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Abstract

Nichola Walsh

Laser Produced Plasmas in Liquid Environments

During the interaction of an intense laser pulse with a solid metal target, a high
temperature, high density plasma is formed. Pulsed laser ablation has attracted much
interest over the past fifty years with experimental and theoretical work largely focussed
on the study of laser produced plasmas in vacuum. The study of pulsed laser ablation
has been largely motivated from a materials processing perspective, with the
characterisation of thin films using pulsed laser deposition of particular interest.
Another application resulting from the study of laser produced plasmas is the use of
laser-induced breakdown spectroscopy (LIBS) for elemental composition and
quantitative analysis of samples. LIBS is now a widely used technique employed in

various fields including environmental analysis, forensics and biomedical applications.

While much work has been carried out on pulsed ablation of materials in vacuum and
gas ambient, comparatively little research has been done on ablation in liquid media. As
a result, the fundamental understanding of laser produced plasmas in liquids remains
insufficient. Using techniques such as time resolved imaging and spectroscopy, a
thorough characterisation of the plasma formed in air was undertaken as a comparison
to the subsequent investigation of the plasma formed in water ambient. Single pulse
studies revealed information on the dynamic evolution of a laser plasma formed in the
liquid phase where strong confinement and broadband emission were the main
observations. Shadowgraphy measurements were performed to examine the dynamic
behaviour of the cavitation bubble that eventually forms post plasma ignition. The
results of time resolved optical emission measurements from within the cavitation
bubble using a second laser pulse reveal for the first time the full dynamic evolution of

the plasma formed in such an environment.
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Chapter 1

Introduction

1.1 Laser Produced Plasmas

A laser produced plasma is formed when a high power laser is focussed onto a solid
target. In the initial interaction seed electrons are formed and material is ablated from
the surface to form a dilute vapour. On a picosecond timescale the electrons are heated
up by inverse Bremsstrahlung and ionize both the vapour and the target to create
further ablation and ionisation. The degree of ionisation of the plasma plume so formed
will depend on the target irradiance (in Wem™®) and laser wavelength [1]. Pulsed laser
ablation (PLA) has attracted considerable interest since the invention of the ruby laser
in the 1960's [2], [3], [4]. Since that time research in the area of PLA has been
motivated mostly from a materials-processing point of view. One major application has
been in thin-films where pulsed laser deposition has developed into a widely used
technique [5]. In a laser produced plasma, the ablated atoms and ions comprising the
plume emit characteristic line radiation which forms the basic principle of laser-induced
breakdown spectroscopy (LIBS). Initially, the application of LIBS for analytical
classification and quantification of elements had limited capability due to low laser pulse

repetition rates and the inaccessibility of time resolved measurements [6]. With the



arrival of improved pulsed laser sources offering high quality beams and short
(nanosecond) pulses via electro-optical Q-switching, the impact of LIBS has risen
significantly in succeeding decades since the invention of the ruby laser [7]. LIBS in now
a widely used technique employed in a variety of different applications such as
environmental analysis, forensics, industrial, pharmaceutical and biomedical applications
[8]. Pulsed laser ablation has also attracted much interest as a route to nanoparticle
generation offering several advantages over conventional methods due to purity and

variety of available materials [9].

1.2 Review of Laser Produced Plasmas in Liquid

The main interest to date in laser produced plasmas in liquid environments has been
related to the colloidal suspension of nanoparticles that form as a by-product of the
laser ablation of a submerged target. Laser produced plasmas in liquids have been
relatively unexplored in comparison to the numerous studies which have been carried
out in vacuum or gas backgrounds. Of these studies, fewer again are concerned with the
fundamental interactions occurring when a plasma is formed in a liquid. While an
increased effort to study laser ablation in liquids in greater detail has taken place during
the last decade, much work remains to be done to improve the fundamental
understanding [10]. In particular, the reactions that occur between plasma species and
liquid molecules are complex and still under investigation [11]. In an effort to summarise
the current status of research in this area, an overview of the major findings available to

date in the literature is presented in this chapter.

Patil et al. were the first to study the interaction of a pulsed laser at a solid-liquid
interface [12]. They reported in 1987 on their findings on the chemical composition of
iron samples irradiated via a pulsed ruby laser and the subsequent aqueous oxidation of

the iron samples.



Ogale et al. investigated the potential of laser ablation in liquids as a means of surface
modification with the formation of oxides, nitrides and carbides being observed [13].
Subsequent studies by Ogale et al. in 1992 reported the formation of diamond structures
by irradiating graphite targets immersed in liquid [14]. This pioneering work was the
first demonstration of laser produced plasma generation in liquids as a method of
materials processing. The use of pulsed lasers for the production of nanostructures in
liquid environments began to attract interest in the 2000's [3]. Since that time much
work has been done on the synthesis of these nanostructures. By manipulating the
many variables involved in their production, such as laser wavelength, intensity and
materials used, it has been possible to achieve excellent control and reproducibility of a
vast array of complex nanostructures. Zeng et al. provide an excellent review article on
studies carried out to date on nanomaterials fabricated by laser ablation in liquids [15].
Some of the most exotic nanostructures fabricated include carbon nanocubes [4], hollow
nanoparticles [16], nanorods, 2D and 3D nanoflowers [17] to name a select few.
Nanoparticles of diamond are of particular interest to researchers owning to their unique

properties of physical hardness, optical transparency and high thermal conductivity [18].

PLA is defined as the removal of material from the surface of a target by a laser pulse.
Depending on the intensity and duration of the laser pulse the liberation of material
from the target sample may be brought about by different mechanisms. Which
mechanism occurs is largely dictated by the temporal duration of the ablating laser
pulse with respect to the electron-phonon coupling time constant of the material [19)].
For the case of metals, the laser pulse energy is transferred to the free electrons in the
material on a timescale on the order of 100 fs. This energy is then transferred to the
lattice via electron-phonon coupling [19]. The electron-phonon coupling time for many
metals occurs on a timescale of approximately 1-10 ps. For nanosecond duration laser
pulses, the electron-phonon coupling time will be much less than the temporal duration
of the laser pulse and hence the main outcome of the laser-material interaction process
will be the thermal heating and surface melting with subsequent vaporisation. On the

other hand, for ultrashort pulses at low fluence, there is no transfer of energy to thermal



heating. Laser energy is transferred to the free electrons in the metal which in turn
couple to the lattice phonons resulting in strong excitation of the phonon state
spectrum. These strong lattice vibrations lead to the breakup and subsequent Coulomb
explosion of the lattice leading in turn to the formation of an ablation plume consisting
initially of ions and electrons and subsequently of nanoparticles, and so that the
ablation mechanism here can be considered to be a sort of sublimation process [19] in

which the liquid phase is bypassed.

A description of the process of laser ablation in a solid-liquid environment is provided
by Dell’Aglio et al. [10]. In this report three distinct phases are identified which are

illustrated in figure 1.1:
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Figure 1.1: Adapted from Dell’Aglio et al. [10]. Time sequence of the processes involved

during pulsed laser ablation in a liquid.

The three unique phases identified are (i) plasma production and cooling, (ii) cavitation
bubble evolution and (iii) nanoparticle diffusion in the cavitation bubble and subsequent

release into solution. The initial interaction takes place with the arrival of the laser



pulse at the target surface submerged in liquid. During this interaction a plasma will be
formed at the surface, provided that the laser pulse energy is above the ablation
threshold for that material [19]. Laser-induced breakdown occurs and a plasma is
created when the leading edge of the laser pulse makes contact with the target at the
solid-liquid interface. This is followed by the expansion of the plasma into the liquid
brought about by absorption of the trailing edge of the laser pulse by the nascent
plasma. Shockwaves are formed when a sudden change in the environment occurs
creating a high pressure wave-front that travels faster than the speed of sound in that
medium [4]. The plasma then expands and cools, followed by the formation of a
cavitation bubble several microseconds after the initial laser-matter interaction. The
cavitation bubble consists of a vapour layer at high temperature and pressure that
expands in all directions. After the collapse of the cavitation bubble, the nanoparticles
which have been produced via condensation of the plasma during the plasma cooling
phase are released into the surrounding liquid forming a colloidal suspension [20], [21],
[22]. The nanoparticles that are released into solution exhibit a large size distribution
and spherical shape, an example of which can be seen in figure 1.2 for nanoparticles
created during the present work by laser ablation of a gold target submerged in

deionised water.



EHT = 25.00 kV  Mag= BATKX
WD = 8.0 mm Signal A = SE1
SE—

Figure 1.2: SEM image of gold nanoparticles formed in colloidal suspension of water using 120
mJ, 1064 nm pulses. Figure illustrates an array of nanoparticles of various size distributions

observed during this work.

Research in the area of laser ablation in liquids has grown in recent times [3]. Of
particular interest is the generation of nanostructures by pulsed laser ablation in liquids
and their subsequent applications in fields such as biomedicine and sensors [23], [24],
[25], [26]. These suspensions of nanoparticles have a great many applications in the
biomedical field in particular for in vivo applications [19]. A host of other applications of
nanoparticles exists in a range of areas owing to their unique properties (optical,

magnetic, surface area etc.) which differ from bulk material.

There are multiple “advantages” associated with nanoparticle formation via pulsed laser
sources. There is no need for a catalyst in their creation [4] which is often a requirement
when fabricating nanoparticles by chemical means. The technique is considered “clean”
in that no pre-cursor chemicals or surfactants are required. This is particularly useful in
biomedicine where pure noble metallic nanoparticles are used for in-vivo research and
applications. Nanoparticles formed by PLA are unique in terms of their tunability of
size and shape [15], [19]. Characteristics of nanoparticles formed are susceptible to
various laser parameters such as laser fluence, pulse duration and wavelength. By

varying these laser parameters, the morphology of the nanoparticle distribution may be
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modified. In interactions of nanoparticles with laser pulses of wavelength close to the

plasmon resonance of the material, strong absorption will take place [19].

During production, nanoparticles formed by the “leading edge” of the laser pulse will
interact with the “trailing edge” of the laser pulse causing fragmentation to occur and a
narrowing of the size distribution, termed an intra-pulse interaction [19]. Irradiation
post-production is another method in which to “tune” the size distribution of the
suspension [15]. During laser-matter interaction in a liquid, nanoparticles are easily
captured by the solution forming colloidal suspensions. The high pressure, high density
liquid environment allows unique nanostructures to form, the size and shape of which
can be varied by appropriate choice of laser pulse and environmental parameters [15],
[27]. Additionally, the type of liquid in which the nanoparticles are being created will

have an effect on the size distributions within a colloidal suspension [28], [29], [30].

The plasma created in a liquid environment experiences increased levels of confinement
due to compression from the dense surrounding medium. In a study comparing the
expansion of a laser produced aluminium plasma in air and water using time resolved
imaging, Kumar et al. reported that the expansion rate is comparable only at the early
plasma lifetimes [20]. In their investigations they have found that the plume expansion
reaches a plateau level in water much earlier than in air using the same laser pulse
energy. From spectroscopic measurements, electron densities were estimated from Stark
broadened Al transitions to be roughly an order of magnitude greater in a background
of water than in air ambient with densities of 3x10™ cm™ and 2x10" ¢cm™ respectively
being deduced at early plasma lifetimes. The densities recorded at later times were
found to tend towards the same value of approximately 2x10™ cm™ after roughly 1 ps.
During related work using a copper target, a similar trend was observed for the
temporal evolution of the electron densities calculated in air and water ambient with a
more rapid decay occurring again in the case of water [31]. The electron temperatures
were also calculated as a function of time in this study with a higher temperature
determined in the air plasma, roughly 2x that observed in water. Similar to the results

on electron densities, a more rapid cooling is found in the case of water ambient.



Exhibiting higher electron densities, an increased rate of collisional events is proposed in
liquid ambient. This produces a high rate of heat transfer which contributes to the rapid
decrease in temperature observed. This is also apparent from the rapid quenching of

emission times observed in the water background during the study.

The plasma that forms on a submerged target is accompanied by the production of an
energetic shockwave that expands radially from the target surface. The shock-front
consists of a layer of compressed gas that develops due to the rapid explosive delivery of
energy to the target. In addition to the shockwave that forms, a stress wave is also
induced in the target material. These two laser-induced shock processes have been
studied simultaneously in the works of Nguyen et al using the technique of
photoelasticity [32], [33]. Using this approach, several waves are discerned both inside
and outside of the target material. The laser-induced stress wave produces a series of
waves which expand radially into the target material. The formation of a longitudinal,
compressive wave front termed a “P-wave” front is apparent from photoelastic images
within the solid phase which is followed by several fringes. In addition to the shockwave
and cavitation bubble, an inverted “V-shaped” wave is observed approximately 200 ns
after the laser pulse arrives at the target surface. The v-shaped wave is thought to be a
shockwave that travels horizontally along the target interface [33]. Photoelastic images
in air and water observed using the same laser conditions show that a much stronger
amplitude stress wave is generated in the liquid environment. A possible explanation for
this phenomenon is the confining effect of the water, which prohibits the expansion of

the plasma thereby creating a stress wave of greater amplitude.

In addition to the shockwave that is generated in a liquid, a “cavitation bubble” forms
several microseconds after the initial laser pulse is fired. After plasma ignition, a bubble
of heated gas is created as energy is transferred from the plasma to the surrounding
liquid molecules. This heating results in the production of a layer of water vapour which
grows into a cavitation bubble as the plasma cools. Shadowgraphy has been the most
commonly employed technique in the study of the laser produced shockwave and the

cavitation bubble. This is a relatively simple technique which allows the evolution of the



bubble to be examined dynamically. The bubble expands until a maximum radius is
reached on the order of millimetres, depending on the initial energy of the laser pulse,
with a larger radius formed at higher pulse energies [34], [35]. The collapse of the bubble
may be followed by the growth and collapse of secondary, and tertiary bubbles of
increasingly smaller radius [35], [36]. This period of growth and collapse cycles of
subsequent cavitation bubbles continues until the energy of the induced cavitation
bubble has been dissipated. The cavitation bubble consists of liquid vapour and is
formed approximately one microsecond after the creation of the plasma in liquid. A
second laser pulse directed onto a submerged target and coincident with the cavitation
bubble will generate a plasma in a very different environment to that of the bulk liquid.
In this gaseous-like surrounding, the appearance of atomic spectra may be observed
much more readily than in the bulk liquid itself where emission is rapidly quenched by

electron-ion recombination.

While many studies are available from the literature relating to PLA in liquids the
majority of this work involves characterisation of colloidal suspensions. As yet, the
processes involved in laser ablation of solid targets in liquids are not well understood [3],
[20] and research carried out to date is limited compared to those studies carried out in
air [3], [4]. Much work remains to be done on the fundamental understanding of the
interactions taking place during plasma formation in liquid ambient which constitutes
the main motivation of the current work. By studying submerged plasmas using the
diagnostics commonly applied in plasma studies under vacuum, it can be expected that
new information would be learned to complement studies performed in other areas such

as material processing. Another field for which these studies may be of relevance is in

studies [20], [38]. An excellent review on the current status and findings in the literature
on LIBS under water is found in the paper by De Giacomo et al. [10]. For submerged
samples, the poor emission associated with laser produced plasmas in liquids is

overcome by the double-pulse method which was first applied in liquids by Pichahchy et

! Limit of detection is the lowest concentration of a substance that the analytical process can
reliably detect [37]



al. [39], although good quality atomic spectra have been reported using relatively long
laser pulses also [40]. Laser ablation in liquids has many applications such as the
monitoring of corrosion in nuclear power plant [38], tissue identification in biology [41],
laser surgery [42], underwater geological and oceanographic studies [43] and marine
research [44]. In particular for medical applications, the understanding of these processes

is of fundamental importance due to the high water content present in human tissue.

Many methods exist for the study of laser-produced plasmas. Using techniques such as
time resolved imaging and spectroscopy, useful information related to plasma
parameters may be extracted. In this way processes taking place can be tracked as the
plasma evolves and important information is revealed. Using a range of analysis
techniques the results on an in-depth study of the plasma-liquid interaction are
presented in this thesis. Each of the experiments performed served to provide a better
understanding of the fundamental processes taking place forming the motivation for the

present work.

1.3 Thesis Structure

This thesis is divided into eight chapters. This chapter has introduced the topic of laser
produced plasmas in liquids and provided an overview of the relevant up-to-date
findings available in the literature. A brief description of the contents of each of the

remaining chapters is provided for ease of reference.

In chapter 2 the relevant theoretical background related to laser produced plasmas is
presented. Plasma evolution, atomic processes and applicable equilibrium models related
to plasmas are described. The concepts underlying the experimental techniques

employed and methods used in the analysis of experimental data are also discussed.

The different experimental systems and equipment used are described in chapter 3.

During the course of this work a range of diagnostic techniques were utilised in the
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study of laser produced plasma in both air and water ambient. An outline of the
operational methods associated with experimental systems that were used is provided in

this chapter.

The results of studies performed under atmospheric conditions in air are presented in
chapter 4. For plasma emission studies, time resolved imaging and spectroscopy were
employed to study the physical evolution of the plasma and its spectroscopic emission in
the visible wavelength range. Shadowgraphy measurements were also carried out to
investigate the shockwave expansion associated with the laser produced plasma.

Electron density and temperature calculations are also presented and discussed.

Chapter 5 outlines the findings on aluminium oxide formation in air. Using an optical
parametric oscillator, a series wavelength-tuned pump-probe experiments were
performed. By varying the time delay between the pump and probe beams, a series of
experiments were carried out to study the effect on the emission observed by delaying

the delivery of the probe pulse to the molecule.

The results of laser produced plasmas in a liquid environment are detailed in chapter 6.
A series of single pulse and double pulse studies were performed, the results of which
are presented in this chapter. The shockwave formation and cavitation bubble evolution

are studied in liquid using shadowgraphy.

Chapter 7 provides a comparative study of laser produced plasmas in air and water
using a range of experimental techniques. Different plasma expansion models are
applied for plasmas created in air and water environments and the results discussed. An
overview of the main findings and unique features associated with plasma formation in a

background of air and liquid is presented.

Finally, chapter 8 concludes the work carried out and summarises the main findings

presented in this thesis. Suggestions for potential future work are also outlined.
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Chapter 2

Theoretical Background

This chapter will introduce the fundamental properties of laser produced plasmas. The
principal atomic processes occurring within the plasma will be discussed in addition to
the relevant plasma expansion and equilibrium models. The principles of plasma
diagnostic techniques applied in this work will be described as well as the physical
properties of the plasma that may be extracted using these methods. Finally, the unique

processes associated with a laser produced plasma in a liquid will be detailed.

2.1 Plasma Definition

A plasma is essentially a gas of charged particles consisting of a mixture of positive ions
and negative electrons and is considered to be a unique state of matter. Plasma is
fundamentally distinct from all other states of matter in that plasma formation requires
the stripping of electrons from atoms and not the breaking of atomic bonds (albeit
molecular dissociation can occur in a plasma). A laser produced plasma is formed when
an intense laser pulse is focused onto a target material to an irradiance in excess of the
threshold value of the material which is typically ~0.1 GW /cm? In this instance, atoms
will become ionised due to the absorption of photons and an assembly of electrons, ions

and neutral atoms will result in the creation of a plasma provided certain criteria are
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met. The first important criterion is that the plasma must exhibit overall charge
neutrality during its lifetime meaning that:

Nne = Z nyZ (2.1)

z

where n, is the electron density and ny is the ion density in charge state Z [1].

