that include laser fluence,
ambient medium, physical properties of the target material etc. Effect of many of these
parameters on the size distribution of the nanoparticles have been investigated by various
researchers in the past, both, experimentally as well as theoretically [18, 61, 103, 152, 155].
In the present discussion, all such parameters (e.g. laser fluence, ambient medium etc.) have
been maintained constant for each set of experiments conducted such that any change
occurring due to the presence of physical barriers may be clearly seen. Thus, the changes that
are observed in the sizes and size distribution of nanoparticles produced due to laser ablation
can be attributed to the role played by the presence of physical barriers on the target surface.

Under these conditions, the laser ablation has been carried out on the target surface
that is either flat (no physical barrier) or is confined by the physical boundaries (walls) on
both the sides of the point of laser ablation. Following the methodology discussed in the
previous section, samples in the form of suspensions of nanoparticles have been subjected to
SEM analysis and the corresponding SEM images have been shown in Figures 5.27 and 5.28.
SEM images for copper targets, both flat as well as that fitted with confining walls and the
corresponding plots for size distribution of the particles have been shown Figure 5.27. The
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same studies have been carried out with titanium as the target material and the results have
been shown in Figure 5.28. In both the figures, the subfigures (a) show the SEM images of
the nanoparticles produced due to the ablation of the flat target plate (without barriers), while
the subfigures (c) correspond to the case of copper (Figure 5.27(c)) and titanium (Figure
5.28(c)) target plates with confining walls. The subfigures (b) and (d) are the particle size

distribution plots. The SEM images shown have been quantified and the results have been
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Figure 5.27: SEM micrographs of the nanoparticles produced as a result of ablation of a flat copper target
(a) and copper target fitted with confining physical boundaries (c). Corresponding size-distributions of
the resultant nanoparticles have been presented in (b) and (d). (Ambient liquid medium: water)

presented in the form of the size distribution plots in Figure 5.27 (b) and (d) (for copper target
in water) and Figure 5.28 (b) and (d) (for titanium target in water). These size-distribution
plots clearly highlight the possible influence of the confining boundaries in the form that, for
any given target material type, the average size of the nanoparticles produced due to the
ablation of the flat plate is relatively smaller than that achieved in the case of target surface

fitted with physical boundaries. These observations have been quantified in terms of the mean
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size of the nanoparticles produced with water environment and summarised in Table 5.3. Itis
to be seen from the table that, for any target material the size of the most abundant
nanoparticles is consistently higher in the case of the ablation target fitted with the physical
boundaries as compared to the flat of the flat target. For instance, a percentage increase of
nearly 66% in the mean size of the copper-based nanoparticles is to be seen as the flat (open)
target is replaced by the one fitted with the physical boundaries. Similar trends is to be

observed in the case of titanium substrate, though the percentage increase in the mean size of
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Figure 5.28: SEM micrographs of the nanoparticles produced as a result of ablation of a flat titanium
target (a) and titanium target fitted with confining physical boundaries (c). Corresponding size-
distributions of the resultant nanoparticles have been presented in (b) and (d). (Ambient liquid medium:
water)
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the nanoparticles is not as significant as was observed with copper as the target material and
here the increase in the nanoparticle size is restricted to =~ 17.5%.
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Table 5.3: Comparison of the mean size of the nanoparticles produced with flat target to those obtained

with the target fitted with physical boundaries (Ambient liquid medium: water)

Mean size of nanoparticles
. H 0,
Material Flat Target Target with % Increment
boundary
Copper 25.5nm 42.4 nm 66
Titanium 67.6 nm 79.4 nm 17.5