Charged particles can interact over significantly larger distances than uncharged
particles. The distance over which a charged particles can influence neighbouring

particles is known as the Debye length (1p) and is defined as [1]:

1

EokpTe\2
po = (22T%) 22
D neez ( )

where g, is the permittivity of free space, kp is the Boltzman constant, T, is the plasma

temperature in Kelvin and e is the charge on the electron.

The Debye length is a measure of the charge seperation present in the plasma and also
the distance over which the electric field of the charge penetrates into the plasma. The
plasma electrically shields the volume surrounding the charged particle over a distance
equal to the Debye length. If this is the case then the plasma is said to be quasineutral
meaning charge neutrality holds over the physical extent of the plasma. The dimensions
of the plasma must be greater than the Debye length for the definition of a plasma to
hold, that is L >> Ap [2]. Outside of the plasma the potential of the charged particles

will fall with a 1/r dependance.

Within the assembly of charged particles any perturbation of one charged particle will
influence the surrounding neighbours. The collective response of the neighbouring
particles is contained within the concept of the Debye sphere and is another important
criterion in the defining of a plasma. The Debye sphere is characterised by the

expression [2]:

Np = =n,mA3 (2.3)

17



The Debye sphere (having units of number of charges) is also known as the “plasma

parameter” and must have a value greater than unity.

When disturbed from equilibrium the system will exhibit electrostatic restoring forces
which effectuate an oscillation about the equilibrium position. The displacement of
charge will result in the collective oscillation of the charged particles. The electron
oscillation will be the most significant contribution in comparison to the more slowly
moving ions. The sinusoidal motion of the electron oscillation is defined by the electron

frequency w,:

1
— nee2 2 (2 4)
We = —_— .

where m, is the mass of the electron [2].

Taking into account ion motion an expression to define the so-called plasma frequency

wp is given by:
wp = W% + wf (2.5)

where w; is the ion frequency. As the ion mass is much greater than the electron mass,
the ion frequency is much less than the electron frequency and so the palsma frequency

is usually taken to be approximately equal to the electron frequency.

A plasma which is subject to an electromagnetic wave at a frequency greater than the
plasma frequency will not be capable of responding to the field. This means that the
plasma is transparent to frequencies above the plasma frequency and opaque to those
below it. By using equation 2.4 and setting @ = w) the electron density at which an
electromagnetic wave can no longer propogate through the plasma can be ascertained

which is given by [1]:

gomow?

n, = (2.6)

el

This is known as the critical density which for an neodymium-doped yttrium aluminium

garnet (Nd:YAG) laser of wavelength 1064 nm is 10* ¢cm™ and so, for n, above this
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density, Nd:YAG laser radiation will be reflected by the plasma. The electromagnetic
wave is reflected off the so-called “critical density layer” of the plasma and undergoes an

exponential decay as a function of distance into the plasma.

2.2 Plasma Evolution

When an intense laser is focussed onto a material, an interaction takes place with the
target surface and a plasma is formed. The plasma that forms depends greatly on the
parameters of the laser pulse including the wavelength, intensity and pulse shape and
duration. For 50 mJ pulses of 6 ns duration focussed to a spot size of diameter 100 pum,
typical irradiances achieved during the current work were on the order 10"-10" Wem™
The properties of the plasma that is produced will depend also on the properties of the
material target used such as atomic weight, density, surface reflectivity, conductivity,

etc. The evolution of a laser produced plasma can be classified into three stages:

(i) The interaction of the laser pulse with the target material produces heating
of the target surface and subsequent melting and evaporation

(ii) Interaction of the laser pulse with the ablated material (and isothermal
expansion)

(iii) Expansion of the plume into the surrounding medium after the laser pulse

(adiabatic expansion)

When the laser pulse reaches the target surface, radiation will penetrate into the
material up to a thin layer (several nm) referred to as the optical skin depth which is

defined as:

2
§= |— 2.7
ol (2.7)

where w is the angular frequency (s') of the incident laser radiation, pis the magnetic

permeability of free space (kgms®A?) and o is the conductivity (kg'm?®s’A?) of the
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target material [3], [4]. The optical skin depth using 1064 nm radiation is < 10 nm for

an aluminium target.

Radiation is absorbed by electrons within the skin depth through various processes (e.g.
photoexcitation, single photoionization and multi-photon ionization) resulting in the
release of electrons. Energy can be transferred into the bulk material by energetic
electrons which have been promoted to the conduction band. This energy transfer can

take place up to a depth given by the heat penetration depth Lgy:

Ly = +/2D7) (2.8)

where D is the heat diffusion coefficient (D = k/pC (k thermal conductivity
(W/(mK)), p mass density (kg/m?®) and C is the specific heat capacity (J/kgK) and 7,

is the pulse duration of the laser [3].

The heat penetration depth is typically on the order of ~1 pm. Being several times
larger than the optical skin depth, the energy delivered by the laser pulse is largely
transferred by heat conduction several microns into the bulk material which acts to melt
the material. For nanosecond laser pulses the phase transitions of the laser-matter
interaction process are solid = liquid = vapour. As metals require more energy to
undergo vaporisation than melting, vaporisation of the molten material occurs when the
energy absorbed by the skin depth becomes larger than the latent heat of evaporation.
The ablation depth AZ (cm) can be determined from:

~AS(FL_Fth)

AZ
pLy

(2.9)

where A is the surface absorbance, F is the laser fluence (J/cm?), Fyy is the threshold

fluence and L, is the latent heat per unit mass [3].

The majority of electrons and ions released from the target surface are restricted to a
distance of a few nanometers forming the so-called “deflagration layer”. The free
electrons in this layer interact with the laser pulse via the inverse-Bremsstrahlung (IB)

process [3]. In the IB process, an electron absorbs a laser photon in the field of an ion of
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charge Z. Absorption of photons by the IB process is greatly dependent upon electron
and ion densities and also on the laser pulse wavelength. The IB absorption coefficient is

defined as [5], [6]:

1
4( 2T )i Z%e®
3

ajp = 01N, = 3 3kyT,
e

—hv
hcm?v3 Ble
e

where a;p is the IB cross section, N; and N, the number density of ions and electrons, v
is the laser frequency, Z the ionic charge, h Planck’s constant. The Gaunt factor gss is
included in a more exact theory of the absorption coefficient and is taken as unity by

Kramer’s rule [3], [7].

The IB process is less efficient at lower wavelength which means short wavelength lasers
are preferable in probing the dense regions of a plasma which are opaque to infrared
radiation. The absorption of radiation by the IB process imparts kinetic energy to the
liberated electrons. These energetic electrons cause further ionisation and the electron
density increases. As this process continues a point arises at which the electron density
has increased to critical density (see equation 2.6) which for an Nd:YAG operating at
the fundamental frequency is 10°! cm™®. When the critical density is reached the laser
pulse is reflected from the critical density layer. As the plasma expands the electron
density decreases below the critical density and radiation from the laser can be
absorbed once more. This process repeats until the laser pulse has terminated. While
the majority of the laser pulse energy is absorbed in the thin layer around the critical
density boundary (the deflagration zone), a low density plasma exists in front of this
zone which can expand isothermally away from the target surface. This stage in the
evolution of the plasma can be considered isothermal as the heating cycle time is much
less than the expansion time. Hence although the plasma volume is increasing, the

plasma temperature will remain constant.
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2.3 Plasma Expansion

During the temporal interval of the laser pulse the plasma is classified as isothermal,
meaning the rate of thermal radiation produced via IB and collisional excitation is
greater than or equal to the rate of heat loss to the surroundings by radiative processes.
A dynamic equilibrium exists between the absorption of laser radiation by the electrons

and the rapid conversion of thermal energy to kinetic energy.

After the termination of the pulse the plume evolution proceeds via an adiabatic
expansion (for the case in vacuum). Here no further evaporation of particles occurs and
the plasma plume cools upon expansion. The plume evolution in this regime is
described by the adiabatic expansion model of Singh and Narayan [8]. In this model the
plasma is treated as an ideal gas at high pressure, temperature and fixed volume which
expands abruptly into a vacuum. The model does not differentiate between the motion
of different species present in the plasma. The expansion velocities of the plasma plume
constituents are related to the initial temperature, dimension and atomic mass of the
species present. The expansion for all species is expressed by the equation of adiabatic

expansion as follows:

d%Xx
(@) [F

a2z =kBTo[ XoYoZo ]y’l (211)

—y v =7
= (t)[ﬁ]— (t)[dtz m XY ()Z(t)

where Xg, Yy and Z, are the initial values of X, Y and Z which are the plume dimensions
at time t. Tj is the isothermal temperature of the plasma, m is the mass of the atomic
species and y is the adiabatic parameter which is the ratio of the specific heat capacities

at constant pressure and volume.

Looking at equation 2.11 it is evident that if the initial dimensions of the plasma are
large, then the acceleration in that direction is small. As the velocity of ablated species
is determined by the pressure gradient experienced, the expansion is anisotropic in the
Z direction perpendicular to the target [8] where the gradient is greatest. Since Xpand

Yo are on the order of the spot size (i.e. ® 100 pm) and Z, is on the order of the
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physical plasma dimensions (= 2 pm), it is clear that the plasma expands much more

rapidly in a direction normal to the target surface than in the lateral direction.

As it expands most of the thermal energy is converted into kinetic energy and velocities
of roughly 10°cm/s in vacuum are typical for the type of laser irradiances of concern
here [9]. The expansion velocities are determined by the pressure gradients that exist in
the plasma. As was the case in the isothermal regime, the initial transverse expansion
dimensions are much larger than the perpendicular dimension. Having the largest
pressure gradient, the predominant expansion will be in the perpendicular direction [8],
leading to an elliptical shape of the plasma plume. As the plasma expands, the velocity
of the electrons greatly exceeds that of the heavier ions. The electrons will travel at the
outer region of the plasma with the ions trailing behind. The Coulombic force that
exists between the oppositely charged species will act to accelerate the ions and slow the
electrons which may result in the occurrence of charge-separation within the plasma at

early expansion times [9], [10], [11].

2.4 Atomic Processes in Plasmas

The processes that occur within a laser produced plasma may be classified as radiative
processes (those relating to the laser radiation delivered) and collisional processes (those
related to the transferring of energy between species within the system). In any laser-

matter interaction a number of processes can take place:

(i) Absorption of photons by atoms or ions resulting in an excitation of plasma
atoms and ions into more highly excited bound states (photoabsorption)

(ii) Absorption of photons by atoms or ions resulting in liberation of electrons
into the free-electron continuum (photoionization)

(iii) Absorption of photons by free-electrons in the vicinity of ions resulting in an

increase of kinetic energy of the electrons (inverse-Bremsstrahlung)
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During the lifetime of the plasma collisional processes between electrons, ions and
neutrals will dominate energy transfer within the system and also the radiative emission
that takes place. Radiative and collisional processes are however linked throughout the
plasma lifetime. The main processes occurring between species in a laser produced
plasma are summarised in table 2.1. These can be categorised into three main classes

which are bound-bound (B-B), bound-free (B-F) and free-free (F-F) interactions.

Process Excitation De-excitation Type
B-B Impact Excitation Impact De-excitation Collisional
B-B Photoabsorption Spontaneous Decay Radiative
B-F Impact Ionisation 3-Body Recombination Collisional
B-F Photoionisation Radiative Radiative

Recombination
F-F Bremsstrahlung - Collisional
F-F - Inverse Radiative
Bremsstrahlung

Table 2.1: The main atomic processes that occur within a laser produced plasma [12].

2.4.1 Bound-Bound Pathways

Collisional Processes.

A bound electron may gain or lose energy through collision with another electron. The
bound electron may become excited by energy transfer from the free-electron to the
bound electron, promoting it to a higher energy level. This process is referred to as
electron-impact excitation. The inverse situation may occur wherein the bound electron
may be demoted to a lower energy level within the atom upon collision of the atom with
another electron. This process is known as electron-impact de-excitation. In this case the
second electron which is causing the de-excitation will experience a gain in kinetic

energy equal to the difference between the initial and final states of the first electron.
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The following balance equation describes these collisional processes [12]:
A+te(e) = A" +e(e) (where e, < €;) (2.12)

where 4 is the atom/ion under consideration in a relaxed state and A" is the atom/ion
in an excited state. €; and €, are the free electron kinetic energies before and after
collision. Electron-impact excitation proceeds left-to-right in the balance equation with

electron-impact de-excitation occurring right-to-left.
Radiative Processes.

Photoabsorption is the process of promotion of an electron to an excited energy state by
absorption of a photon. Spontaneous decay is the inverse process whereby an electron is
demoted to a lower energy level by emission of a photon. These processes are described
by equation 2.13. Photoabsorption occurs left-to-right and spontaneous decay occurs

from right-to-left in the balance equation.
A+hv 2 A (2.13)

A schematic of the bound-bound processes described is given in figure 2.1.
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Figure 2.1: Schematic of (a) collisional and (b) radiative bound-bound processes occurring in
a laser produced plasma [12] where E; > Ej.

These bound-bound collisional and radiative processes are the principal interactions
that take place. In a laboratory plasma where electron densities are typically between

10 em™ - 10*" cm™®, collisional interactions play a vital role in plasma interactions. The
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competition between collision and radiative processes are key factors in plasma

equilibrium models which will be discussed in section 2.5.

2.4.2 Bound-Free Pathways

Bound-free processes occur between discrete (bound) states and continuum (free) states.
When an ion receives enough energy, an electron may be promoted to the continuum. A
free electron may also lose energy and be captured by an ion of charge “z+1” into a
discrete energy level of an ion of charge “z”. These types of processes are ionization and

recombination transitions respectively.

Collisional Processes.

Ionisation occurs when a free electron collides with a bound electron and imparts
enough energy to promote the bound electron into a continuum state. This process is
known as electron-impact ionisation and results in ionisation of the target atom (or ion).
The inverse process is known as 3-body recombinalion and occurs in relatively high
density plasmas in which a high probability exists to find two free electrons entering the
Debye sphere of an ion. The first electron may be captured by the ion (reducing the
ionization stage by one) while the second electron may absorb this surplus energy and
experience a gain in kinetic energy. Since this process involves the interaction of an ion
and two free electrons it is termed a “3-body” recombination. The first electron can now
transition (by potentially multiple steps) to a lower bound state of the atom/ion. The

two processes are described by the following balance equation:
AZ + e;(€1) = A% + e[ (€]) + ey(€,) (61 > €1) (2.14)

where Z represents the charge state, €; is the energy of the incoming electron, €;
denotes its energy post interaction and €, is the energy of the liberated free electron.
Ionisation proceeds left-to-right in equation 2.14 and 3-body recombination proceeds
from right-to-left.
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Radiative Processes.

When a bound electron absorbs a photon of energy greater than the binding energy of
the atom, an electron will be liberated into the continuum and the parent atom will
become ionised. This process is referred to as photoionization. In cases of very high
photon energy more than one electron may be liberated known as single photon, multi-
electron ionization. This process can only occur where strong electron-electron
correlation prevails [13]. Conversely, an electron existing in a continuum state may
combine with an ion emitting a photon in the process. This interaction is known as
radiative recombination. Both processes are described by equation 2.15 with
photoionization proceeding from left-to-right and radiative recombination from right-to-

left.
AZ+hv =A%t t+e (2.15)

Bound-free radiative processes are of particular importance in low density plasmas
where competing collisional processes are of reduced significance. A schematic to
represent the bound-free processes taking place within the laser produced plasma are

shown in figure 2.2.

E

Ey

a 1 (b)
“""",El"'“tm" Tonisation : Recombination Free electron Tonisation : Recombination
continuum \ continuum |
1 ) e | ®
|
lonisation /S S LA LSS SN Tonisation L LSS
potential | potential :
: E, : E;
: v AN : AUk
! 1
—— : :
1
|
I
I
|
I

Figure 2.2: Bound-free transitions occurring in a laser produced plasma. Figure (a)
demonstrates the collisional processes and (b) shows the radiative processes which may occur
[12] where EZ > El'
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2.4.3 Free-Free Pathways

Only two mechanisms account for free-free transition possibilities within the plasma,
namely the collisional process of Bremsstrahlung and the radiative process of inwverse-
Bremsstrahlung (IB). These free-free interactions are of particular importance in the
laser produced plasma. The Bremsstrahlung process is the dominant feature of early
lifetime plasma emission (< 100 ns typically) and IB is the primary mechanism through
which laser radiation is absorbed and heating occurs [6]. Both processes involve the

scattering of a free electron from a nearby ion.

Collisional Processes.

An electron passing near an ion will feel the force of the Coulombic field and may
decelerate resulting in the emission of a photon during this process. The emission of
many multiples of these photons produces the familiar “braking radiation” observed in
the early stages of a laser produced plasma. This continuum radiation is incoherent in
nature and can provide meaningful information on the temperature of the plasma

formed [14].

Radiative Processes.

The inverse-Bremsstrahlung process occurs when a free electron passing near the
vicinity of an ion absorbs a photon and experiences an increase in kinetic energy. This
interaction may only take place in the vicinity of an ion where any additional
momentum occurring by this process may be transferred to the heavier ion. The two
free-free processes described are represented in equation 2.16 where the Bremsstrahlung

processes proceeds from left-to-right and the IB process vice-versa.
AZ +e(e) =A% +e'(e€) +hv (e > € (2.16)

The free-free interactions are demonstrated in figure 2.3.
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Figure 2.3: Schematic illustration of free-free processes of collisional Bremsstrahlung and
radiative inverse-Bremsstrahlung occurring within the laser produced plasma [12] where the

energy of continuum states e > €'.

2.5 Equilibrium in Plasmas

A plasma which exists in a state of complete thermodynamic equilibrium (CTE) must

meet the following criteria [1]:

(i) All plasma species (electron, ions and atoms) exhibit a Maxwell velocity
distribution [15].

(ii) The population distributions over the states of any atom or ion are given by
the Boltzmann relation [16].

(i)  The ratio of ions having charge Z to those of charge (Z-1) is given by the
Saha equation [17].

(iv)  The intensity distribution of the emitted radiation can be described by the

Planck radiation distribution function [18].

All atomic processes occurring in an ideal CTE plasma are balanced by an equal and
opposite process. This ideal case is not feasible in laboratory plasmas due to energy
losses brought about by the emission of radiation. As a result, a model with more
flexible criteria must be employed for the description of the laboratory plasma which is
transient in nature. The three thermodynamic models most frequently employed for

laboratory plasmas are:
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(i) Local Thermodynamic Equilibrium (LTE)
(ii) Coronal Equilibrium (CE)

(ii)  Collisional Radiative Equilibrium (CR)

The applicability of each model is largely dictated by the electron density present in the
plasma. Figure 2.4 is a phase diagram in which the limits of applicability of the various

plasma equilibrium models are shown as a function of plasma temperature [19].
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Figure 2.4: Criteria for applicability of different plasma equilibrium models. Taken from [19].

2.5.1 Local Thermodynamic Equilibrium (LTE)

The LTE model describes a system in which collisional processes dominate over
radiative processes. For this to occur, a high electron density must exist in the plasma
such that the collision frequency is high. The plasma is considered to be in a state of
equilibrium when the rate of collisional excitation and ionisation is equal to the rate of

collisional de-excitation and three-body recombination [19]. The electron density must
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be high enough that an ion in an excited state has a greater probability of returning to
the ground state via collisional de-excitation than by spontaneous emission which puts a

lower limit on the electron density given by the McWhirter criterion [20]:

1

ne = 1.6 x 1012T2(AE) 3 (2.17)

where n, is in units of cm®, T, is the electron temperature in Kelvin and AE in €V is
the transition energy for the emission line used to diagnose the plasma. The electron
density requirements are higher in the case of optically thin plasmas where re-

absorption of radiation is not significant.

Contrary to the case of CTE, the temperature is not necessarily uniform throughout the
plasma. The electron and ion velocity distributions must however obey a Maxwell-
Boltzmann distribution. This criterion is satisfied when the electron-electron relaxation
time is small compared to the electron heating time. This condition is characteristic of

all plasma radiation models [19].

2.5.2 Coronal Equilibrium (CE)

The CE model describes low density, optically thin plasmas such as those typically
found in solar coronas. In these low density, high temperature (typically n, < 10" cm™)
plasmas the rate of radiative de-excitation processes becomes comparable, or even
greater than the rate of collisional de-excitation processes. Collisional excitation rates
are low in the CE plasma due to the low electron density, meaning that excited
electrons will have sufficient time to relax to the ground state before another collisional
excitation incident can occur. The significance of this is that the majority of ions within

the plasma will be found in the ground state.
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2.5.3 Collisional Radiative Equilibrium (CRE)

For plasmas with a moderate electron density (in the range 10" cm®— 10" cm™) the
CRE model is appropriate. In this regime, the rate of collisional recombination and
radiative recombination processes are comparable in the plasma. In order for the CRE
model to be valid the population density of ions having charge (Z+1) must not change
significantly during the period when the quasi steady-state population distribution is
being established among the ions of charge Z [19]. The plasma must also be optically

thin to its radiation.

2.6 Fast Imaging

A number of different plasma diagnostic techniques were employed during the course of
this work on the study of laser produced plasmas in liquid and air. Imaging and
spectroscopy experiments were used to track the expansion dynamics of the plasma and
to extract information on plasma parameters such as electron temperature and density.
Laser interferometry and shadowgraphy can be employed to study the spatial
distribution of electron densities or regions of non-uniformity such as shockwave
expansion. All of these techniques can be applied to laser produced plasmas to build a
full picture of the plasma properties. This section will detail the theory of each
diagnostic technique and the methods by which useful plasma parameters can be

extracted.

Broadband emission imaging is a technique widely employed in the study of laser
produced plasmas. By applying a fast electronic shutter to gate the charge-coupled
device (CCD), the spatial and temporal evolution of the excited emission plume can be
tracked. Gate widths on the order of ten nanoseconds were typically used throughout
this work allowing the plasma emission to be observed with good temporal resolution.
An increasingly higher voltage can be applied to the intensified charge-coupled device

(ICCD) array to yield a higher gain for a sufficiently bright image to be obtained at late
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times when plasma emission is weakening. The operation of the ICCD is discussed in
further detail in section 3.4. From imaging data the physical dimensions of the plasma
as well as plume velocities can by ascertained for the entirety of the excited plasma
emission lifetime. During this work plume front was defined as the position at which the
ICCD count had dropped to 1/e (~0.37) of its maximum value in the expansion

direction normal to the target surface.
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Figure 2.5: Image of aluminium plasma formed in air using a 1064 nm, 52 mJ pulse with
corresponding lineout beneath. Plume front positions were extracted from image lineouts.

Image recorded at a delay time of 30 ns using a 10 ns gate width.

Spectral filtering of the plasma emission allows specific charge states of interest to be
imaged. Narrow bandpass filters may be inserted into the setup which will allow
selection of a particular spectral transition of interest. For example, the singly charged
aluminium ion at 466.6 nm may be isolated from the broadband emission by means of a
filter whose central wavelength corresponds to the transition of interest. This most
simplistic of diagnostic tools can provide information on spatial and spectral
distribution maps of emitting species as a function of time. The imaging of plume
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dynamics is however limited to the excited emitting species and does not represent

those non-emitting species in the cold outer regions of the plasma.

2.7 Optical Emission Spectroscopy

Arguably the most informative diagnostic tool is emission spectroscopy. The spectral
radiation emitted by the laser produced plasma contains information relating to the
constituent emitting species within the plasma. Analysis of this spectral radiation

provides knowledge of important plasma parameters.

Two types of radiation are emitted by the plasma. Continuous or broadband radiation is
emitted by bound-free and free-free interactions and is the dominant radiation type in
the first ~100 ns of the plasma lifetime. At mid to late plasma lifetimes, line radiation is
observed due to bound-bound interactions. The profile of an emitted spectral line will
be determined by the local plasma conditions and different broadening mechanisms will
have an effect. The three main mechanisms taking place in the plasma are natural,
Doppler and pressure broadening. Each of these potential broadening mechanisms are
related to different properties of the plasma, namely transition probability, thermal

velocity and collision frequency for each mechanism respectively.

In this section the spectral line profiles will be discussed as well as the different
broadening mechanisms that may occur. The methods in which electron densities and
temperatures have been extracted from spectroscopy measurements will also be

discussed.

2.7.1 Natural Broadening

The angular frequency of radiation emitted or absorbed in a transition between two

discrete energy levels is given by:
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E, - E
h

Wy = (2.18)

where E, > E;, wyq is the angular frequency of the photon emitted and £ is the Planck

constant divided by 2m.

According to this relation an infinitely sharp line is emitted (or absorbed). From the
Uncertainty Principle the exact knowledge of the energy of such levels is forbidden
leading to a spread of possible energies on the order of A/t where T is the lifetime of the
state. This means that a finite probability exists for a photon to be emitted in some
finite energy interval centred about (E, - E;). This is the minimum possible spectral line
width that may be measured which results in a Lorentzian intensity distribution
function of the form:

I 1

Lw) = 27 (0 — wg)? + (T/2)2

(2.19)

where I'/2 is the Full Width at Half Maximum (FWHM) of a normalised Lorentzian
line [12]. In general the natural line width of an atomic transition is beyond the
resolution of most laboratory scale grating spectrometers and is usually probed using

actively stabilised narrow linewidth lasers or Fabry-Perot interferometers.

2.7.2 Doppler Broadening

Doppler broadening is a shift in the observed wavelength of a line caused by the motion
of the emitter with respect to the observer. A shift to shorter wavelength (blueshift) is
observed if the emitting atom is moving towards the observer and the opposite
(redshift) for an emitter moving away from the observer. The observed wavelength is
given by:

Aopservea = Ao (1 v—x) (2.20)

(o

where v, is the non-relativistic velocity of the emitter and A, is the emitted wavelength.
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The Doppler effect creates a spread of observed wavelength and is related to the
velocity distribution of the emitters. Assuming a Maxwellian velocity distribution this

results in a Gaussian profile for the observed spectral line of the form:

G(w) = exp (—l(w _ w0)2> (2.21)

1
\2ro 2 o

where o is the FWHM of the Gaussian line [12].

The Doppler broadening contribution plays a significant role in high temperature
plasma and in low-Z elements where the velocities of the emitting species are greatest.

The FWHM (nm) of such a line is given by [21]:

T
Adp, = 7.16 X 10762y |— (2.22)
3 m

where m is the atomic weight of the emitting atom or ion, A is the centre wavelength
(nm) and T is the temperature (K) of the Maxwellian velocity distribution of the

emitters.

2.7.3 Pressure Broadening

Interactions occurring between the emitter and the surrounding species will induce
pressure broadening. Three classifications exist which are (i) resonance, (ii) Van der
Waals and (iii) Stark broadening depending on whether the interaction taking place
with the emitter is with (i) the same type of atom, (ii) a different type of atom or (iii) a

charged particle.

The class of broadening of greatest concern in the work reported here is Stark
broadening as the majority of particles comprising the plasma are by definition charged.
There are two components that contribute to the Stark broadened line width, electron-
emitter collisions and ion-emitter collisions. Electron-emitter collisions occur on a very
short timescale, much shorter than the natural lifetime of the state. Electron-emitter
collisions dominate the line broadening in dense laser plasmas. The ion-emitter collisions
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take place over a much longer timescale. The FWHM (nm) of a Stark-broadened

spectral line is given by the expression [22]:

n n % - n
Muiaen = 2w (155) + 354i (157) (1 - 1.2ND3> w(55) (2.23)

where w is the electron-impact parameter. The first term on the right-hand side of the
equation describes the contribution due to the electron-emitter collisions. The second
term on the right-hand side of the expression is the ion-emitter contribution which is
determined by A;, the ion broadening parameter. In the case of relatively low
temperature, high density (n, > 10" c¢cm™) plasmas Stark broadening is dominated by
electron-emitter collisions meaning the ion broadening term may be omitted in these
cases reducing the electron density (cm™) expression to [23]:

A
n, = (%) x 1016 (2.24)

In a hot dense plasma, the Stark-shift of the energy levels may also act to broaden the
emission lines. The electric fields from neighbouring particles perturbs the energy levels
of the emitter, causing a shift in the observed wavelength of the emitted photons given
by:
1 1

Mgpipe = d (%) + 24 (%)4 <1 - 1.2N1;§> w (%) (2.25)
where d is the calculated shift parameter [24] i.e. the amount by which a spectral line is
shifted by the plasma field experienced by the emitted atom or ion. Equations 2.24 and

2.25 may only be applied if the number of particles within the Debye sphere is greater

than 2 and if the parameter A; is less than 0.5 [25].

2.74 Gaussian, Lorentzian and Voigt Profiles

As a consequence of the different broadening effects the resulting profile of the emitted

line is in general best approximated by a Voigt profile which takes the form:
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V(w) = L{wo — 0)B®G(wg — w) (2.26)

where @ corresponds to convolution. A Voigt profile is the result of the convolution of a

Gaussian and a Lorentzian profile.

In any real spectral measurement instrument broadening must also be accounted for
which may take many forms (e.g. trapezoidal, Gaussian etc.). The instrument
broadening imposes a limitation on the resolution achievable for the spectra recorded

and should be experimentally determined prior to analysis.

The instrument function was experimentally determined for the spectrometer employed
in this work using a low pressure Mercury lamp (~567 nm line). A FWHM of 0.45 nm
was obtained for a 50 pm slit width which was used for all recorded spectra measured in
this work. The measured linewidth was best approximated by a Gaussian function. An
instrument function of 0.26 nm was achievable using a narrower slit width of 10 pm,
however this had the effect of reducing significantly the amount of light collected by the

CCD. Further details on the spectrometer are presented in section 3.5.
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Figure 2.6: Mercury spectral line measured using a 10 pm slit width and a 50 pm slit width.

Number of spectrometer counts measured ~6X increased using 50 pm slit width.
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2.7.5 Electron Density

Many spectroscopic methods exist for the determination of electron densities in
plasmas. Electron densities may be extracted by analysis of Stark widths, Stark shifts,
relative line intensities and absolute continuum intensities [24]. An approximate
knowledge of the plasma temperature is required for each of these methods. For a laser
produced plasma in collisional-radiative equilibrium, Colombant and Tonon have shown

that this temperature can be approximately known by the expression [19]:

1 3
T(eV) =~ 5x 107°Z5(1A%)5 (2.27)

where Z is the atomic mas, A is the laser wavelength (in pm) and [ is the on-target
irradiance (in Wem®). This estimate for the plasma temperature assumes a state of
collisional radiative equilibrium for the plasma and is considered valid during the laser
pulse [19]. For the laser irradiances used during this work (10" - 10" Wem?), initial
plasma temperatures in the range of ~10 to 40 eV should be expected for plasmas

generated using a 1064 nm laser pulse.

In order to determine electron temperature and densities the plasma was assumed to
exist in a state of LTE. This assumption requires the condition that transitions
occurring within the plasma are dominated by collisional processes as opposed to
competing radiative processes [19]. For the validity of this assumption the electron
density must be sufficiently high, the minimum value being determined from the
McWhirter criterion given in equation 2.17. This places a lower limit of n,~10" cm™ for
transitions studied during the work reported here (from equation 2.17) making LTE a

valid assumption since the measured plasma densities exceeded ~10' cm™ in all cases.

2.7.6 Electron Temperature

There are many techniques which are used to evaluate electron temperatures in
plasmas. An approximate knowledge of the plasma temperature is indicated by

observation of the maximum ion stage present in the plasma [26]. Bremsstrahlung
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radiation can also be used to calculate the electron temperature in plasmas where no
bound-bound or bound-free interactions occur [1]. As previously mentioned, by equation
2.22 the Doppler broadening of atomic transitions can also be used to calculate electron
temperatures. However the most frequently used techniques are related to line intensity
ratios. The three principal methods are (i) line-to-line ratios from the same charge state,

(ii) line-to-line ratios from successive charge states and (iii) line-to-continuum ratios.

Line-to-Line Ratios from the Same Charge State

In optically thin plasmas of length [ along the line of sight, the integrated intensity of a

line is given by [27]:

hw
Lym = ?m"Anmle (2.28)

8

where I,,, is the integrated intensity of the line, w,,, is the emission frequency of the
line, A, is the atomic transition probability and N,, is the excited state population
distribution. Assuming a state of LTE the population distribution of any two states can

be related by the Boltzmann factor [27]:

N _ gm (— M) (2.29)

kyT

Expressing the ratio of the integrated intensities of the two populations in the same

manner gives:

1 A E. —E
Iﬂ = (a)m mgm) exp( UL n) (2.30)

where m and n refer to the two individual spectral lines. Plasma temperatures
calculated by this method will in general produce errors of at least 10% [27], [28]. The
accuracy of the method can be improved by using the relative intensities of several lines
originating from (or to) the same atomic states of different excitation energies of the
same species. Plotting the logarithm of the intensity ratios against the excitation

energies of the upper levels should produce a straight line [21]. This is known as the
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Boltzmann plot method. The reciprocal of this straight line will provide a more accurate
value for the electron temperature with typical uncertainties in the range of 5-10% as

noted by Griem [24] and observed during this work.

Line-to-Line Ratios from Successive Charge Stages

Due to the relatively small energy differences between excitation energies, line ratios
within a given ion normally do not lend themselves to very precise temperature
measurements [27|. This situation can be improved by measuring the ratios from
successive charge states. This introduces a further energy separation by E., the
ionisation energy, which usually leads to an energy separation of the levels larger than
kgT. Using the Saha equation, Griem has shown that the intensity ratios are given by
[27]:

3
2

3
L _ f19143 (4n%a3n )1 (kBTe) exp
I, fzngvi e Ey

_E, + E, — Eoy + AE,,
( ) 231)

kgT,
where I, f, g and A are the total integrated intensity of the line, the oscillator strength,
the statistical weight of the transition and the wavelength respectively. ay and Ey
represent the Bohr radius and the ionisation energy of the hydrogen atom. E; and E,
are the excitation energies of the successive ion stages. E,, and AE,, are the ionisation
energy of the lower ionic stage and the high density correction factor which accounts for
the shift of the ionisation energy due to a strong electric field. The higher ion stage is

denoted by the subscript 1.

Since the error on the slope is usually greater than the error associated with the line
ratio, the successive ion stage method will provide better precision on the electron

temperature than the Boltzmann plot method.
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Line-to-Continuum Ratios

The background continuum emission is due to free-bound interactions (interactions of
free electrons with ions resulting in recombination) and Bremsstrahlung emission due to
free-free transitions. The relative line-to-continuum method uses the ratio of integrated
line profiles relative to the underlying continuum emission in the same wavelength
interval. This technique is useful at early plasma lifetimes where a strong continuum
emission creates difficulties in accurately measuring the intensity of line emission. The
expression for the evaluation of the electron temperature by this technique has been

derived by Griem [24] and is given by:

€1 Ay A (Eoo —E; - AEoo)
e, W =6y exp ko',

X [E(l — exp </1_Tfl7cwe>> +G (exp (%))]_1 (2.32)

where C, = 2x10” (sK), A,q is the transition probability for the discrete line emission.
€. is the continuum emission coefficient over the line profile and €; is the integrated
emission coefficient over the line profile. A, and A; are the continuum centre wavelength
and line centre wavelength. E, E; and AE, are the ionisation potential, upper level
energy and the correction to the ionisation potential in the field of the ions. U; is the
partition function of the ion of interest. G is the free-free Gaunt factor and ¢ is the free-

bound continuum correction factor [14], [29].

The line-to-continuum method will only yield accurate results when the intensity of the
continuum and line emission are comparable. For laser-produced plasmas this
corresponds to a timescale of roughly 30-100 ns after the creation of the plasma [14].
The determination of the electron temperature using this method is complicated by the
inclusion of the partition function U; which has a non-negligible temperature
dependence. In addition, the continuum correction factor ¢ is unknown for most
situations and must be determined by comparing the line-to-continuum ratios of the two

lines, resulting in simultaneous equations.
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2.7.7 Data Analysis

Analysis of the spectral lines was carried out using the commercial peak fitting software
AAnalyzer [30]. From these fits, measurements of Stark broadened line-widths and
integrated line intensities could be extracted. The parameters acquired from the peak
fitting operation were then exported to MATLAB where electron temperature and
density calculations were carried out. Figure 2.7 shows an example of the fitting
procedure carried out using the AAnalyzer program. The measured Gaussian
instrument function was then used in the AAnalyzer deconvolution software to extract

the Lorentzian component for Stark width analysis.
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Figure 2.7: Aluminium neutral doublet and corresponding fit carried out in A Analyzer [30].
Parameters obtained from fitting procedure include the Stark broadened FWHM and

integrated line intensities.

From the Stark broadened line profiles the electron densities could be deduced using
equation 2.24. Knowing the electron density, the electron temperature could be
subsequently obtained by solving equation 2.31 By comparing the ratio of integrated
line intensities from the spectral line data with the solution on the right-hand-side of
equation 2.31 the temperature may be determined. The process is demonstrated

graphically for ease of representation in figure 2.8.
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Figure 2.8: Theoretical solution to equation 2.31 for a range of electron densities calculated
from the ratio of Al* 466.15 nm and Al° 396.15 nm transitions.

The electron density n, is first determined using the Stark broadening method
described in section 2.7.3. For a given value of n,, equation 2.31 is solved over a suitable
temperature range which produces a solution for the transitions of interest such as those
demonstrated in figure 2.8 for the transitions Al" 466.3 nm and Al’ 396.15 nm. The
experimentally calculated line intensity ratio is then compared to this solution and the
temperature is deduced. As the electron density is changing with time, the temperature

is evaluated at each point in time by this procedure.

2.8 Shadowgraphy

Shadowgraphy is a technique used to measure variations in transmitted intensity of light
which passes through a non-uniform medium such as a laser produced plasma. The non-
uniform electron density distribution of the plasma corresponds to a change in refractive
index for the collimated probe beam. The refractive index of the medium will result in a
deflection of the collimated light probe beam [31]. This is represented schematically in

figure 2.9.
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Figure 2.9: Schematic diagram of the deflection of a collimated light source passing through a
non-uniform medium. Deflection occurs in the position y-direction for a plasma density

gradient along the x-direction.

The phase shift induced by the plasma is given by [32]:

¢ = fn%.dl (2.33)

After passing through the plasma the emerging beam is subtended by an angle 6 with

respect to the incident beam given by [32]:

dp 2 d

On passage through the plasma the beam is deflected through an angle proportional to
the density gradient. If the position of the beam in the absence of the plasma is denoted

by y, then the new position of the beam in the presence of the plasma y’ is given by:

y' =y+L6®) (2.35)

where L is the distance from the non-uniform medium to the detecting plane.