The above observations made in the form of increase in the mean size of the
nanoparticles produced with target fitted with physical boundaries may be explained on the
basis of the rate at which the thermalisation of the plasma plume takes place. It has been well
documented in the available literature that the process of formation of metal nanoparticles by
laser ablation takes place due to the thermalisation of the plume. Thus, the rate at which the
plasma plume cools down plays an important role in this entire process [156]. A very high
cooling rate of the plasma plume is expected to result into smaller size of the nanoparticles
produced. This is owing to the fact that the formation mechanism of nanoparticles after the
completion of the ablation process depends on two co-occurring processes, namely,
nucleation and particle growth. The nucleation process starts as soon as the ablated species
come together, followed by the coalescence of these nuclei that in turn leads to the formation
of bigger particles. If the thermalisation is fast enough, the nucleation process dominates,
leading to the formation of smaller nanoparticles. On the other hand, if the plume lifetime is
longer, i.e. if the process of thermalisation takes place over a longer period of time, the nuclei
produced as a result of material ablation get enough time to come closer and form bigger
particles. In the context of the present work, the presence of the physical boundaries (Al
walls), on either sides of the ablation site on the target surface, leads to the reflection of the
shockwaves towards the site of laser ablation, thereby compressing the ambient medium. The
subsequent increase in the pressure leads to a longer plasma thermalisation time, which
causes the enhancement in the sizes of the nanoparticles [156, 157].

Another interesting observation that is to be made from Figures 5.26 and 5.27 is in the
form of the larger mean size of the titanium nanoparticles in comparison to that achieved with
copper as the target material for any given configuration. The observed differences are to be
attributed to the relative differences in the refractive indices of these two materials. Thus, for
the given ablation wavelength (1064 nm) employed in the present set of experiments, the

absorption coefficients of the two target materials are expected to be different. Due to the
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differences in the absorption coefficients, the fraction of the total energy of the incident laser
pulse that causes the ablation of the target material will be different and hence the extent of
ablation. This is because, the amount of mass ejected and the temperature of the plasma will
be different for the two materials™.

5.3.2 Experiments in IPA ambient

Observations made on the possible effects of the confining boundaries on the resultant
sizes of the nanoparticles produced in isopropyl alcohol (IPA)-based liquid medium have
now been presented and discussed. Figures 5.29 and 5.30 respectively show the SEM images
and the respective particle size distributions due to the laser ablation of copper and titanium
target surfaces immersed in IPA ambient. Subfigures (a) and (c) in both the figures
respectively show the SEM images of the nanoparticles formed with flat target (a) and target
fitted with physical boundaries (c). The respective particle size distributions of the produced
nanoparticles have been shown in subfigures (b) and (d). Irrespective of the material of the
target plate, smaller sized nanoparticles are to be observed in the case of the flat targets while
the nanoparticles are relatively bigger in size when produced with confining walls placed on
the target surfaces. These results follow the similar trend as was observed in the case of water
as the liquid ambient medium presented in the previous section. However, a closer
observation of the mean size of the nanoparticles summarised in Table 5.4 reveals that the
copper nanoparticles produced under IPA liquid ambient are relatively larger in size as
compared to their counterparts obtained with water as the ambient liquid medium (Row 1 of
Table 5.3). On the other hand, the IPA ambient-based titanium nanoparticles are smaller in
size in comparison with the size of the titanium nanoparticles produced with water as the
liquid medium (Row 2 of Table 5.3). These differences may be attributed to the difference in
the thermo-physical properties of the two target materials considered in the present set of

experiments [152].

191t is pertinent to note here that factors such as electron-phonon coupling strength, surface energy, melting and
boiling point of the material etc. may also influence the size and the size distribution and may contribute
towards the observed differences in the produced nanoparticles [152]. However, the primary findings of the
present experiments have consistently revealed the plausible role(s) of the confining physical boundaries in
increasing the mean size of the nanoparticles produced as a result of laser ablation of the target material (copper
and titanium).
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Figure 5.29: SEM micrographs of the nanoparticles produced as a result of ablation of a flat copper target
(a) and copper target fitted with confining physical boundaries (c). Corresponding size-distributions of
the resultant nanoparticles have been presented in (b) and (d). (Ambient liquid medium: IPA)