The same deflection occurs in the orthogonal direction i.e. along the target plane
denoted by the z coordinate. A beam incident on a point (x,y) at the detection plane
will be displaced to a position (x',y") on the observation plane in the presence of the

plasma where:
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d d
(x,y)=(x+Lafndl,y+Ld—yfndz) (2.36)

Denoting the incident beam intensity by I; and the detected intensity I; gives:
Idx'dy" = I;dxdy (2.37)

From equation 2.36 and 2.37:

LR f dl 2.38
I dx? = dy? n (2:38)
From this expression and assuming relatively small fractional intensity variations one

retrieves:

Ala _ d2+d2 fdl 2.39
I 7 \dx?  dy? " (239

Thus the recorded shadowgram signal is proportional to the second derivative of the

refractive index of the medium.

Shadowgraphy is a particularly useful technique for studying the dynamic expansion of
the laser produced shock-front [33], [34]. Details of the experimental setup used for
shadowgraphy measurements during the current work are provided in section 3.6. The
compression arising at the shock-front causes a variation in refractive index which is
discernible from the shadowgrams. By differentiating the images, the discontinuities at

the shock-front become more apparent.

2.9 Laser Interferometry

As previously stated, the determination of plasma temperatures and densities at early
plasma lifetimes may be achieved using the line-to-continuum ratios provided by
emission spectroscopy. This method however is more complicated than those available at
mid to late plasma lifetimes. An alternative or complementary technique is provided by

laser interferometry where the electron density distribution at early plasma lifetimes <
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100 ns may be determined [35], [36]. The underlying concept of the interferometer is

described by Hutchinson [32].

According to standard plasma theory the refractive index of the plasma is due to
contribution from free electrons only [32]. The phase shift induced by the plasma is then

related to the number density of free electrons contained in the plasma by:

Ap = —2 fnedl (2.40)

The negative sign denotes a retarding of the probe beam as it passes through the
density gradient of the plasma. Using the mathematical Abel inversion technique [37] a

solution can be obtained which gives the electron density as [38]:

/1 n rmax dA 1
n, = — 4+ Cf —(p()c2 — 1) 2dx (2.41)
. dx

T

where r is the radial distance from the centre of the plasma to the light path passing

through the plasma and x is the propagation distance of the light [37].

The interferometry setup used during this work is detailed in section 3.6. Figure 2.10
shows an example of an interferogram of an aluminium plasma recorded using a 38 mJ,
1064 nm laser pulse in air and the corresponding background interferogram where no
plasma is present. The interferograms were recorded at a time delay of 50 ns.
Hemispherical fringes corresponding to plasma shockwave expansion from the point of

laser focus on the target can be discerned from the image.
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Figure 2.10: Interferogram showing shockwave expansion after 50 ns in air (left) and
background interferogram where no plasma is present (right). Interference fringes can be seen

in the presence of the plasma.

2.10 Laser Produced Plasmas in Liquid

A laser produced plasma created in a liquid environment exhibits some very unique
behaviours compared to that of a plasma formed in gas or vacuum. The expanding
plasma is heavily restricted by the density of the surrounding background. Owing to
this, the high-pressure plasma that is created drives a shockwave into the surrounding
liquid. The high density liquid acts to constrain the plasma during expansion which
creates a stronger shock in comparison to ablation under atmospheric conditions [39)].
Another unique feature of the laser produced plasma in liquid is the cavitation bubble

that forms by vapour generated by the plasma some microseconds after the laser pulse.

2.10.1 Laser-Matter-Liquid Interactions

When a laser pulse is focussed onto a target material submerged in liquid a series of
interactions may occur [40]. The initial interaction takes place between the laser pulse
and the liquid. Following this, the laser-matter interaction occurs. At sufficient laser
pulse energy, this will result in the liberation of target material forming a suspension in
the liquid. The liquid medium may contain various ionic/molecular elements
(surfactants, electrolyte) which can potentially interact with the target material. The
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material released from the target surface may also interact with the trailing edge of the
laser pulse. All of these interactions are strongly coupled, and the unique particle
bonding reactions taking place have had particular significance in the area of

nanoparticle generation [40].

2.10.2 Expansion Models

A laser plasma created in a vacuum will undergo free adiabatic expansion at a constant
velocity [41]. On the other hand, for a plasma expanding into a background gas, the
abrupt release of energy from the target surface into the background ambient results in
a “blast wave” which emanates radially outwards from the interaction area. The shock
front position of such a blast wave is described by the Sedov-Taylor theory or the point
explosion model as it is sometimes referred to [42]:

1 2

E\Z+v) 2 _
R=¢ (= tZ+0) (2.42)
%\po

where t is the time delay with respect to plasma ignition, E, is the amount of energy

released in the explosion, pg is the ambient gas density, and & o is a constant given by

2
Eo = [1.08 (VTH)](”U) [43]. The parameter v will have a value of 1, 2 or 3 for planar,

cylindrical or spherical symmetry. A general equation can be used for freely expanding

plasmas where the plume front position is given by:
R = at" (243)

Here R is the plume front position, t is time and a and n are fitting parameters. a is a
constant and n will have a value of 0.4 for a perfectly spherical shock wave [41]. This
shock wave (or point explosion) model is applied in this report to describe the
expansion of the plume front in air. As the volume of the plasma increases, the pressure
exerted by the surrounding medium makes a larger contribution to the plasma
confinement. Pressure is exerted on the plume front by the surrounding medium which

causes a deceleration of the plume front that is not accounted for in the shock-wave

49



model. Therefore in high pressure backgrounds a classic drag-force model is usually

employed to account for this deceleration [41], [44]:
R =Ry(1—-ePY) (2.44)

where R, is the stopping distance of the plasma and f is the drag coefficient. In the
present work, both expansion models were employed to describe the observed behaviour

of plasma expansion in a liquid environment.

2.11 Shockwave Formation

After the laser impinges on the submerged solid target, the absorption of the laser pulse
at the target surface causes the emission of a shockwave which acts to dissipate the
energy. By definition this shockwave is the formation of discontinuities in flow variables
such as density [6]. Two distinct compressive waves are emitted, one is transmitted into
the bulk material and the other propagates into the liquid [39], [45]. The pressure
associated with the stress wave induced in the bulk material can exceed several GPa
due to the confining effects of the liquid on the plasma expansion [46]. In the liquid a
change in refractive index occurs at the shock-front which is observable at ~50 ns [47],
[48]. The shockwave carried energy is defined as the energy flux across an area where a

shockwave front arrives given by [49]:

4mr? Jt’ (P — Py)?
- (2.45)
0

S Poo Us - ((P - Poo)/pooUs)

where 15 is the radial distance of the shock-front from the origin, P is the shockwave
pressure, P, is the ambient liquid pressure, py, is the liquid density, Us is the shock-
front velocity and time t is taken as zero at the shock-front and t’ at the tail of the

shockwave.

The shockwave emitted in a liquid environment has been observed in many studies to

consist of two temporal regimes. During the first several nanoseconds the shockwave
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expands rapidly with decreasing velocity as time proceeds. A report by Tsuji et al. [47]
demonstrates this non-linear behaviour at early shockwave expansion times. In their
study shadowgraphy measurements carried out using the fundamental wavelength 1064
nm on a silver target show the evolution of the shockwave as a function of time shown

in figure 2.11.
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Figure 2.11: Time profile of the propagation of the shockwave observed from shadowgraph

images of a silver plate in water using 20 mJ, 1064 nm laser pulses. Taken from [47].

Supersonic velocities have been reported for this initial expansion occurring in the first
~100 ns [45], [47], [48]. The expansion velocity of the shockwave is then reported to
transition to an approximately linear behaviour after ~300 ns as can be seen in figure
2.11. This transition from a strong wave to a weak wave is consistent with early findings
on the dynamic behaviour of spherical shockwaves in water first reported by Vogel et al.

[50].

2.11.1 Cavitation Bubble

A unique feature of the laser produced plasma in liquid environments is the cavitation
bubbles that are generated at the solid-liquid interface. When the liquid pressure falls

below the tension strength of the liquid by AP, (equation 2.47) at roughly constant
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liquid temperature, a cavitation bubble is formed. The internal pressure and
temperature of the bubble is much greater than that of the surrounding medium [51].

The interior pressure of a bubble Pg with radius R is given by:

20
Py =P, + 7 (2.46)

Where P, is the liquid pressure at infinity i.e. atmospheric pressure [52]. Nucleation of

cavitation occurs at the critical nucleation size R, therefore

20
AP, = — (2.47)
R,

The cavitation bubble grows to a maximum radius and then collapses. After the
collapse of the bubble, the residual water vapour is compressed forming a second,
smaller bubble through rarefaction. The secondary bubble that forms will have a smaller
radius than the initial primary bubble. This cycle continues for a period of several

hundred microseconds depending on the pulse energy delivered to the target.

Under the assumption of an incompressible liquid, for a spherical bubble growth the

bubble boundary R(t) can be described by the Rayleigh-Plesset equation [52], [53]:

d?R 3(dR>2 1< , 20 4,udR>
ar - . — P,

R —(— —(Pg— Py ————— 2.4
dt? +2 dt o) (2.48)

where u is the viscosity coefficient. The equation does not take into account the
stability of the bubble interface, thermal effects or physical conditions within the
bubble. However the oscillatory nature of the bubble dynamics is described by this
expression. During the expansion phase, the pressure and temperature inside the bubble
are decreasing. During the collapsing phase, the pressure and temperature increase up
to their original values. The collapse of the bubble induces a shockwave to be emitted.
The internal energy of the spherical bubble is given by [49]:

4 3
EB = ?Rmax(Poo - PB) (2-49)

where Ry, g, is the maximum radius of the bubble.
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The cycle of growth and collapse of the cavitation bubble occurs several times until
energy is finally dissipated. Energy losses occur due to shockwave emission, heat
conduction and damping caused by the viscosity of the liquid. Subsequent bubbles
formed will exhibit a decreased radius and reduced lifetime at each oscillation. From
equation 2.49 an expression can be derived to calculate the time required for complete
collapse of the bubble t, given by the Rayleigh model for a cavitation bubble collapsing
in an infinite liquid (i.e. a liquid volume which is large compared to the bubble volume)
[52], [53], [54]:

t. =~ 0.915 (2.50)

Increasing the liquid viscosity will decrease the rate of bubble growth and collapse
meaning the bubble oscillation undergoes less damping in the liquid and exhibits a

longer lifetime as a result [55], [56].

2.12 Summary

In this chapter the basic theory of the laser produced plasma is outlined. The
fundamental atomic processes that occur within the plasma have been described as well
as the thermodynamic equilibrium models that apply. The underlying concepts of the
different experimental techniques applied during this work have been outlined and the
methods of extracting useful plasma parameters (such as temperatures and densities)
from these techniques have also been described. The unique features of a laser produced
plasma formed in a background of liquid have been outlined where strong shockwave
emission and the formation of a cavitation bubble are the main observations. The
theoretical models describing the evolution of the cavitation bubble and shockwave

expansion are also outlined.
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Chapter 3

Experimental Systems

During the course of the work presented here a number of different experimental setups
were used for the formation, monitoring and probing of laser produced plasmas in air
and water. This section will describe the experimental arrangements used during each
series of experiments carried out. The basic principles of operation of experimental
techniques applied and experimental apparatus used during this work are explained.
Information on the calibration procedures carried out on the spectrometer and ICCD

cameras used during this work are also detailed.

3.1 Experimental Setup

The study of laser produced plasma emission was carried out using the fundamental
wavelength of an Nd:YAG laser (1064 nm) and a simple optical delivery system. A

schematic of the experimental setup is shown in figure 3.1.
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Figure 3.1: Schematic setup for imaging and spectroscopic studies of laser produced plasmas

in water and air (left). Photograph of experimental setup in the laboratory (right).

Figure 3.1 demonstrates the experimental setup used during single pulse studies in air
and water. The metal target was machined into a rectangle (dimensions of 25 mm width
x 15 mm length x 1 mm thickness) held in place by a Teflon mould which was
manufactured in-house and positioned inside a square glass cuvette. The Teflon mould
also acted as a shock absorber to prevent the physical shock of the laser pulses from
cracking the glass cuvette. The cuvettes were purchased from Kromatek [1] with
dimensions 20 mm x 20 mm X 25 mm. Aluminium targets of 99.999% purity were used
through all experiments and were purchased from Goodfellow [2]. A photograph of the

target, mould, cuvette assembly is shown in figure 3.2 below.

Cuvette Teflon Target

15mm
<—20mm—

Figure 3.2: Photograph of aluminium target, Teflon mould and glass cuvette used during

experiments.
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The target and cuvette were fixed to an xyz translation stage. This allowed the laser to
ablate a fresh piece of target each shot to avoid cratering effects. Deionised water was
used for the experiments in liquid. The volume of water was replaced after every 20
laser shots. This was deemed to be the optimum number of shots which could be fired
while avoiding any adverse effects due to physical ablation of nanoparticles into the

liquid, further details of which will be included in chapter 7.

The laser delivers pulses with an energy of up to 1 J per pulse at a repetition rate of 10
Hz under normal operation. For the work reported here however, lower energies were
required. At 1 J per pulse, ionization of air and water was observed. In order to vary the
laser energy a half-wave plate and polariser were inserted into the beamline. The
average power was measured as a function of waveplate angle just above the target in
the experimental setup in figure 3.1 to account for mirror losses. From figure 3.3 it can
be seen that the average power could be varied from approximately 100-500 mW
corresponding to 10-50 mJ per pulse for a 10 Hz repetition rate. Due to the strong laser

field, full attenuation of the beam could not be achieved.

Angle of Laser Polarisation Plane (degrees)
600 -50 0 50 100 150 200

Average Power (mW)

-%0 -20 0 20 40 60 80 100
Waveplate Angle (degrees)

Figure 3.3: Nd:YAG laser (average) power measured as a function of half-wave plate angle.

A plano-convex lens of focal length 150 mm was used to focus the laser onto the target.
The light emitted from the target surface was imaged onto an ANDOR intensified CCD
camera via two 5 cm diameter bi-convex lenses (L2 and L3 in figure 3.1). The function
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of these two lenses was to collect, relay and image, with magnification, light from the

plasma onto the 2-dimensional CCD screen.

f1 f2

=)

— d1—> dZ

Figure 3.4: Schematic of relay system. Magnification of the object plane onto the image plane
of the CCD is achieved by the ratio of f,/f;.

The first lens is placed a distance dq from the plasma which is equal to the focal length
of that lens. The resulting parallel ray is collected by the second lens and focused onto
the camera. The second lens is placed at a distance d, from the CCD camera equal to
the focal length of the second lens. The magnification of the system is varied by
changing the ratio of the focal lengths of the two lenses. The focal lengths of L2 and L3

were 90 mm and 330 mm respectively.

During the course of experiments, measurements were made using two different ambient
backgrounds; air and water. Due to the change in refractive index at the air-water
interface, the effective focal length of the focussing lens will be different due to

refraction. The difference in focal length between these two media is given by [3]:

_ _ f
8 =1(1~ ) (8:1)

where f is the value of the focal length of the lens in air, [ is the height of the column of
liquid above the target surface, n is the refractive index of the liquid and r is the radius

of the unfocused beam.

In the case where r << f, this equation simplifies to:
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af =1(1-3) (3.2)

This equation was used to find an approximate value for the change in focal length of
the laser pulse in water. For fine adjustment a telescope focused at infinity was used.
Looking through the focusing lens with the telescope fine adjustment of the laser
focusing lens could be achieved by adjusting the lens until a sharp image of the target

surface was achieved.
The absorption of light is given by the Beer-Lambert law:
1(z) = [je™% (3.3)

Where I(z) is the intensity at a distance z from the surface of the water, I is the
intensity at the surface, a is the absorption coefficient which for water at 1064 nm has a
value of 0.15 cm™ [4]. The cuvette exhibits a continuous 85% transmission across the
visible wavelength range between 340 — 800 nm. A column of 20 mm of deionised water
(DIW) was maintained in the cuvette throughout the experiments performed in liquid
ambient. This results in a value of 74% of the surface intensity reaching the metal target

surface.

Examples of craters formed by the laser pulse on the target surface in air and liquid are
shown in figure 3.5 where crater diameters of ~300 pm were measured. The craters were
formed using 200 shots of the laser and the target was imaged using a scanning electron
microscope (SEM) which is described in section 3.8. The energy at the target surface in

both cases is 40 + 3 mJ per pulse.

62



EHT = 1250 kv Signal A = SE1 Date :20 Feb 2015 EHT =1250kv Signal A = SE1 Date :20 Feb 2015 ZEISS|
WD =115mm Photo No. = 232 Time :10:28:30 WD =115mm Photo No. = 251 Time :10:45:37

Figure 3.5: SEM images of craters formed using 200 laser shots in (a) air and (b) deionised
water. A pulse energy of 40 £ 3 mJ at the target surface was maintained in air and water

ambient.

Crater formation was studied in air and liquid as a function of laser pulse energy and

will be discussed in chapter 6.

During laser-produced plasma studies in water (chapter 7), a series of double-pulse
measurements were carried out which required the use of a slightly different
experimental setup. The plasma was created by focussing a 1064 nm pulse onto the
target submerged in a background of water. In order to create a second plasma, the
second pulse (532 nm) is delivered through the back of mirror M1 (which is transparent
to 532 nm radiation) and focussed by the same lens as the first pulse (L1) to the same
spot on the target surface. The second pulse is delivered at various time delays (on the
order of several microseconds) with respect to the first pulse. Two half-waveplates (WP)
and polarisers (P) were used to vary the energy of the two laser pulses. Optical emission
is collected via the relay system and focussed onto the ICCD /spectrometer for imaging
and spectral analysis. Scattered light from the two laser pulses are blocked from
reaching the ICCD by the use of an 800 nm low-pass filter and a notch filter centred at

532 nm. Figure 3.6 shows a side-view of this double-pulse setup.
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Figure 3.6: Schematic of double-pulse setup used during experiments performed in water.

Both laser pulses are focussed through the same lens onto the target surface.

A series of pump-probe experiments were carried out in ambient air using a different
experimental configuration to the one described for double-pulse experiments carried
out in water. The plasma was created using a 1064 nm pulse which was subsequently
probed using a wavelength tuneable second pulse provided by an optical parametric
oscillator (OPO). During pump-probe investigations, the OPO pulse is delivered to the
expanding plasma orthogonal to the target surface. Figure 3.7 demonstrates the
experimental setup used during pump-probe studies (pertaining to results shown in

chapter 5).
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Figure 3.7: Schematic of experimental setup used during pump-probe studies in ambient air.
A 1064 nm pulse is used to create the plasma which is subsequently probed using a second

pulse delivered orthogonally to the expanding plasma by the OPO.

This slightly different configuration is required to ensure coupling of the radiation
provided by the second pulse to the plasma without the creation of a second plasma.
The OPO pulse is focussed (L4) through the centre of the expanding plasma plume 2
mm above the target surface. After traversing the plasma plume, the unfocussed probe

beam was subsequently blocked by a beam dump.

3.2 Surelite Laser Sytems

The laser systems involved in this work were a Continuum Surelite™ I-10 and Surelite
ITI-10 models. The Surelite models are Q-switched Nd:YAG laser systems with the
capacity to deliver intense pulses having temporal duration between 4-6 ns at FWHM
and as such these types of lasers are very widely used in laser plasma laboratories. The
Surelite III-10 was employed primarily throughout this work for plasma formation
operating at the fundamental wavelength of 1064 nm. The Surelite I laser was used at
the second harmonic wavelength of 532 nm. Pulses generated by the Surelite systems

are linearly polarised and exhibit a Gaussian beam profile. Both lasers were operated in
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single shot mode during the course of experiments. A Surelite II-10 was used also as the
pump laser to the OPO which will be described in section 3.3. The relevant

specifications of the laser systems are shown in table 3.1.