Also, a comparison of the mean particle sizes for the two materials presented in
Tables 5.3 and 5.4 shows that in any given liquid ambient the difference in the size of copper
nanoparticles produced from flat target and walled target is much higher as compared to that
observed in the case of titanium nanoparticles produced under similar conditions. Such a
trend may be attributed to the differences in the initial plasma temperatures of the two target
materials and the amount of mass ejected per shot for a given set of operating parameters
maintained during the course of experimental runtime.
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Figure 5.30: SEM micrographs of the nanoparticles produced as a result of ablation of a flat titanium
target (a) and titanium target fitted with confining physical boundaries (c). Corresponding size-
distributions of the resultant nanoparticles have been presented in (b) and (d). (Ambient liquid

medium: IPA)

Table 5.4: Comparison of the mean size of the nanoparticles produced with flat target to those
obtained with the target fitted with physical boundaries (Ambient liquid medium: IPA)

i 0
Material Flat target Target with boundary % Increment
Copper 34.5 nm 76.3 nm 121
Titanium 63.9 nm 70.6 nm 10.5

Results of the various experiments presented in the above two sections reveal that the
changes in the size of the nanoparticles (as one goes from the flat target to the ones fitted with
physical boundaries) is significantly more appreciable in the case of copper target material as
compared to those observed with titanium target. On the other hand, the particle size
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distribution is found to be sharper in the case of titanium-based target. This observation may
be attributed to the large difference in the thermal conductivities of copper (3.98 Wem™K™)
and titanium (0.22 Wem™K™) target materials. Owing to the relatively lower thermal
conductivity of titanium the amount of thermal energy produced due to laser ablation remains
localized in a smaller spatial domain and hence the mass ablated per shot is expected to be
more as compared to that in copper and hence an increment in the resulting particle size is to
be expected in the case of titanium-based target material. It is pertinent to mention here that
one may explain these trends (resultant particle size distributions) on the basis of parameters,
like surface energy, electron-phonon coupling strength etc. as well. However, the primary
findings of the present experimental work have clearly identified the plausible roles of the
presence of physical boundaries on either sides of the ablation site in deciding the size and
the size distribution of the nanoparticles produced due to the laser ablation of the target
material(s) placed in two different liquid media.

. The experiments revealed that for any given liquid medium as well as well as
irrespective of the target material, the mean size of the nanoparticles obtained due to the
ablation of the target plate fitted with confining boundaries is consistently higher than that
achieved due to the ablation of the flat target materials. Furthermore, a comparison of the
mean particles sizes obtained with the two materials revealed that in any liquid medium, the
difference in the size of copper nanoparticles produced from flat and walled targets was much
higher and sharper as compared to that observed in the case of titanium nanoparticles
produced under similar experimental conditions. The observed increase in the size of the
nanoparticles in the presence of the confining boundaries was primarily attributed to the

prolonged thermalisation of the plasma plume (due to the reflection of the shockwaves).
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Chapter 6: Conclusions and Scope of Future Work

6.1. Conclusions

Experimental studies concerned with the investigation of the phenomena of laser
produced plasma-induced shockwaves in media of different densities were reported in the
present thesis. The experimental measurements were performed in a purely non-intrusive
manner using one of the refractive index-based imaging techniques, namely laser
interferometry. Classical MZI coupled with an ICCD camera, was employed to record the
fast transients associated with the shockwave phenomena. A high power ND:YAG laser was
employed to achieve the ablation of metallic targets placed in media of different densities.
The working media included air, water and aqueous solutions of ethylene glycol (25% and
50% wi/w). Potential of placing confining physical boundaries on either sides of the ablation
point as one of the effective ways of controlling the size and size distribution of
nanostructures (produced as a result of laser ablation of metallic targets made up of copper or
titanium) was explored and successfully demonstrated. Primary findings of the range of
experiments conducted as part of the present work have been summarised below.

The propagation of shockwave in any given medium causes transient density
perturbations. Although these perturbations are very short-lived (few microseconds), yet they
have the ability to affect the processes that occur post ablation. For this reason the present
work explored the effects of transient density jumps on the medium. It was found that the
shockwave compresses the medium considerably causing the creation of a high density
shockfront, which propagates in the medium. The axial rate of expansion of such a shockfront
is higher compared to off-axial rate (i.e. lateral), leading to rapid energy loss in the axial
direction as compared to the off-axial direction. Therefore, as the time progresses, the energy
of the shock spreads out more towards the sides than the center of the shock. Perturbed
medium density profile (due to propagation of shock waves) as well as shape and electron
density of the plasma plume is significantly different in confined geometry in comparison to
that observed in the absence of any physical boundary on the target material. Strong
confinement of the plasma plume and hence an increase of the electron density is observed in
the confined geometry. It was observed that the compression of medium is more in the case
of lateral confinement when compared to that in the case of longitudinal confinement. Also,
this compression of the medium due to the reflected shockwave alters the lifetime of the

plasma plume. It was clearly evident from the experimental results that the reflection of
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shockwave from the physical barrier lengthens the lifetime of the plasma plume and hence it
is expected to be crucial from the point of view of all the processes that result from the
thermalisation of plasma, like, pulsed laser deposition, formation of nanoparticles etc.

In the case of liquid media, it was interesting to observe that the shockwave dies out
faster in a medium of higher density as compared to a medium of lower density. The
perturbation of the ambient medium (mass) density was found to be spread over a wider
region in liquids, in contrast to the observed sharp shock boundary in the case of air. This is
due to the combined effect of the primary shock waves and the successively emerging stress
waves that result due to the multiple reflections from within the target surface. It was
observed that the increase in the medium density speeds up the thermalisation of plasma and
hence leads to a considerable reduction in the charge density in the plume region. Primary
findings of the present interferometry-based experiments suggested that the medium density
affects the way in which the mass density gets perturbed, an observation that holds
importance in a range of practical applications of the phenomenon of laser ablation in liquid.

The plausible control on the size and size distribution of the nanoparticles produced as
a result of ablation of metallic target material using confining physical boundaries on either
side of the ablation site was experimentally demonstrated. Experiments were performed with
copper and titanium target materials with two different ambient liquid medium of water and
isopropyl alcohol (IPA). The study clearly highlighted the potential of employing physical
boundaries in manipulating the sizes and size distributions of the produced nanoparticles. The
experiments revealed that for any given liquid medium as well as for any given target
material, the mean size of the nanoparticles obtained due to the ablation of the target plate
fitted with confining boundaries is consistently higher than that achieved due to the ablation
of the flat target materials (without confining boundaries). Furthermore, a comparison of the
mean particles sizes obtained with the two materials revealed that in any liquid medium, the
difference in the size of copper nanoparticles produced from flat and walled targets was much
higher and sharper as compared to that observed in the case of titanium nanoparticles
produced under similar experimental conditions. The observed increase in the size of the
nanoparticles in the presence of the confining boundaries was primarily attributed to the
prolonged thermalisation of the plasma plume (due to the reflection of the shockwaves).
Taking into account the inherent advantages of the proposed methodology over the other
conventionally employed techniques (e.g. wet chemical methods), the usage of the physical
boundaries on either side of the ablation site presents a novel, yet one of the simpler and

greener, ways of controlling the size and size distributions of the produced nanoparticles.
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6.2. Scope of Future Work

The experimental work reported in the present thesis brought out some interesting
observations pertaining to the characteristics of laser produced plasma-induced shockwaves
in medium of different densities. Real time interferometric measurements clearly revealed the
strong influence of confining physical boundaries (placed in the vicinity of the ablation site)
on thermalisation time of the plasma plume and its impact on the size and size distribution of
the resultant nanostructures produced due to the laser ablation of target material in liquids.
The potential of the present work may further be explored in the following future directions:

1. Application of electric field assisted laser ablation in liquid (EFLAL) technique in
controlling the size as well as shapes of the nanostructures. An attempt has been made
as part of the present work and has been presented in the form of Appendix — II.

2. Conduct laser ablation experiments in liquid media of different densities, viscosities
and/or permittivity to understand their influence on the shape, size and morphology of
the produced nanostructures.

3. Extension of the interferometric measurements reported in the present work into the
third dimension using the principles of optical tomography.