Surelite I-10 Surelite II-10 Surelite III-10
Wavelength (nm) 1064, 532, 355, 266 1064, 532, 355, 266 1064, 532, 355, 266
Energy (mJ) 485,225,100, 60 600, 300, 160, 80 700, 350, 160, 100
FWHM (ns) 6, 4 (harmonics) 6, 4 (harmonics) 6, 4 (harmonics)
Repetition Rate (Hz) 10 / single shot 10 / single shot 10 / single shot
External Trigger Jitter (ns) <1 <1 <1

Table 3.1: Characteristic parameters for Surelite Q-switched laser systems [5].

For the present work low energy pulses were required and as such pulse energies in the
range of a few to tens of millijoules were typically used for plasma formation. The
energy of the Surelite pulses was reduced by means of a polariser and half-waveplate

arrangement as outlined in section 3.1.

The principle of Q-switching is to degrade the quality factor (Q-factor) of the resonator
(i.e. maintain high losses) during pumping so that the gain can reach a very high value.
When population inversion reaches its peak the Q-factor is restored abruptly to a high
value. The energy stored by the excited atoms is converted into photons which are now
allowed to oscillate within the resonator [6]. Q-switching is realised in either active or
passive mode. The former makes use of an electro-optic gate inside the resonator and
the latter is achieved by the inclusion of a saturable absorber. The switching of the Q-
factor from low to high occurs rapidly which produces intense peak power and relatively

short pulse durations [6], [7].

The Surelite laser operates in an active Q-switching operation mode. The combination
of a polariser, Pockels cell (PC) and quarter-waveplate within the oscillator is known as
the Q-switch. The laser medium is pumped creating a population inversion. The Q-

switch prevents optical feedback into the resonator until the gain within the lasing
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medium has reached a maximum level. Once gain saturation has occurred in the

medium the Q-switch is triggered and oscillation may occur.

The beam propagates within the oscillator cavity making a double-pass though the PC
and quarter-waveplate. While the cavity remains closed, the originally horizontally
polarised beam is rotated 90° by the double-pass through the PC and is therefore
rejected by the polariser. The cavity is opened by applying a high voltage to the
birefringent PC which results in a quarter wave rotation for incoming photons. In this
case, the polarisation of the beam after traversing the double-pass through the cavity is
rotated back to horizontal and is transmitted by the polarizer allowing the pulse to exit
via the output coupler. The resonator is housed in a graphite structure which ensures

thermal and mechanical stability.
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Figure 3.8: Schematic diagram of Surelite laser system. Optional harmonic generation section

shown also [5].

Harmonic generation is achieved using a second harmonic generation crystal (potassium
dihydrogen phosphate (KDP)). In the frequency doubling process, two 1064nm photons
enter the KDP crystal collinearly and with the same circular polarisation. The two
photons combine to produce a resulting doubled frequency photon which satisfies energy
conservation. This resulting photon will have a horizontal polarisation dictated by the
conservation of angular momentum. Linear momentum conservation requires the

combined photon to have the same velocity as the incoming photon pair. This second

67



harmonic generation is achieved within the birefringent material by rotating the crystal
to the so-called phase matched angle. The dichoric mirror acts to divert the harmonic
beam to the exit port and to send the residual infrared light exiting the SHG crystal to

the beam dump.

Higher order harmonics are achievable by the same process of frequency doubling. In
this instance the second harmonic beam must be present. To create the third harmonic,
one 532 nm photon and one 1064 nm photon combine within a second non-linear crystal
to produce a photon of 355 nm. The fourth harmonic is then produced by combining

two 532 nm photons in a non-linear crystal.

In standard operating mode, at a pulse repetition rate of 10 Hz, the PC within the
cavity will trigger ~180 ps after the flashlamps signal is triggered. This is the optimal

delay time for the Q-switch for all Surelite systems used.

3.3 Panther OPO

For experiments where wavelength tunability was required a commercial optical
parametric oscillator named the Panther™ OPO was used. The OPO system is a
resonator which generates coherent light in the visible and mid-infrared spectral range
from a 355 nm Nd:YAG pump laser beam. Continuous tunability from 410 nm to 2550
nm is achievable. The laser system used as the OPO pump laser during the work

presented here was a Surelite II-10 which was tripled to the 355 nm wavelength.

The optical parametric process is a three photon interaction in which one photon (the
pump photon) is split into a pair of less energetic photons. This process is analogous to
a sum frequency generation process in reverse, where two photons combine to form a
third more energetic photon. These two photons will not in general have the same
energies. The high and low energy photons generated by the process are referred to as

the signal and the idler respectively.
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The OPO is essentially a resonator with a non-linear gain medium. A generated wave
(the signal) is fed back by the resonator to the non-linear crystal causing further

generation and thereby amplification occurs.
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Figure 3.9: Optical layout design of the Panther OPO (O1) is the idler output, (O2) the
signal output, and (O3) the doubled output if required. Adapted from [8].

During these interactions energy and momentum are conserved by use of a birefringent
non-linear crystal. Inside the Panther OPO a beta-barium borate (BBO) crystal is used
as the birefringent material. Such materials exhibit different refractive indices for
different polarization states of incoming waves with respect to the crystal optical axis.
Energy conservation occurs when the sum of the signal and idler frequencies equals the
pump photon frequency. However linear momentum will not in general be conserved due
to the two resulting photons having different frequencies to the pump and therefore
different velocities. Momentum is conserved within the BBO crystal by tuning the angle
that the incoming pump photons make with the crystal’s optical axis in a process called
phase matching. When the signal and/or pump beams have polarisations orthogonal to
the original pump beam there are angles in which the crystal’s frequency dependent
refractive index will change the signal and idler velocities so as to conserve linear

momentum.
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Parametric conversion is normally an inefficient process with the majority of the pump
beam emerging unchanged from the crystal. By increasing the interaction length in the
crystal the efficiency of the process can be improved. This is achieved within the
oscillator by reflecting the undepleted pump beam back into the BBO crystal doubling
the interaction length between the pump and generated signal and idler waves. A
sample spectrum of the Panther OPO output in the optical range from 400 nm to 700

nm is shown in figure 3.10 below.
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Figure 3.10: OPO power output of signal and idler pulses [8]. The idler output was not used

during the course of the work, only the signal output.

Figure 3.10 shows the output of the signal and idler pulses in mJ/pulse over the visible
wavelength range. Note that the signal and idler pulses will not in general have the
same output wavelength as a function of the phase matching angle in the BBO crystal
since the photon energy of the pump photon (355 nm) must equal the sum of the two

resulting signal and idler photons.

3.4 ICCD Camera

An ANDOR DV434 model camera with 1024 x 1024 pixels was used for the majority of
the work presented here. Each pixel is 13 pm x 13 pm resulting in a total active image
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area of 13.3 x 13.3 mm? for the (charge coupled device) CCD chip. A transparent ruler
with one millimetre spacings was imaged onto the camera to measure the magnification
introduced by the lens relay system. Figure 3.11 shows the summed intensity of the

image recorded.
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Figure 3.11: Vertically summed image on CCD screen of the one millimetre ruler spacings

used to calculate the magnification (left). Calibration graph of the intensity lineout (right).

Each minima in figure 3.11 corresponds to a ruler line. The position of the ruler
markings was determined by first applying a smoothing filter to the summed intensity
image and then taking the central position of the smoothed plot. The slope of the line
(pixels/mm) corresponding to these minima gives a value for the separation between
one millimetre spacings on the ruler. For a pixel size of 13 pm, the magnification was

measured in this way to be 3.4 + 0.15 x.

The intensified CCD camera allows for very fast gate times as low as 3 ns. The ICCD is
an evacuated tube which consists of a photocathode, a microchannel plate (MCP) and a

phosphor screen [9].
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Figure 3.12: Schematic of the Andor ICCD intensifier [10].

When a photon strikes the photocathode a photoelectron is emitted which is accelerated
towards the MCP by an applied electric field. A high voltage is applied across the MCP.
The inside of each channel (hollow glass capillary) is coated with a secondary electron
emitting material much like a dynode in a photomultiplier tube. The primary electron
triggers an avalanche of secondary electrons which in turn drives even further electron
emission so that a high electron gain is achieved as the electron bunch propagates
through the honeycomb glass channel structures of the MCP [9]. By this electron
multiplication process the ICCD can produce gains of 10,000x and above which permits
low light level detection [10]. Varying the MCP voltage allows for control of the gain.
Upon exiting the MCP the electrons are subjected to a high potential difference which
keeps the electrons tightly bunched together before striking the phosphor screen where
the image is created. The optical output of the image intensifier is coupled to the CCD

by either a fibre optic coupler or a lens coupler.

The electron multiplication factor was experimentally measured using a cadmium light
source. Emission of Cd(I) 508.58 nm was compared for a range of different software
controlled gain settings. Ten individual spectra were recorded and the average obtained

at each gain setting. Figure 3.13 shows the resulting exponential gain curve obtained by

72



the integrated area of the emission line from recorded spectra using a fixed exposure

time for the ICCD of 18 ms.
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Figure 3.13: Gain calibration curve determined from intensity of recorded Cd(I) emission line

at 505.58 nm over a range of software controlled gain settings.

An ANDOR DH5H7 model camera with 512 x 512 pixels was also used during the
course of the experimental work. The pixel size for this model is 24 pm with an active
area of 12.3 x 12.3 mm? Magnification and calibration curves were carried out in the

same way as those described for the ANDOR DV434 model.

3.5 Shamrock Spectrometer

An ICCD ANDOR camera mounted to the exit port of a Shamrock SR-163 were used
for spectroscopy measurements. The Shamrock spectrometer is based on a Czerny-
Turner optical layout [11] having a focal length of 163 mm and a numerical aperture of
f/3.6. The Shamrock SR-163 is a compact and portable system with many adjustable
features. Gratings and slit widths are easily interchangeable which gives flexibility in

terms of the desired trade-off between resolution, wavelength range and desired light
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levels. For the present work a 1200 lines/mm grating with a 50 pm slit width was used

giving an average resolution of 0.46 nm for the system.
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Figure 3.14: Shamrock SR-163 Czerny-Turner spectrometer layout [10].

The wavelength drive is operated via a manual micrometer screw gauge calibrated at
1200 lines/mm to read 1 nm for a translation of 10 pm on the micrometer screw gauge.
Light is focussed onto a 200 pm optical fibre (SMA905 0.22 NA single mode) which
delivers light into the entrance slit of the spectrometer via an adaptor. Depending on
which ANDOR camera was being used to record the spectrogram, a wavelength range
of ~60 nm could be captured across the CCD chip for a fixed wavelength/micrometer

position.

Wavelength calibration was carried out on the ICCD-Shamrock combination using a
Hg-Cd-Zn spectral lamp with known emission lines. An approximate wavelength range
can be obtained directly by the Shamrock micrometer screw gauge position and at this
fixed position a more accurate calibration is achieved by using the narrow spectral lines
of the calibration bulbs. The mixed Hg-Cd-Zn lamp was used to calibrate the
spectrometer at each micrometer position of interest which can then be used to

translate pixel number to wavelength as shown in figure 3.15.
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Figure 3.15: Example of wavelength calibration at ~500 nm. Known spectral lines (left) are

used to create a calibration curve converting pixel number to wavelength (right).

For intensity calibration a tungsten filament lamp from Oriel (Model 63945) was used.
The tungsten lamp is an absolutely calibrated source. The irradiance of the tungsten
emission is measured by the National Institute of Standards and Technology (NIST)

and a fitting formula is provided in units of mW /m?/nm [12]:

S

Irradiance = A~ %exp ( a+ %) (c + % + /1% +5+ /% + A—Z) (3.4)

where A1 is in nm and the coefficients are given by a = 44.4786393540874, b = -
4552.55676009887, ¢ = 0.967336620755997, d = 53.1619077949388, e = -5871.317902886, f =

-12482113.1500871, g = 1570247482.57565 and h = 0.
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Figure 3.16: Calibration curve fitted by NIST formula.
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From this tungsten calibration curve a relative intensity calibration could be obtained
by comparing the recorded spectrum with the true spectrum in the region of interest.
Figure 3.17 demonstrates the conversion from recorded spectrum to an intensity

calibration in (relative) CCD pixel counts at a centre wavelength of 400 nm.
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Figure 3.17: Raw data recorded of tungsten spectrum (blue), calibrated spectra by NIST
(red) and correction function in the spectral range (green). Data is normalised for ease of
visual representation in the figure.

Using the tungsten light source, the correction function a was defined as:

measured spectrum

real spectrum

for each spectral region of interest. Experimental spectra may then be divided by this
correction function to obtain the true spectra, an example of this is shown in figure 3.18
below. The spectra shows the emergence of line emission from the strong continuum

emission that is observable at a time delay of 50 ns after plasma ignition.
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Figure 3.18: Example of aluminium spectra recorded at 50 ns and corresponding intensity

calibrated spectra.

In this way intensity calibrations were carried out at each spectral range of interest for
both camera-spectrometer combinations since the spectral efficiency of each camera is
different. The intensity calibration or “correction factor” for each spectral range of
interest (or centre wavelength position) is then used to correct the recorded spectra by

taking into account the spectral efficiencies of both the spectrometer and camera.

3.6 Interferometry/Shadowgraphy

Interferometry and shadowgraphy experiments were carried out as plasma diagnostic
techniques on laser produced plasmas in air and water. Interferometry is particularly
useful as a plasma diagnostics tool at early plasma lifetimes where changes in the
electron density are greatest [14]. Electron densities can be extracted from the
interferograms which may be difficult to measure accurately by other methods such as
spectroscopy due to the strong continuum emission at these very early times. Normaski
laser interferometry was chosen as the preferable technique due to its simplicity of

design and inherent stability [15]. The experimental design was based on a similar setup
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described by Hough et al. [16]. The second harmonic of the Surelite II-10 was used in all

experiments as the probe beam.
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Figure 3.19: Interferometry setup. A 1064 nm pulse is used to form the plasma and a 532 nm

pulse is used as the probe beam.

The first beam-splitting cube polariser acts to rotate the polarisation of the probe beam
to 45° with respect to the propagation direction (z-direction) so that the beam passing
through the plasma contains equal horizontal and vertical polarisation components. In
combination with the half-waveplate the probe beam energy is greatly reduced to < 1
mJ. The majority of the probe beam energy is directed towards the beam dump. This is
necessary to protect the complementary metal-oxide-semiconductor (CMOS) camera as
the laser light is coupled directly onto the imaging chip. After passing through the
plasma the beam enters the Wollaston prism whose function is to split the beam into
vertical and horizontal polarisation components. The Wollaston prism splits the beams
with an angular deviation of 0.6 “ and introduces an optical path difference between the
two orthogonally polarized components. Having orthogonal polarisation with respect to
each other, the two beams cannot interfere at this point. A second cube polariser
oriented at 45° sets the polarisation of both beams back to 45° once more. The two
beams are then spatially overlapped on the CMOS detector plane by a lens (L3) where
an interference pattern is produced. The signal recorded will consist of a constant

component given by the probe beam intensities, and a sinusoidal component given by
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the interference of the two beams [17]. A relay lens system (L2 and L3) acts to magnify
the interferogram. Magnifications in the range of 2x to 3x were used during
interferometry and shadowgraphy experiments. A narrow band-pass filter centred at 532

nm is positioned in front of the CMOS camera to reject emission from the plasma.

The shadowgraphy setup is identical to the interferometry setup but with the polarising

components removed.
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Figure 3.20: Shadowgraphy setup. The lens relay system is used to magnify the image plane
onto the CMOS camera.

Where a high density of electrons exists the resulting image will appear darkest as light
is deflected away from the electron cloud. The brightest sections of the shadowgram
translate to areas of lower electron density where the probe beam passes through
undeflected or deflected through some small angle. The recorded signal is proportional

to the second derivative of the refractive index of the medium [18] (see section 2.8).

3.7 Synchronisation and Timing

In order to synchronise the arrival time of the laser pulse with the gated

camera/spectrometer the laser signal was externally triggered using a Stanford Delay

79



Generator (model DG535) in combination with an AND gate. A 5V TTL pulse is
delivered to initiate the breakdown of the flashlamps followed by a second pulse delayed
by 180 ps which is sent to the Q-switch external trigger at a repetition rate of 10 Hz.
This signal is then sent to one input of an AND box, the other input comes from the
camera trigger. The camera gate can be controlled using a second delay generator

triggered by the first and in this way time resolved images and spectra can be obtained.

For the dual laser pulse experiments the timing setup is slightly more complicated. A

schematic diagram is shown below for ease of explanation.
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Figure 3.21: Timing diagram adapted from [7]. FL = flashlamps, QS = Q-switch.

The timing sequence of the first delay generator can be considered to be the master
timing upon which all others are based. At time t, a trigger pulse is generated which is
delivered to the flashlamps of the pump laser. Another pulse delayed by 180 ps is sent
to the input of an AND gate which is then ANDed with the fire pulse delivered by the
computer. These signals are the external triggers for the pump laser. A second pair of
identical pulses from a second delay generator are delivered to the probe laser delayed
by some offset At. The duration of this offset will determine the delay between the two
laser pulses. This set of pulses are delivered to the external triggers of the probe laser.
This timing sequence is cycled at 10 Hz to ensure thermal stability of the laser rods.
The Q-switch signals and the ICCD gate will only fire when the trigger signal from the
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computer is fired. This permits single shot measurements while allowing the laser
flashlamp trigger repetition rate to remain at 10 Hz. A third delay generator is used to
control the intensified CCD gate width and trigger delay. A simplified schematic

diagram is shown below in figure 3.22 which demonstrates the concept visually.
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tp+180ps — IEI — ICCD gate
external trigger

3 Q-switch
Fire pulse pump laser
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Figure 3.22: Electrical signals circuit diagram. The trigger is generated by the fire pulse from
the computer. The time between the pump and probe pulses At can be varied by a pulse
delay generator (not shown graphically). The ICCD gate width and arrival time are set by

another signal delay generator.

3.8 SEM

An EVOLS 15 scanning electron microscope was used to image the craters formed by
the laser on the target surface. A SEM uses a beam of focused electrons as the “light
source”. When this high energy beam of electrons makes contact with the target surface
a number of different interactions will occur. Some of the electrons will undergo elastic
scattering and others inelastic scattering. The inelastic collisions will result in secondary
electrons and radiation being emitted. This secondary electron signal is collected and
used to form an image [19]. A schematic diagram demonstrating a typical SEM setup is

given in figure 3.23.
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Figure 3.23: Diagram showing the main components of the scanning electron microscope.
Adapted from [20].

The top vacuum column in the diagram above houses the electron beam. The electron
source may be either a hot cathode thermionic emitter (tungsten filament) or a cold
cathode field emission source. The beam of electrons from the filament are then
accelerated by the anode and focussed by a series of magnetic lenses towards the sample
surface in the target chamber. The electron beam is then raster-scanned across the
target surface. The interaction of the electron beam incident on the target produces
electrons and photons which may then be measured by a number of detectors located
within the target chamber. The type of signal measured depends on the class of

interaction taking place between the electron beam and the sample.

Electrons from the electron beam may elastically scatter from the target surface. This
type of scattering is highly angle-dependant and the signal detected is due to the
backscattered electrons. Interactions of the electron beam with inner-shell electrons will
result in vacancies within the atoms of the sample. As outer-shell electrons fill these

vacancies, high energy radiation indicative of the sample composition is emitted. This is
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known as energy dispersive x-ray spectroscopy (EDX). The inelastic electrons are
detected by the secondary-electron detector. This signal comes from the interaction with
the electron beam and subsequent electron ejection from the sample surface. As the
electron beam traces across the sample surface the number of secondary electrons
emitted will vary depending on the topography. These secondary electrons are then
accelerated and directed to a scintillator. The light generated by the scintillator is
passed to a PMT and an image is formed via conversion of the light signal to a digital
form. The beam is raster scanned point by point across the surface and the number of

electrons translates to the brightness of the image.

3.9 Summary

An overview of the experimental systems has been presented. The useful information
that may be learned about the plasmas formed by implementing these methods has
been discussed in chapter 3. The purpose of this chapter was to describe the
experimental setups and apparatus used. During the course of this work plasmas were
created and studied in different backgrounds and as such the differences in refractive
indices had to be considered during experimental design phases. Differences in focussing
the plasma beam and energy delivery to the target surface needed to be accounted for.
The experimental apparatus used throughout the work has been detailed and the
principle of operation of each has been discussed. Optical emission diagnostics were
carried out by direct observation of the plasma light emitted in both imaging and
spectroscopy modes as a function of time. Plasma probing was achieved using a simple
interferometry/shadowgraphy setup. A brief description of the systems used in each

particular experiment will be given at the beginning of each results section.
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Chapter 4

Laser Produced Plasmas in Air

During the course of the work, experiments were carried out in air in order to make
comparisons with observations in water. In this chapter the results of experiments
performed at atmospheric pressure are presented. Time resolved imaging studies were
carried out at the fundamental Nd:YAG wavelength of 1064 nm using pulses with
energies of 8 £ 3 mJ and 52 + 3 mJ. Information on the plasma expansion dynamics
could be derived from the imaging data. The results of time resolved spectroscopy are
also presented which were performed using pulses at wavelengths of both 1064 nm and
532 nm. Some differences in the recorded spectra were observed between the two laser
wavelengths, which are discussed. From these time resolved spectroscopic measurements,
electron densities and temperatures were obtained and are presented here. The
shockwave expansion in air was studied using the well-established shadowgraphy
technique. The evolution of the shockwave is recorded as a function of time for a range
of laser pulse energies along with corresponding fits to the so-called “point explosion” or

“shockwave expansion” model [1].
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4.1 Imaging

The dynamic expansion of an aluminium plasma, formed with 1064 nm pulses, into air
at atmospheric pressure was studied using gated ICCD imaging. Aluminium was chosen
as the target metal as it is a low-Z material and exhibits strong emission lines in the
visible region. Unlike the situation that occurs in vacuum where the plasma undergoes
an adiabatic expansion at an almost constant velocity, under atmospheric conditions
interactions with gas molecules cause a deceleration of the expanding plume. Figure 4.1
shows a series of images demonstrating the plasma expansion occurring in a background

of air.
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Figure 4.1: Time resolved imaging data recorded single shot using an ICCD gate width of 10

ns. The plasma is formed using 52 mJ, 1064 nm pulses. The intensity (no. of counts) is

represented by the colour scale bar shown on the right hand side of each image.

The plasma is seen to expand rapidly away from the target surface at the initial stages,

and more gradually at mid to late lifetimes. The visible emission observed behind the

target position is due to scattering of plasma radiation from the highly reflective

metallic surface. A significant lateral expansion is also observed. Strong emission is
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recorded in air at delays out to 500 ns which, as is reported in chapter 7, is not the case
for images recorded in water at these plasma lifetimes. The luminous plume front
position is extracted from the time resolved imaging data and is shown in figure 4.2 for
laser pulse energies of 8 £ 3 mJ and 52 + 3 mJ. The plume front position was defined
as the position at which the ICCD count had dropped to 1/e (~0.37) of its maximum

value in the expansion direction normal to the target surface (as outlined in section 2.6).
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Figure 4.2: Luminous plume front positions measured from imaging data using 1064 nm laser
pulses at 8 mJ and 52 mJ.

The expansion of the plasma away from the target surface is shown in figure 4.2 where a
greater expansion is observed at higher pulse energy. A similar trend is observed in the
plume front position measured using the two laser pulses energies. During the first 50
ns, a very rapid expansion occurs, greater in the case of the 52 mJ pulse where the
luminous front has reached ca. 0.7 mm compared to 0.4 mm. This is followed by a more
gradual expansion until finally a plateau is reached. This plateau is the so-called
stopping distance of the plasma and will be discussed in greater detail in chapter 6. The
plateau appears to be reached roughly 100 ns after the laser pulse for the 8 mJ case,
whereas in the 52 mJ case a very gradual expansion can still be observed until roughly
400 ns where it appears to level off. This trend has been reported in the literature for
plume expansion into a background of ambient air where this initial rapid expansion is

reported to transition to a much more gradual expansion [2] with greatest expansion
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occurring at higher pulse energies [3], [4]. The expansion of the plume is also known to
reach this plateau region at earlier delay times as the background pressure increases [5],
[6]. During a study on aluminium in air ambient using a 50 mJ, 1064 nm laser pulse,
Hussein et al. report a stopping distance for the expanding plasma of 1.1 mm occurring
approximately 400 ns after the laser pulse which is very similar to findings reported
during this work [3]. A deceleration of the plume expansion is occurring due to collisions

with air molecules.

4.2 Spectroscopy

The results of spectroscopic studies performed using an aluminium target at
atmospheric pressure conditions are presented in this section. A comparison of spectra
obtained using different laser wavelengths and different pulse energies is given. A typical
time integrated spectrum (using a 1 ps ICCD gate width) of an aluminium plasma,

recorded in air at atmospheric pressure, is shown in figure 4.3.
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Figure 4.3: Time integrated aluminium emission spectrum recorded using a 52 mJ, 1064 nm
laser pulse in air at atmospheric pressure. The main species responsible for the main emission
features are identified to be nitrogen and oxygen. An ICCD gate width of 1 ps was used.
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From the time integrated spectra, an overview of the main emission lines is revealed. It
is apparent that nitrogen emission lines are the most prominent spectral feature present
in the spectrum. The identification of atomic emission lines is performed by cross-
referencing with the NIST atomic spectra database [7]. The aluminium neutral doublet
below 400 nm is discernable from the time integrated spectrum, albeit it appears at
relatively low intensity in comparison to the considerable emission strength of the
nitrogen and oxygen lines which are readily ionised by the highly excited plasma created
in atmospheric air. The analysis of spectra of interest in background gases is
complicated by the emission of the ambient gas species which often produce spectra
comprising many blended lines, some of which overlap with lines from the target of
interest. This problem can be mitigated, at least in part, by gating the CCD camera to
obtain time-resolved spectra. Depending on the species, the emission lifetimes of lines of
interest from the plasma may be quite different to those of atmospheric species so that
they may be separated and distinguished by the use of a suitable delay from the instant
of plasma breakdown and gate width of the intensified CCD. In atmospheric air, the
emission lifetime of ambient gas species is relatively short compared to aluminium line
emission which is measurable out to a time delay of ca. 50 ps. By applying an ICCD
gate width at the appropriate times corresponding to the observable lifetimes of the

ionic species present in the plasma, the spectral features of interest may be observed.

The following results presented in this section are of time resolved spectra performed at
two different laser wavelengths (1064 nm and 532 nm) using an ICCD camera operated
with a gate width of 10 ns. The particular spectra shown are representative of the
different features which occur at each laser wavelength as a function of time. While
spectra recorded using both laser wavelengths are comparable, some marked differences
are identified between the two. Spectra were also recorded at pulse energies of 8 + 3 mJ
and 52 + 3 mJ in order to investigate the effect of laser pulse energy on temperatures

and densities within the plasmas formed in air, these are presented in section 4.4.
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Figure 4.4: Time resolved spectra in the spectral region of the aluminium neutral doublet at
394.4 nm and 396.15 nm recorded using (a) 1064 nm, 52 mJ pulses and (b) 532 nm, 52 mJ

pulses.

Similar lifetimes are observed for the aluminium neutral emission recorded at both laser

wavelengths with spectra observable in both cases for time delays of up to 50 ps after

the laser pulse. The aluminium neutral doublet 3p(*P% 2, 32) — 48(°S12) is seen to emerge

from the continuum emission earlier in the case of the 532 nm excitation with the first

signs of the neutral doublet appearing after a delay of 150 ns. For plasmas formed with

laser pulses at the fundamental infrared wavelength, the aluminium neutral lines begin

to be distinctly observable at around 500 ns.
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Similar emission lines from background gas species are observed at both laser
wavelengths as seen in figure 4.4. The emission of predominantly singly ionised nitrogen
and oxygen dominate the spectra for the first few hundreds of nanoseconds before
atomic emission from aluminium is detected. These background gas species are seen to
emit more strongly in plasma emission spectra recorded using 1064 nm pulses. At these
early times, the strongest atomic contribution in this spectral region comes the N(II)
line 3s('P%) — 3p('D2) at 399.5 nm. The spectral feature at a central wavelength of ~404
nm is due to a combination of several singly ionised nitrogen emission lines N(II)
3d(*FY%) - 4f(Grp), N(II) 3d(°F’y) - 4f(Gop), and N(II) 3d(°F%) - 4£(G72) at wavelengths
of 403.51 nm, 404.13 nm and 404.35 nm respectively. These three N* lines have similar
emission strength and blend together producing the broad feature observed. A similar
feature is observable around 407 nm where atomic oxygen lines are barely resolvable
producing what materialises as a single broad spectral line. The oxygen lines
contributing to this feature are singly ionised lines O(II) 3p(*D%) - 3d(*Fop2), O(II)
3d(*Fs2) - 4£(D[2]s2) and O(II) 3p(*D%p2) - 3d(*Fs2) at wavelengths of 407.58 nm, 407.7

nm and 407.88 nm respectively.
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Figure 4.5: Time resolved spectra of an aluminium plasma formed in air in the spectral region
of the singly ionised atom at 466.3 nm recorded using (a) 1064 nm, 52 mJ pulses and (b) 532

nm, 52 mJ pulses.

The emergence of the Al(II) line 3p*('Ds) — 4p('P’%) at 466.3 nm occurs at around 500
ns in the 1064 nm plasma and around 200 ns using the 532 nm wavelength. The
persistence of the singly ionised atomic line is also prolonged in the 1064 nm case with
evidence of emission up to a delay of 5 ps (figure 4.5). Similar to spectra shown in figure
4.4, contributions from ionised atmospheric species dominate the spectra recorded at
early plasma lifetimes with significant N* emission lines observed around 464 nm which
is attributed to strong emission from the N(II) 3s(*P"%) — 3p(*P1) line at a wavelength of

464.31 nm. Similar atmospheric spectra were observed using 1064 nm and 532 nm
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pulses with nitrogen and oxygen again contributing significantly to the observed

spectra.

The presence of a weak spectral feature is noted around 485 nm with the first signs of
its appearance in figure 4.5 occurring at ca. 2 ps. Although weak at these times, this
first phase of formation is most apparent for spectra recorded using the 532 nm laser
wavelength. This feature may be attributed to the Hg emission profile which appears
typically microseconds after plasma ignition due to water vapour in the air at a
wavelength of 486.13 nm. Also potentially contributing to this spectral feature is early
phase molecular aluminium oxide which exhibits strong band emission around 484 nm.
Notable also in the 532 nm spectra is the appearance of a spectral feature around 452
nm. This spectral feature is considered to correspond to a blending of two aluminium
doubly ionised emission lines, AI(III) 4p(*P%;) - 4d(*Dspz) and Al(IID) 4p(°P%p) -
4d(*Dsp2) at wavelengths of 451.26 nm and 452.91 nm respectively. This relationship
between the Hg /AlO and the appearance of Al** line emission was studied in greater

detail, the results of which will be presented in chapter 5.
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Figure 4.6: Time resolved aluminium spectra recorded using (a) 1064 nm, 52 mJ pulses and

(b) 532 nm, 52 mJ pulses showing a doubly ionised aluminium emission feature at 569.66 nm.

Spectra of the AI(III) line 4s(®S12) — 4p(*P%) at 569.66 nm are more complex than
measurements from lower charge states. Here, a nitrogen line at 568.5 nm appears as a
shoulder on the main aluminium peak at 569.66 nm. This nitrogen line becomes more
distinguishable as a separate peak after 200-300 ns. Present also in this spectral region
is the AI(III) line 4p(®Si) — 4p(*P%2) at 572.27 nm appearing as a spectral shoulder
which is not well resolved from the main aluminium line of interest. Using the peak
fitting software AAnalyzer these unique features may be separated from one another to
a degree once the constituent species present are known. However, due to the blending

and broad nature of the atomic lines in this spectral region information on the
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contributions of each individual line (specifically areas, FWHMs of each feature) may

not be reliably known.

Comparing the spectra obtained at each laser wavelength, the emitting lifetime of the
Al*" ion appears greatest for plasmas created using 1064 nm pulses. In addition to
prolonged emission, the unique spectral features obtained appear better resolved than in
the 532 nm case with smoother spectra being obtained. The 572.27 nm line for example
is less easily distinguished in spectra obtained using 532 nm laser pulses as the signal to
noise ratio is reduced. This may be due to the increase in mass ablation that occurs at
shorter laser wavelengths due to stronger laser coupling to the target and higher critical

density of the plasma [8], [9].

Contributions from multiple nitrogen emission lines are apparent using both laser
wavelengths around 554 nm. The emission line contributing most strongly on the
observed spectra is attributed to the N(II) 3s(°Ps) - 3p(°D'%) transition at a wavelength
of 553.54 nm. Another feature common at both laser wavelengths is the broad feature
around 560 nm appearing at roughly 500 ns and 200 ns for the 1064 nm and 532 nm

laser wavelengths respectively. This feature is most likely due to contributions of

relatively weak Al" transitions Al(II) 4p('P%) - 4d('D,) and Al(II) 4d('D,) — 7('F’%) at
559.33 nm and 561.33 nm respectively. The emission lifetime of these Al* lines appears
similar in both instances with emission up to 1.5 ps being observed. Similar to
observations shown in figure 4.5, evidence of these emission lines appears earlier in the

case of 532 nm laser pulses presumably due to the higher background continuum

associated with 1064 nm plasma emission.

Some evidence of spectral shifting is observed in spectra recorded using both 1064 nm
and 532 nm pulses. Voigt profiles were fitted to the recorded spectra in order to
quantify the spectral shifts for plasma emission lines from 1064 nm pulses and 532 nm
pulses. Figure 4.7 demonstrates the spectral shifts of aluminium neutral lines obtained

using 52 mJ pulses at 1064 nm and 532 nm wavelengths.

96



aos| [BoomsH] o '
O .0~~~ !‘I's I

3 3 =10us fit
i‘i 0.6 i 508 =-30us fit
2 /If | 2
i 2
g 04 ‘ 504
£ | £

02r \ 0.2r

§92 ‘ 393 394 395 396 397 398 399 992
Wavelength (nm)
1

' ' ' ' ' "T—20mms "20ns i A '
(C) Al(T) —500ns ~—500ns fit iR (d)
08t s 08 s fit \ :
4 I I Y RV
; il B P T AL N
806 sis | 0g[ HST i
> > 50us fit 1" ‘.:'\ '\‘ \
T @ N AN
504 §04r
£ c
02:
Ok ! 1 I I I 7| 3 ) e =
32 393 34 395 3% 397 398 399 2 393 34 305 396 37 398 309
Wavelength (nm) Wavelength (nm)

Figure 4.7: Time resolved spectra of aluminium neutral emission lines in air using 52 mJ
pulses showing evidence of spectral shifting. Figures correspond to (a) Al(I) spectra at 1064

nm, (b) corresponding peak fit to (a), (c) Al(I) spectra at 532 nm and (d) corresponding peak
fit to (c).

Figure 4.7 shows the spectral shifts occurring for both laser wavelengths over the
observable lifetimes of the aluminium neutral lines. A larger wavelength shift is

apparent in spectra recorded using 532 nm pulses. Spectral shifts were also analysed for

the AI(II) emission lines shown in figure 4.8.
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Figure 4.8: Time resolved spectra of aluminium singly ionised emission lines in air using 52
mJ pulses showing evidence of spectral shifting. Figures correspond to (a) Al(II) spectra at
1064 nm, (b) corresponding peak fit to (a), (c¢) AIl(II) spectra at 532 nm and (d)

corresponding peak fit to (c).

Shifts of 0.2 + 0.1 nm and 0.2 £ 0.1 nm respectively for Al(I) and Al(II) spectra at a
time delay of 50 ps compared to the earliest time delays were observed for plasmas
created with 1064 nm pulses. Using 532 nm pulses the wavelength shifts were 0.5 £+ 0.1

nm and 0.7 + 0.1 nm respectively. No convincing shift could be reliably observed for the

AI(IIT) spectra which are shown in figure 4.9.
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Figure 4.9: Time resolved spectra of aluminium doubly ionised emission lines in air using 52
mJ pulses. Figures correspond to (a) AI(IIl) spectra at 1064 nm and (b) AI(IIl) spectra at
532 nm.

Due to the blending of the emission lines in particular at the early delay times the exact
wavelength of emitting species may not be reliably stated. These peaks appear better
resolved after a delay of ca. 200 ns, at which time emission intensities are severely
reduced and become adversely affected by noise which is apparent from figure 4.9. As a
result, measurable spectral shifts for AIl(III) emission lines could not be reliably
extracted from peak fitting attempts. The blending of emission lines from N(I) 3d(°*D%)
— 4p(*Ds) at 558.85 nm, AI(IIT) 4s(S12) — 4p(*P%)2) at 569.66 nm and Al(III) 4p(°Sip) —
4p(*P%2) at 572.27 nm as well as the low emission intensity observed at later delay
times makes the quantification of spectral shifts too speculative without additional

knowledge such as emission intensities.

The spectral line shifts are due to Stark-shifting of the energy levels. In a high
temperature, high density plasma, the electric fields of many surrounding species will
perturb the energy levels of the emitting species which causes a wavelength shift of the
emitted radiation. Stark-shifting of emission lines in lowly ionised species is dominated
by electron collisions. The observance of larger wavelength shifts using 532 nm pulses
suggests higher electron densities than those associated with the 1064 nm plasma.
Broader emission lines were also observed using the 532 nm pulses. The broadening of
the peaks was used to estimate the electron density of the plasmas created using both

laser wavelengths, the results of which are presented in section 4.4.
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4.3 Shockwave Formation

When a high intensity laser pulse is incident on a target the resulting plasma expansion
away from the surface causes a highly energetic shock-front to form. This laser-induced
shockwave is formed by a compressive gas front which advances away from the target
surface [10]. Using the shadowgraphy setup described in chapter 3, the dynamic
evolution of shockwaves formed under atmospheric conditions were studied. The plasma
was created using 1064 nm laser pulses at various pulse energies in single shot mode and

the subsequent shockwave expansion was measured as a function of time.