4. Thermal characterisation of nanoparticles/nanostructures produced as a result of laser
ablation of metallic targets in liquids and their potential applications in the heat
transfer studies and other areas of scientific and/or technological interests.
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Appendix — I: Phase calculation in an MZI

The process of formation of interference fringes in case of an MZI has been discussed
here in this appendix. When an MZI is set for the infinite fringe mode, one of the detectors
records a maxima while the other records a minima of intensity. This is due to the fact that
the beams reaching one of the detectors interfere constructively while those reaching the
other detector interfere destructively. This is because of the phase difference of m between the
two beams. The ray diagram of an MZI has been shown in the Figure A-1-1. BS-1 and 2 are
the beam splitters with their coated surfaces to the left. M-1 and 2 are the two plain mirrors.
D and D’ are the two detectors. Here Beam - 1 and 2 represent the two beams that have been
derived from a single beam incident on a beam splitter (BS-1).

The MZI set for infinite fringe mode has a square or rectangular geometry with two
beam splitters sit at two diagonally opposite positions and two mirrors sit on the other two
diagonally opposite positions (as shown in Figure A-1-1). The two optical paths therefore

have same length 1.The optical path for a single pass through any of the beam splitters is pt.

D.‘
BS-2
// °
Beam
Splitter Coated
Surface
Beam
Splitter Mirror

Figure A-1-1: Ray diagram for an MZI



Here u is the RI of the material of the beam splitter and t is the physical path length. With
these considerations we have calculated the path difference accumulated by each beam on
each of the detector. The phase difference of 7 will arise on every reflection.

Phase of beam 1 at detector D:

$1-p = 21 + == (L + put) (A-I-
1)

Phase of beam 2 to detector D:

b2-p = 21+ = (L + put) (A-1-2)
Phase of beam 1 at detector D’

1-pr = 27 + = (I + 2ut) (A-I-
3)

Phase of beam 2 to detector D’:

B2 =+ (L + 2ut) (A-1-4)
Looking at Equation A-1-3 and A-1-4, it seems that a phase change of = has been

missed, but a careful observation reveals that the beam splitter BS-2 has a coating on the right

surface, which means that the beam 1 getting reflected from it is actually getting reflected

from a glass-air interface (and not an air-glass interface like all other beams) leading to no

abrupt phase change. For a better clarity of understanding the two beam paths have been

separately shown in Figure A-I1-2.
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Figure A-1-2: (a) Ray diagram for beam 1 and (b) ray diagram for beam 2. The reflection that beam 1
undergoes at the beam splitter close to the detector does not causes an abrupt phase change because the
reflection is from glass-air interface

The phase difference at the detector D;

¢p =¢1-p—P2-p=0



The phase difference at the detector D’;
Ypr =¢1-p)— P pr =1

The above calculation clearly shows that there is a phase difference of 7= between the
beams reaching the two detectors. This means if there is constructive interference at one of
the detectors, there has to be destructive interference at the other. This condition is best
realised in the infinite fringe setting with the one of the fields of view completely bright and
the other completely dark. Here it is to be noted that the placement of beam splitter (i.e.
putting the coated side on left or right) is purely voluntary and no matter how it is put this
difference will be there. This is also in concert with the fundamental definition of
interference, according to which, interference is nothing but redistribution of energy in the
medium. If one assumes that there is an abrupt phase difference in the beam getting reflected
from any interface then it will result in zero phase difference or into a phase difference of 2z
between the two detectors leading to constructive or destructive interference on both of the
detectors, simultaneously. In that case it will be difficult to justify the excess of energy
(constructive interference on both the detectors) or the loss of energy (constructive

interference on both the detectors) in the existing framework of physics.






Appendix — I1I: Electric field assisted laser ablation in liquid

In the present thesis, a detailed discussion has been presented on the effect of the
presence of physical barriers in the vicinity of the ablation site. It has been shown that the
presence of physical barriers on either side of the ablation site causes changes in the
thermalisation time of the plasma plume and hence, has plausible effects on the size and size
distribution of the nanoparticles that are produced. This method is expected to yield size
controlled nanoparticles in the case of ablation of metallic targets immersed in liquid medium
with pulsed laser source. However, this simplistic method cannot be employed if one needs to
produce nanostructures of different shapes. Conventionally, the most effective methods for
controlling shape of nanostructures is by means of using appropriate capping agent and by
controlling the reaction environment appropriately [41-43]. The idea of shape control may
also be seen as a directed growth or growth along a preferred direction. This is achieved by
using a specific capping agent that arrests the growth of crystals (forming the nanostructures)
along particular crystallographic plane(s) and hence shifting the aspect ratio of the resulting
nanostructure to values higher than unity. Researchers have also been able to synthesise core-
shell and dendritic nanostructures, which are more complex than nanorods, nanocubes,
spindles etc. [43].