Figure 4.10: Shadowgraphs showing the evolution of the shockwave in air using 8 mJ, 1064
nm laser pulses on an aluminium target. The shock-front becomes more diffuse as time

progresses.
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The shock-front is observed as early as 10 ns after the laser pulse is fired in air. For an 8
mJ pulse, the shockwave has propagated a distance of approximately 3 mm at a time
delay of 5 ps after the laser pulse reached the target. The camera is placed in line with
the target-cuvette such that the expansion is observed normal to the target surface. In
the initial stages of expansion, i.e., in the first few hundred nanoseconds, the shock-front
is easily visible in the recorded shadowgraphs. On microsecond timescales, the
shockwave becomes weaker as energy dissipates from the shock-front into the
surrounding medium. At 3 ps and 5 ps the shockwave has been highlighted on the
shadowgraphs in figure 4.10 for clarity. From these shadowgraphs, the shockwave
expansion is extracted as a function of time for laser pulse energies of 8 mJ, 16 mJ, 38
mJ and 52 mJ and shown in figure 4.11. Shown also are fits to the shockwave expansion

or point explosion model given by [1]:
R = at™ (4.1)

where R represents the plume front position, t is time and a and n are the fitting

parameters.
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Figure 4.11: Shockwave expansion in air using an aluminium target and 1064 nm laser pulses
of energies 8 mJ, 16 mJ, 38 mJ and 52 mJ. R? values obtained by fits to shockwave
expansion model were 0.99, 0.99, 0.99 and 0.99 respectively. Inset: Expansion between 0-500
ns.
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=2
[ n R

8mJ 1.09 £ 0.02 0.63 + 0.01 0.99
16mJ 1.26 £ 0.02 0.60 + 0.01 0.99
38mJ 1.43 £ 0.03 0.56 £+ 0.02 0.99
52mJ 1.56 £ 0.03 0.56 + 0.02 0.99

Table 4.1: Fitting parameters obtained by fits to shockwave expansion model [1] (cf.
corresponding figure 4.11).

In the initial stages, a very high velocity expansion is observed. 50 ns after the laser
pulse, instantaneous velocities of 2055 + 45 ms™, 2570 + 32 ms?, 3059 + 34 ms' and
3317 + 39 ms! are found for the shockwave velocities at 8 mJ, 16 mJ, 38 mJ and 52 mJ
respectively. The values obtained are similar to those reported in the literature in
comparable studies where velocities on the order of several kms' are seen [3], [11], [12].
Velocities are then found to eventually tend towards an approximately linear expansion
in the later stages of observable measurements. After 5 ps, an instantaneous velocity of
approximately 400 ms® is found independent of initial laser pulse energy. As the
shockwave expands into the surrounding atmosphere it experiences a gradual
deceleration with time. This deceleration of the shock-front is caused by collisions with
the background gas molecules which act to slow the shock-front as it loses energy
through these collisions. The shockwave velocity gradually continues to decrease (at
times unavailable for observation using the current setup) until eventually transitioning
after a few tens of microseconds into an acoustic wave [13]. The experimental data were
fitted to the point-explosion or shockwave expansion model described in detail in section
2.10.2. With increasing pulse energy, the value of a is found to increase. The values
obtained for the fitting parameters are shown in tabular form in table 4.1. Asais a
value related to the amount of energy delivered to the system for a medium of fixed
density [14], this trend is consistent with increasing energy delivered by the laser pulses.
The values obtained by the model fits for the parameter n were 0.63 £+ 0.1, 0.60 + 0.1,
0.56 £ 0.2 and 0.56 + 0.2 for 8 mJ, 16 mJ, 38 mJ and 52 mJ respectively. This trend
indicates that the expansion is becoming more spherical with increasing pulse energy.
For an 8 mJ pulse, an approximately planar expansion is found from the model fit,

meaning that the expansion is occurring preferentially in one dimension. This value of n
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decreases with increasing energy declining towards a value of approximately 0.5,
meaning that the shockwave is tending towards a predominantly two-dimensional
expansion with increasing laser pulse energy. These findings suggest that a higher
proportion of energy is being delivered into the lateral expansion of the shockwave with

increasing laser pulse energy.

The shockwave behaviour was studied using different target materials in a background
of air. As before, the shock-front positions were extracted from time resolved
shadowgraphy measurements using 8 mJ, 1064 nm laser pulses. The shockwave

expansions using aluminium, silver and gold targets are shown in figure 4.12.
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Figure 4.12: Shockwave expansion in air using 1064 nm, 8 mJ pulses measured using

aluminium, silver and gold targets. Inset: Expansion between 0-500 ns.

A similar shockwave expansion was found for each of the target materials employed. It

would appear from these results that the expansion of the shock-front is not dependent

or is at least very weakly dependent on the target material.
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4.4 Temperature and Density Calculations in Air

Temperatures and densities were extracted from time resolved aluminium spectroscopy
data in air. Measurements relating to the emission spectra such as integrated peak areas
and peak widths were calculated using the AAnalyzer peak fitting software. The
relevant parameters required for temperature and density calculations were extracted
from the literature tables of Konjevic and Wiese [15], [16]. Information related to
particular atomic transitions in aluminium were acquired from the NIST atomic
database [7]. As a brief reminder, electron densities were calculated using the expression
for Stark broadening of a line (see section 2.7.3). The width of the measured line is
related to the density of emitting species with a higher density producing a broader
peak profile. Measuring the full width at half-maximum of atomic transitions of interest,
the electron density may be deduced by the expression:

AA
ne = (%) x 1016 (4.2)

where n,is the electron density, Adpyupy is the full width at half-maximum of the
spectral line and w is the electron-impact parameter. The instrument linewidth is
deconvolved from the experimentally observed line profile to obtain the “true”. For
consistency, the Al" line at 466.3 nm was used throughout electron density calculations.
Electron temperatures were extracted from the ratio of integrated intensities from
successive charge states (see equation 2.31). Having calculated electron densities from

equation 4.2, the electron temperature was obtained from:

N| W

L f19:%3 (4 3 3 e>_1 (kBT€> (4.3)

— apgn
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(—E1 +E,—E, + AEOO>
I, f292/1’13

kgT,
where I, f, g and A are the total integrated intensity of the line, the absorption
oscillator strength, the statistical weight of the transition and the wavelength
respectively. E; and E, are the excitation energies of the upper and lower energy levels.
Ey and AE,, are the ionisation energy of the lower ionic stage and the high density

correction factor which accounts for the shift of the ionisation energy due to a strong
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electric field. The higher ion stage is denoted by the subscript 1. The ratio of Al* 466.3
nm to Al’ 396.15 nm was used to calculate temperatures in aluminium plasmas.
Temperatures and densities were obtained for plasmas formed in air using 1064 nm and
532 nm laser wavelengths at pulse energies of 8 mJ and 52 mJ. Fitting parameters

extracted are presented in tabular form following model fits to electron densities and

temperatures.
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Figure 4.13: Variation in electron density with time delay obtained using 1064 nm laser
pulses with energies of 8 mJ and 52 mJ. Shown also are the corresponding double exponential

fits with R? values of 0.96 and 0.98 respectively.

a(cm?) b(ps™) c(cm™) d(ps™) R

8mJ 1.17 + 0.16 x10"® -1.77 + 0.37 241 + 1.15 x10" -041 £ 026  0.96

52mJ  2.75 + 0.22 x10” -8.39 + 225  9.12 + 0.8 x10" -0.17 £ 0.03  0.98

Table 4.2: Fitting parameters obtained using double exponential fit to electron density values

obtained for plasmas formed by 1064 nm pulses (cf. corresponding figure 4.13).

A higher electron density was found using 52 mJ pulses with an average density
approximately 2x that observed using 8 mJ pulses for measurements recorded over the
same time delay range (roughly 500-1000 ns). Electron densities of 1.84 + 0.17x10"™cm™
and 0.95 + 0.09x10"™ cm™ were obtained using 8 mJ, 1064 nm and 52 mJ, 1064 nm laser

pulses respectively in ambient air. The values were obtained at the earliest
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measurements at delay times of 0.15 ps and 0.4 ps respectively. The density is seen to
initially decrease very rapidly before tailing off slowly after approximately 1 ps. The
experimental data was best fit to a double exponential decay at both laser pulse
energies. The goodness of fits using a single exponential fit were 0.96 and 0.78 for 8 mJ
and 52 mJ pulses respectively. This would appear to indicate that for times up to ~1 ps,
the trend follows a single exponential decay while at later times, a more gradual decay
occurs. In the case of 52 mJ pulses, the electron density is best fit to a sum of two
exponential terms, one for the early phase rapid decay, and another for the more
gradual subsequent decay. The addition of a third exponential term does not seem to
improve the goodness of the fit. R? values obtained by a triple exponential fit to the
experimental data presented in figure 4.13 were 0.95 and 0.97 for 8 mJ and 52 mJ
respectively. The origin of a double exponential decay is postulated to come about by
confinement of the plasma [17]. These fast and slow components are similar to
observations reported during studies of plasma expansion into a gas background where
slower decay rates were observed as the pressure of the background gas was increased
[18]. With additional background pressure, an increase in collision frequency occurs for
electrons and ions resulting in an increase in ionisation, recombination and plasma
emission [19], [20], [21]. As the plasma evolves under atmospheric pressure conditions, a

fast and a slow component are observed in the electron density decay rate in air.

A rapid reduction in electron density is observed at early times (< 500 ns) which is
reflected in the differences in the decay terms “b” obtained from the double exponential
fits (table 4.2). Values of -1.77 + 0.37 ps' and -8.39 + 2.25 ps? are extracted from fits
for the fast decay term “b” using 8 mJ and 52 mJ pulses respectively. The physical
consequence of higher values for the decay terms is a more rapid decline in electron
density occurring for higher pulse energy. Values of -0.41 4+ 0.26 ps! and 0.17 + 0.03 ps™
are obtained for decay terms “d” for 8 mJ and 52 mJ pulses respectively, which
corresponds to the gradual decay observed in electron densities at later time delays. The

contrast between fast and slow components (decay terms “b” and “d”) being greatest in
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the case of 52 mJ pulses provides further evidence that a much more rapid decay is

occurring at higher pulse energy.

The corresponding results for electron temperatures are shown in figure 4.14 below
where values of 1.10 + 0.05 eV and 1.40 + 0.07 eV are obtained at the earliest recorded

measurements at 150 ns and 400 ns for pulse energies of 8 mJ and 52 mJ respectively.
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Figure 4.14: Electron temperatures for plasmas created with 1064 nm laser pulses with
energies of 8 mJ and 52 mJ, obtained using a line ratio method. Shown also are the
corresponding double exponential fits with R? values of 0.99 and 0.99 respectively.

a(eV) b(ps™) c(eV) d(ps™) R’
8mJ 0.09 4+ 0.05 -4.08 4+ 2.04 1.09 + 0.13 -0.25 4+ 0.11 0.98
52mJd 1.03 +0.24 -2.84 4+ 0.57 1.09 + 0.02 -0.05 + 0.01 0.99

Table 4.3: Fitting parameters obtained using double exponential fit to electron temperature
values obtained for plasmas formed by 1064 nm pulses (cf. corresponding figure 4.14).

Similar to the electron density trend with time delay, the temperature shows a more
rapid decline in the 52 mJ case. Here a rapid reduction in the temperature is observed
in the early phase (< 1 ps) with a reduced cooling rate occurring in the later stages. In
the case of the 8 mJ pulses, the temperature decay appears almost like a single
exponential. From the parameters obtained by double exponential fits (table 4.3) a
much greater variation appears from the decay terms “b” and “d” for 52 mJ pulses. It
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would appear that a more rapid rate de-excitation is occurring in the higher

temperature plasma.

The results of electron densities and temperatures obtained for aluminium plasmas
formed using 532 nm laser pulses are presented next. As in the case of the 1064 nm
pulses, spectra were recorded at pulse energies of 8 mJ and 52 mJ. Double exponential
fits were one again chosen as best fits to the data (in particular for data at times > 1
Bs).
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Figure 4.15: Electron densities obtained for plasmas formed using 532 nm laser pulses with
energies of 8 mJ and 52 mJ. Shown also are the corresponding double exponential fits with

R?values of 0.97 and 0.98 respectively.

a(cm™) b(ps™) c(em™) d(ps™) R

8mJ 503+ 0.13 x10"® -7.72 +4.24 1.70 £ 0.95 x10® -1.92 +£0.71  0.97

52mJ  1.73 £ 0.16 x10®  -7.74 + 243 291 + 0.51 x10® -1.09 + 0.34  0.98

Table 4.4: Fitting parameters obtained using double exponential fit to electron density values

obtained for plasmas formed by 532 nm pulses (cf. corresponding figure 4.15).

Similar to observations using the 1064 nm laser, a sharp reduction in electron densities
is seen in the earliest observable stages of line emission. Comparing the results of both
laser wavelengths, (figure 4.13 and 4.15) although a similar rate of decay is observed in

both, with comparable decay rates being obtained, a higher electron density is seen
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using 532 nm pulses. At a delay of 0.5 ps, electron densities of 1.13 4= 0.1 x10™ cm™ and
2.13 + 0.19 x10™ cm™ are obtained using 1064 nm, 52 mJ pulses and 532 nm, 52 mJ
pulses respectively. A notable distinction between the two laser wavelengths is also
apparent in the temperature measurements, with lower temperatures found using the

532 nm laser as shown in figure 4.16.
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Figure 4.16: Temperatures obtained using 532 nm laser pulses with energies of 8 mJ and 52
mJ. Shown also are the corresponding double exponential fits with R? values of 0.99 and 0.99
respectively.

a(eV) b(ps™) c(eV) d(ps™) R
8mJ 0.29 4+ 0.16 -9.16 + 4.29 1.05 4+ 0.24 -0.58 4+ 0.29 0.91
52mJd 0.77 + 0.46 -8.07 +1.71 0.94 + 0.02 -0.19 4+ 0.02 0.99

Table 4.5: Fitting parameters obtained using double exponential fit to electron temperature

values obtained for plasmas formed by 532 nm pulses (cf. corresponding figure 4.16).

Very little initial differences are found in the electron temperature using 8 mJ and 52
mJ pulses at early times. The earliest observable measurement yields a temperature of
1.08 4+ 0.06 €V for both 532 nm pulses at time delays of 100 ns and 200 ns respectively.
The departure between the two temperature decay curves varies more significantly as
time progresses with values of 0.59 + 0.04 ¢V and 0.77 4+ 0.06 eV at a time delay of 1 ps

post plasma ignition with the 8 mJ and 52 mJ laser pulses respectively. A comparison of
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the “fast” decay term “b” for the two pulse energies indicates a similar decay rate at
early times for temperatures greater than ~1 eV. At later times, a faster rate of cooling
is observed for the 8 mJ plasma with “slow” decay term values of -0.58 + 0.29 ps! and -
0.19 4 0.02 ps? being obtained for 8 mJ and 52 mJ pulses respectively. This apparent
rapid decay at late delay times for the 8 mJ case may however be caused by the relative

“poorness” of the fit to the experimental data with an R? value of 0.91 being obtained.

For a laser produced plasma of intermediate electron density (around 10* c¢m®) the
ionisation balance of the plasma can be calculated using the collisional radiative
equilibrium (CRE) model developed by Colombant and Tonan [22]:

nz+1 — S(Z)
n, ar(z+1) +n.az(z+1)

fz= (4.4)

where f, is the ratio of ion densities from one ion stage to the next, S(z) is the
collisional ionisation coefficient, @, (z + 1) is the radiative recombination coefficient and
aszp(z + 1) is the three-body recombination coefficient. The ionisation balance describes

the degree of ionisation present in the plasma as a function of temperature.

For a given electron density the solution to the model may be used to calculate the
expected ion fractions of a laser produced plasma as a function of temperature. Using a
fixed electron density of 10" cm™® (the approximate electron density found from present
measurements) the ion fractions for an aluminium plasma were calculated using

equation 4.4, the results of which are shown in figure 4.17.
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Figure 4.17: Ion fraction as a function of electron temperature (T.) in an aluminium plasma
calculated using the Colombant and Tonan CRE model [22].

For low temperatures, the ionisation balance is largely dominated by neutral species. As
the temperature increases, the number of ions present in the plasma increases with
higher charge states appearing. An estimate of the electron temperature of the plasma
can be obtained by comparing spectra obtained in present measurements with figure
4.17. AI(IIT) emission was the highest ion stage observed in laser produced plasmas
recorded in ambient air which places an upper limit of ~2.2 eV for the electron
temperature. This is in line with experimentally determined temperature measurements
(figure 4.14 and 4.16) which do not exceed 2.2 eV. By looking at the general trends
observed in time resolved spectra recorded using 1064 nm and 532 nm pulses, a
qualitative comparison can be made with the trends expected by the CRE model. In
plasma emission spectra recorded using 1064 nm pulses (figure 4.4 (a), 4.5 (a) and 4.6
(a)) the dominant emission of each species appears at different delay times with respect
to the laser pulse. For 1064 nm, 52 mJ pulses, the peak emission of A(III), AI(II) and
AI(I) species occurs at time delays of 100 ns, 500 ns and 5 ps respectively. This result
agrees with the behaviour predicted by the CRE model where higher charge states exist
at higher electron temperatures. From figure 4.17, for a fixed electron density of 10*
cm®; a maximum in the fraction of AI(II) present in the plasma occurs at a temperature

just above 1 eV. This is in general agreement with the trends observed from
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experimentally determined temperatures of ca. 2 eV, 1.25 €V and 1 eV are observed at
delay times of 100 ns, 500 ns and 1 ps respectively, corresponding to maximum emission
intensities of Al(I), AI(II) and AI(III) species. For the case of aluminium plasma created
using 532 nm pulses, slightly higher electron densities and lower electron temperatures
were observed. The strongest recorded emission intensities of plasma species present
occurred at earlier delay times than those spectra recorded using 1064 nm pulses with
maximum emission observed at delays of 100 ns, 200 ns and 500 ns for AI(III), Al(IT)
and Al(I) respectively (figure 4.4 (b), 4.5 (b) and 4.6 (b)). Equation 4.4 predicts a large
contribution from 3-body recombination as the electron density increases. This results in
a lower fractional contribution from higher charge states at a given temperature. This
may explain the ionic emission occurrence at shorter delay times post plasma ignition

and the slightly shorter emission lifetimes observed for all species using 532 nm pulses.

4.5 Summary

Results from time resolved imaging experiments show rapid plume expansion in the
initial phases, followed by a plateau region reached at later times. This plateau appears
to be reached at earlier times using low laser pulse energy values (few mJ). The laser-
induced compressive shock-front was studied as a function of laser pulse energy using
shadowgraphy. Similar to the results of imaging of the plasma plume, a rapid expansion
of the shock-front is seen at the earliest observable times. With increasing laser pulse
energy, a more rapid expansion is found for the shockwave evolution. As time progresses
(to ca. 1 ps) the shock-front appears more diffuse as it loses energy through collisions
with the surrounding gas molecules. As the energy of the shockwave dissipates with
time, the evolution begins to approximate a linear expansion, at approximately several
microseconds after plasma breakdown at the laser focus. The shockwave expansion
shows good agreement with the point-explosion or shockwave expansion model. By
applying the shockwave expansion model to the experimental data, a planar expansion

is revealed for shockwaves at low laser pulse energy. The behaviour of the shockwave is
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found to transition to an approximately cylindrical expansion at higher laser pulse
energies. The physical implication of this finding is that as the pulse energy increases,
the lateral contribution to the overall shockwave expansion becomes greater. The shock-

front expansion appears to be independent of the target material.