It is important to mention that the size control strategy that is used in the case of laser
ablation-based nanoparticle production is same as that in case of chemical synthesis. The
capping agent solution is used as the ambient liquid and the concentration and type of
capping agent decides the size of the nanoparticle [33]. In addition to this, the particle size
control has been achieved by varying parameters like, laser wavelength, laser fluence, laser
pulse repetition rate etc. [16, 106]. However, controlling the shape of the nanoparticles
produced by laser ablation has always been a challenge. Recently, the phenomena of oriented
growth and aggregation has been used in tandem with laser ablation to gain control over the
shape of the nanostructures. The efforts made by the researchers across the globe in this
direction have been aptly documented in the review article written by Zeng et.al. [18]. The
oriented growth and aggregation leads to the formation of high aspect ratio metallic
nanostructures. Lin et.al. has reported a pioneer work in this direction by producing copper
nanospindles by ablating a copper target in water without the use of any chemical agent(s)

[45]. Similar work has been carried out by Liu et.al. where the authors produced GeO,



nanoparticles, nanocubes and nanospindles in liquid media [104]. In both the studies, electric
field was used as an external agent to control the growth of the direction of nanostructures.

Electric field assisted laser ablation in liquid (EFLAL) has evolved as an effective
method to control both, shape as well as the size of nanoparticles produced by the process of
laser ablation. It has been found that by changing the magnitude of the electric field, the
shape of the nanostructures could be modified. Also, the aspect ratio of the nanostructures for
a given shape has a direct dependence on the applied external electric field. The mechanism
of formation of the nanostructures of specific shapes is based on the idea of oriented growth
proposed by Banfield et.al. [158, 159]. In this growth mechanism, the bigger particles are
assumed to have resulted from the aggregation of smaller particles in a defined direction of
orientation. In addition, this process is thermodynamically favoured as well because when
such smaller particles self-assemble by sharing a common crystallographic direction and
combine over a planar interface, the overall energy of the system is reduced [45]. Along these
lines, in the context of the present thesis, investigation of the effect of electric field on the
shape and size of the metallic nanoparticles has been carried out towards the final stages of
this work. It is to be mentioned here that these experiments are currently in progress and this
appendix presents some of the preliminary findings of these experiments to demonstrate the
potential of EFLAL in the context of the fabrication of nanostructures with defined shapes
and sizes.

The experiment for laser ablation has been setup as discussed earlier in Section 3.2,
Chapter 3. However, in the present set of experiments, the target geometry has been changed.
The schematic diagram of the target has been shown in Figure A-lI1-1. The dimensions of the
top plate and the target plate are 25mm x 25mm x 5 mm. The top plate has a hole to let the
focussed laser beam pass through it. Both the plates are made up of 99.9% pure copper. The
two plates are separated from each other by four Teflon spacers of length 15 mm each. The
top and bottom plates have two screws that enable electrical connections so that the two
plates can serve as two electrodes (positive and negative) during the laser ablation
experiment. During the experiments the target plate was immersed in the experimental liquid

media. The height of liquid column was maintained at 10mm.
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Figure A-11-1: Schematic diagram of the target cum electrode system for EFLAL

For preliminary observations, isopropyl alcohol (IPA) was chosen as the liquid media
for EFLAL. Since the dielectric constant for water is high (=80), to have an electric field of
the order of few tens of VV/cm, very high potential needs to be applied across the electrodes.
In comparison to that, the dielectric constant of IPA is at least four times lower and is closer
to 18 at 25°C. The ablation was carried out for 30 minutes (9000 shots of laser @ 5 Hz).
Laser fluence was maintained at 11J/cm® Three different configurations were used. The
schematic diagram of these configurations have been shown in the Figure A-11-2 (a), (b) and
(c). The diagrams shown in Figure A-I1-2 (a) and (c) represent the same case as far as the
magnitude is concerned, however, the direction of electric field is different in both the cases.
These two different configurations have been made to identify if the direction of electric field
brings in any difference in the shape and size of the particles obtained from the experiments.
In the studies available in published literature the electrodes have been placed laterally and
the experiments were performed. Therefore, any change in the polarity only changes the
direction of electric field that is perpendicular to the incident ablating laser beam and hence
to the produced plasma plume. Contrary to that, in the present setup, the change in polarity
will bring in a change in the direction of the applied electric field which is parallel to the
plasma plume. This is expected to affect the way the plume expands by influencing the
dynamics of the charges (primarily electrons) in the plume. Hence, a change in the size of the
particles is expected to occur if the polarity is changed, even though the shape may remain
the same.

The corresponding SEM images of the nanoparticles produced in the three
configurations have been shown in Figure A-11-2 (d), (e) and (f). The analysis of the images
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show that the mean sizes of the particles produced with the configurations shown in Figure
A-11-2 (a), (b) and (c) are approximately 35 nm, 50 nm and 55 nm, respectively. The
observed trend may be qualitatively explained by the way the plume behaves in the three
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Figure A-11-2: Schematic diagram showing the different target configurations used for conducting the
experiments, (a) target is positively biased, (b) target is unbiased and (c) target is negatively biased.
The corresponding SEM images have been shown in (d), (e) and (f).
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cases.

In the first case, shown in Figure A-I1-2(a), the top plate is positive and hence the
electrons in the plume will feel an upward force (along the expansion axis). However, the
heavier positively charged Cu ions will be closer to the target surface and will experience a
slight repulsive force. As the electrons try to move further, tend to feel a stronger collective
attractive force from the Cu ions, which will tend to maintain the quasi neutrality of the
plasma. Under the effect of these two opposing and competing forces (the resultant of which
will try to damp the motion of the electron in either direction), the electrons will lose kinetic
energy faster and the thermalisation will be quicker, leading to the formation of smaller size
of nanoparticles. Physical interpretation of this phenomenon has been schematically shown in
Figure A-11-3. It is noteworthy that not just electrons but the kinetic energy of ions (although
lesser compared to that of electrons due to their heavier mass) will also decrease faster owing

to the effect of the two opposing forces.
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Figure A-11-3: Schematic interpretation of the forces that the electrons and ions in the plasma
plume will experience when the target has been biased as per the configuration shown in Figure
A-11-2(a)

In the third case, shown in Figure A-11-2(c), the electrons will not get attracted to the
top plate and will experience a repulsive force due to the negatively biased top plate. In
contrast, the positively charged Cu ions will feel an attractive force towards the top plate. In

this case the force on the electrons will be towards the bottom plate only. This is due to the
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fact that the heavier positively charged ions will move slower under the influence of the
applied electric field, but as the ablation takes place, the energetic electrons will move at a
much higher velocity before the repulsive force due to the applied electric field (which is
from top to bottom) starts affecting their motion. The ions will however, still be lagging the
electron cloud. Thus the force on electrons due to the ions will also act downward and will
add to the repulsive force because of the negatively biased top plate. This combined effect
will enhance the resultant downward velocity of the electrons and the collision rate as well.
Due to this the temperature of the plasma will be relatively higher than that achieved in the
case of no electric field. Therefore, the thermalisation time will be more and the size of the
nanoparticles is expected to be bigger than those produced in the case of positively biased or
unbiased top plate. This process has been schematically depicted in Figure A-11-4. Here both,
the electrons as well as the ions will get accelerated due to the fact that both the forces acting
on them are in the same direction. This is expected to increase the collision rate leading to an
increment in the temperature of the plasma and hence, a prolonged thermalisation

phenomenon.
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Figure A-11-4: Schematic interpretation the forces that the electrons and ions in the plasma
plume will experience when the target has been biased as shown in Figure A-11-2(c)
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