Spectroscopic measurements of aluminium in air reveals significant emission
contributions from atmospheric species, namely from singly ionised nitrogen and
oxygen. A comparison of spectra recorded using 1064 nm and 532 nm laser pulses was
carried out which revealed subtle difference in time resolved spectra. For atomic
aluminium emission, very similar spectra are obtained at both laser wavelengths with
neutral emission persisting in both cases for approximately 50 ps. For aluminium ions
however, optical emission is observed to persist longer in plasmas created with 1064 nm
laser pulses compared to those formed with the second harmonic of the Nd:YAG laser
used. This is considered to be an effect related to the strength of the continuum
emission in spectra recorded from plasmas produced using the 1064 nm laser. Firstly,
due to the higher plasma temperature, early phase continuum emission is observed to
persist longer in the case of plasmas formed using 1064 nm pulses so that the emergence
of discrete line emission, observable above the background continuum, is delayed
compared to the 532 nm case. As a consequence, the ionic species appear at earlier
times in the 532 nm spectra. However, with an initially lower temperature, emission
from ions in plasmas created with 532 nm pulses dies away sooner than for plasmas
formed with 1064 nm pulses since the rate of electron excitation depends on plasma
temperature. Relatedly it should also be noted that the average ionization stage will be
higher for plasmas created with 1064 nm pulses. Hence, at later stages of plasma
expansion, when recombination is an important process, these plasmas will have higher
ion stages for longer as a consequence and hence line emission from lowly charged ions
should persist for longer times than for plasmas formed by 532 nm pulses. Evidence of
Stark-shifting of emission lines is observed for plasmas created using both laser
wavelengths. Larger Stark-shifts are observed using 532 nm pulses indicating higher

electron densities arising within the plasma. This result is further supported by electron
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densities determinations from Stark-broadened linewidth measurements on emission line

profiles for plasmas formed using both laser wavelengths.

Early phase molecular Hg emission at 486.13 nm is apparent several microseconds after
the plasma breakdown for plasmas generated by laser pulses at both wavelengths. The
appearance of a broad spectral feature occurring at a wavelength of ca. 452 nm can be
seen in emission spectra recorded using 532 nm pulses. This feature is attributed to the
contributions of several Al(III) lines which appear blended resulting in the appearance
of a broad spectral feature. Emission of these AI(III) lines appears relatively briefly, at
time delays of roughly 100-200 ns after plasma formation and are not apparent in
spectra recorded using 1064 nm pulses. These spectral features were also apparent
during pump-probe experiments using the OPO laser and are discussed in further detail

in chapter 5.

Average electron densities of approximately 1x10™ cm® and 2x10™ cm™ are obtained
using 1064 nm and 532 nm pulses respectively. In both cases, higher electron densities
are found using higher energy pulses. Evidence of a rapid initial decay followed by a
more gradual decay at late delay times was observed at both laser wavelengths. This
behaviour was attributed to a “fast” and “slow” component in the evolution of the
electron density due to the relatively high pressure experienced by the plasma in
atmospheric conditions. A more rapid rate of decay was observed using higher pulse
energies suggesting a greater decay rate of excited species occurring for plasmas formed

using 52 mJ pulses.

The electron density will depend strongly on the coupling of the laser radiation with the
target. The reflectivity of radiation from the metallic surface plays a significant role in
this coupling. Reflectivity depends on thermal conductivity, roughness and laser
wavelength. For the case of aluminium, the reflectivity at 1064 nm and 532 nm is ~0.95
and 0.92 respectively [25], [27]. After the initial formation of the plasma, more radiation
is then reflected from the target surface for pulses of longer wavelength and available for
absorption by the plasma. The decay of electron density occurs largely through

recombination interactions between electrons and ions. Electron generation can occur by
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competing processes of electron impact ionization and photoionisation. If the
recombination time constant is comparable to the laser pulse duration, an electron
generated by ionization can effectively contribute to the IB absorption [25]. In
aluminium an approximate value of < 1 ns can be obtained for the electron impact
ionization time constant in aluminium [25], [28], [29]. A pulse duration of ~5 ns was
used during this work, which is sufficiently large for an increased rate of ionisation
during the laser pulse due to electron-ion collisions. Having a higher photon energy
(2.31 eV compared to 1.17 V), the rate of photoionisation will be greatest for 532 nm

laser pulses and hence a greater electron density is apparent from the calculations.

Electron temperatures are found to increase as a function of increasing laser pulse
energy as expected. Higher pulse energies are also associated with increased mass
ablations rates [23] which produces a greater intensity in line emission strength and
therefore an increase in plasma temperatures. A slightly higher rate of cooling was
observed from temperature measurements obtained using 532 nm pulses, while the 1064
nm pulses appear to produce a higher temperature plasma. This difference in observed
temperature is related to the plasma shielding that occurs at each laser wavelength and
has been reported in aluminium for the same laser wavelengths used during this work
[24], [25]. As the laser pulse impinges on the target surface, seed electrons are produced
via photoionisation and multi-photon ionisation. Continued absorption of the trailing
edge of the laser pulse results in the formation of more highly ionised species through
collisions with ground state and excited atoms. Absorption of the laser pulse occurs
through the inverse Bremsstrahlung process. IB absorption can be estimated by the

following expression

1

a;p(em™) = 1.37 x 1073%23n2T, 2 (4.5)
Where A (nm) is the laser wavelength, T, (K) is the electron temperature and n, (cm*)
is the electron density [26]. Due to the A3 dependence, a much greater absorption of
1064 nm pulses occurs. The temperature begins to drop with time as the plasma

expands with thermal energy being converted to kinetic energy of plasma species. This
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temperature dependence of the plasma as a function of wavelength explains the stronger
continuum emission observed using 1064 nm pulses due to both free-free and free-bound

processes.

116



References

[1] D. A. Freiwald and R. A. Axford, “Approximate spherical blast theory including
source mass,” J. Appl. Phys., vol. 46, no. 3, p. 1171, 1975.

2] B. Kumar and R. K. Thareja, “Synthesis of nanoparticles in laser ablation of
aluminum in liquid,” J. Appl. Phys., vol. 108, no. 6, p. 64906, 2010.

3] A. E. Hussein, P. K. Diwakar, S. S. Harilal, and A. Hassanein, “The role of laser
wavelength on plasma generation and expansion of ablation plumes in air,” J. Appl.
Phys., vol. 113, no. 14, p. 143305, 2013.

[4] Tanski M., Barbucha R., Kocik M., Garasz K., and Mizeraczyk J., “Diagnostics of
UV Laser Generated Plasma Plume Dynamics in Ambient Air Using Time-Resolved
Imaging,” Przeglgd Elektrotechniczny, vol. 88, no. 8, 2012.

[5] S.S. Harilal, C. V. Bindhu, M. S. Tillack, F. Najmabadi, and A. C. Gaeris, “Plume
splitting and sharpening in laser-produced aluminium plasma,” J. Phys. Appl.
Phys., vol. 35, no. 22, pp. 2935-2938, Nov. 2002.

[6] S. S. Harilal, C. V. Bindhu, M. S. Tillack, F. Najmabadi, and A. C. Gaeris,
“Internal structure and expansion dynamics of laser ablation plumes into ambient
gases,” J. Appl. Phys., vol. 93, no. 5, p. 2380, 2003.

[7] “NIST Atomic Spectra Database,” http://physics.nist.gov/asd. .

[8] R. Fabbro, E. Fabre, F. Amiranoff, C. Garban-Labaune, J. Virmont, M. Weinfeld,
and C. E. Max, “Laser-wavelength dependence of mass-ablation rate and heat-flux
inhibition in laser-produced plasmas,” Phys. Rev. A, vol. 26, no. 4, pp. 2289-2292,
Oct. 1982.

9] F. Dahmani, “Experimental scaling laws for mass-ablation rate, ablation pressure in
planar laser-produced plasmas with laser intensity, laser wavelength, and target
atomic number,” J. Appl. Phys., vol. 74, no. 1, p. 622, 1993.

[10] Wang F., Chen L., and Wu J.Y., “Characteristics of Plasma and Detonation Waves
Induced on an Aluminium Target by Nanosecond Laser Ablation,” Lasers Eng., vol.
29, pp. 133-154, 2014.

[11] M. Hauer, D. J. Funk, T. Lippert, and A. Wokaun, “Time resolved study of the
laser ablation induced shockwave,” Thin Solid Films, vol. 453-454, pp. 584-588,
Apr. 2004.

[12] C. Porneala and D. A. Willis, “Time-resolved dynamics of nanosecond laser-induced
phase explosion,” J. Phys. Appl. Phys., vol. 42, no. 15, p. 155503, Aug. 2009.

[13] P. Gregor¢i¢, J. Diaci, and J. Mozina, “Two-dimensional measurements of laser-
induced breakdown in air by high-speed two-frame shadowgraphy,” Appl. Phys. A,
vol. 112, no. 1, pp. 49-55, Jul. 2013.

[14] S. H. Jeong, R. Greif, and R. E. Russo, “Propagation of the shock wave generated
from excimer laser heating of aluminum targets in comparison with ideal blast wave
theory,” Appl. Surf. Sci., vol. 127-129, pp. 1029-1034, May 1998.

[15] N. Konjevic and W. L. Wiese, “Experimental Stark widths and shifts for non-
hydrogenic spectral lines of ionized atoms,” J. Phys. Chem. Ref. Data, vol. 5, no. 2,
p. 259, 1976.

117



[16] N. Konjevi¢, M. S. Dimitrijevi¢, and W. L. Wiese, “Experimental Stark Widths and
Shifts for Spectral Lines of Neutral Atoms (A Critical Review of Selected Data for
the Period 1976 to 1982),” J. Phys. Chem. Ref. Data, vol. 13, no. 3, p. 619, 1984.

[17] P. Hough, C. McLoughlin, T. J. Kelly, S. S. Harilal, J. P. Mosnier, and J. T.
Costello, “Time resolved Nomarski interferometery of laser produced plasma
plumes,” Appl. Surf. Sci., vol. 255, no. 10, pp. 5167-5171, Mar. 20009.

[18] C. Colén, G. Hatem, E. Verdugo, P. Ruiz, and J. Campos, “Measurement of the
Stark broadening and shift parameters for several ultraviolet lines of singly ionized
aluminum,” J. Appl. Phys., vol. 73, no. 10, p. 4752, 1993.

[19] S. Amoruso, J. Schou, and J. G. Lunney, “Multiple-scattering effects in laser
ablation plume propagation in gases,” Europhys. Lett. EPL, vol. 76, no. 3, pp. 436—
442, Nov. 2006.

[20] J. Gonzalo, F. Vega, and C. N. Afonso, “Plasma expansion dynamics in reactive
and inert atmospheres during laser ablation of Bi(2)Sr(2)Ca(1)Cu(2)O(7—y),” J.
Appl. Phys., vol. 77, no. 12, p. 6588, 1995.

[21] R. K. Singh, A. Kumar, B. G. Patel, and K. P. Subramanian, “Role of ambient gas
and laser fluence in governing the dynamics of the plasma plumes produced by laser
blow off of LiF—C thin film,” J. Appl. Phys., vol. 101, no. 10, p. 103301, 2007.

[22] D. Colombant and G. F. Tonon, “X-ray emission in laser-produced plasmas,” J.
Appl. Phys., vol. 44, no. 8, p. 3524, 1973.

[23] R. E. Russo, X. L. Mao, H. C. Liu, J. H. Yoo, and S. S. Mao, “Time-resolved
plasma diagnostics and mass removal during single-pulse laser ablation,” Appl.
Phys. Mater. Sci. Process., vol. 69, no. 7, pp. S887—S894, Dec. 1999.

[24] H. Hegazy, E. AlAshkar, H. H. Abou-Gabal, M. N. Aly, and N. Hamed,
“Spectroscopic Evolution of Plasma Produced by Nd-YAG Laser,” IEEE Trans.
Plasma Sci., vol. 42, no. 6, pp. 1674-1684, Jun. 2014.

[25] N. M. Shaikh, S. Hafeez, B. Rashid, and M. A. Baig, “Spectroscopic studies of laser
induced aluminum plasma using fundamental, second and third harmonics of a
Nd:YAG laser,” Fur. Phys. J. D, vol. 44, no. 2, pp. 371-379, Aug. 2007.

[26] J. J. Chang and B. E. Warner, “Laser-plasma interaction during visible-laser
ablation of methods,” Appl. Phys. Lett., vol. 69, no. 4, p. 473, 1996.

[27] Chemical Rubber Company and D. R. Lide, Eds., CRC handbook of chemistry and
physics: a ready-reference book of chemical and physical data, 84th ed. Boca Raton:
CRC Press, 2003.

[28] S. Amoruso, M. Armenante, V. Berardi, R. Bruzzese, and N. Spinelli, “Absorption
and saturation mechanisms in aluminium laser ablated plasmas,” Appl. Phys.
Mater. Sci. Process., vol. 65, no. 3, pp. 266—271, Sep. 1997.

[29] W. B. Zel'dovich and Raizer, Y.P., Physics of Shock Waves and High-Temperature
Hydrodynamic Phenomena, Academic Press, New York. 1966.

118



Chapter 5

Optical Emission Spectroscopy of
AlO in Air

In the previous chapter the characteristic emission of aluminium plasmas was studied
during the different phases of the plasma lifetime in ambient air; from plasma ignition
and prompt continuum emission to the later line emission phases. The focus of this
chapter is the study of the very late stages of the plasma lifetime in air, beyond the
relatively early atomic and ionic line emission phase, using optical emission spectroscopy
at delay times of tens of microseconds. During this condensation phase, the appearance
of molecular aluminium monoxide (AlO) emission was observed and subsequently
investigated. The origin of molecular species during laser ablation may be brought
about by recombination of atomic species present in the plasma, and also by removal of
molecules excited by the laser matter interaction [1]. Using 1064 nm wavelength pulses,
the observation of AlO becomes apparent several hundred microseconds after the
aluminium plasma formation in air. AlO exhibits strong vibrational excitations in the
blue-green visible region between 440-550 nm. This band is referred to as the B-X
system of AlO [2]. Time resolved optical emission spectroscopy was used to study the
vibrational AlO emission structure. Using a freely available diatomic molecular
computation model, temperatures were extracted from vibrational emission spectra of

the X?2+ - B’X+ states of the AlO molecule over the observable emission lifetime. The
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study of molecular spectra are of particular interest in LIBS experiments where
measurements are in general limited to the relatively short lifetimes of emission lines [3].
The determination of temperatures by molecular emission spectroscopy provides a

means in which to study plasma parameters when line emission is no longer available.

A series of experiments were carried out using a wavelength tuneable optical parametric
oscillator (OPO) to deliver a second laser pulse to the plasma during the condensation
phase. Using a 1064 nm pre-pulse for plasma formation and the OPO pulse as a time
synchronised re-heating pulse, a series of experiments were carried out to probe (i) early
phase ionic species and (ii) late phase molecular aluminium oxide. During the early
phase studies, the re-heating OPO pulse was set at wavelengths of 430 nm, 466 nm and
484 nm to study the effect of tuning the re-heating pulse to wavelengths corresponding
to an ionic emission lines (at 466.3 nm) in the early stages of the plasma lifetime and
subsequently tune to the central emission band of the later phase A1O molecules (at 484
nm). The OPO pulse was delivered to the plasma at a fixed time delay of 500 ns for
these early phase measurements. For the later phase studies, the time between the pre-
pulse and re-heating pulse was varied and the wavelength of the OPO output was fixed
at 484 nm corresponding to the central vibrational AlIO bandhead of the B-X system
(Av = 0). A series of measurements were then carried out to probe the AlO during
different phases of the visible emission lifetime. By varying the time between the first
and second pulses (termed the inter-pulse delay time), a series of spectroscopy
measurements were carried out to investigate the effect of the re-heating pulse during

different phases of the AlO lifetime.

5.1 Molecular Emission

Using optical emission spectroscopy, vibrational excitations in diatomic AlO were
studied using a 30 mJ, 1064 nm pulse and a 500 ns ICCD gate width. Chapter 4

presented measurements of atomic emission spectra using an aluminium target under
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atmospheric conditions. For ionic species, this emission occurred over lifetimes of several
hundred nanoseconds. The emission from diatomic vibrational transitions occurs over a
comparatively longer duration on the order of tens of microseconds for the experimental
conditions described here. Similar to previous measurements, the spectra were recorded
in single shot mode refreshing the target position with each laser pulse to avoid
cratering effects. The first several hundred nanoseconds following breakdown in the
spectral region of interest is dominated by the hydrogen Balmer beta (Hg) line emission
profile at 486.13 nm. The appearance of atomic hydrogen emission is associated with
plasma formation in atmosphere due to the presence of water vapour. The precise time
at which the AlO emission may be observed is complicated by the superposition of the
Hp emission as spectra recorded are spatially integrated due to optical collection via
fibre optic. Figure 5.1 demonstrates the observed emission in the first 6 ps after the

laser pulse is fired.
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Figure 5.1: Time resolved emission spectra of H,; in air using a 500 ns ICCD gate width and
30 mJ, 1064 nm pulses. Early phase plasma emission in this spectral region is dominated by

the HB emission.

The Hg emission appears as two broad spectral peaks in the recorded spectra with a
peak separation of roughly 0.5 nm as seen in figure 5.1. This asymmetry in profile can
also be used in the determination of the electron density [4], [5], [6]. This study of

optical breakdown of gaseous H. using laser pulses has been investigated since the mid-
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sixties [7] and has been well documented in many studies since then [8], [9], [10]. Hg
emission spectra are used during this work to estimate electron densities the results of
which are shown in section 5.2. At 7 ps the AIO emission begins to dominate recorded
spectra. The characteristic edges of the Av = —1,0,1 band heads are clearly observed
at 7 ps. These are ground state transitions within the AlO molecule occurring at

wavelengths of 464.82 nm, 484.21 nm and 507.93 nm respectively [11].
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Figure 5.2: Time resolved spectra recorded using 30 mJ, 1064 nm pulses and an ICCD gate
width of 500 ns. Spectra demonstrate the vibrational bandhead emission in the blue-green
wavelength region indicating the presence of monatomic aluminium oxide over the observable

emission lifetime.

Molecular emission was observed up to a delay time of 45 ps using a 30 mJ, 1064 nm
pulse. Emission from the Av = —1,0, 1 vibrational bands is clearly discernable after a
delay of 10 ps. While the sharp edge of the Av = 0 band is clearly visible in the early
phases of molecular emission, the structure of the individual transitions within the

vibrational bands appears washed away due to high density broadening effects.

The study of the AlIO band emission using a single 30 mJ, 1064 nm pulse revealed
different phases of molecular emission over the observable emission lifetime. Diagnosing
the characteristic behaviour of the AIO molecule from the single pulse case revealed
information on the conditions of the plasma during the times i.e., between delay times

of 7-45 ps post plasma ignition. This information was used to inform the timing of
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subsequent re-heating experiments. From time resolved emission spectra estimates on
the electron densities could be determined in the early stages of the plasma lifetime.
Estimations of molecular temperatures could also be inferred from the recorded spectra,

the results of which are presented in the following section.

5.2 Temperature and Density Calculations

The emission spectra from the Hg line can be used to infer electron densities in the first
several microseconds of early observable emission. The determination of electron
densities from the hydrogen Balmer lines and Hg line (486.13 nm) emission in particular
is a well-established technique of estimating electron densities [12], [13], [14]. Due to the
broad emission profile, electron density calculations using the Stark broadened Hpg line is
considered the more accurate choice of hydrogen line in the Balmer series for electron
density determination [5], [15], [16]. However due to the superposition of the Hg with
the AlO emission, densities were deemed unreliable at time delays beyond 6.5 ps. Using
the Stark halfwidth of the Hg line, an approximate formula is used to deduce the

electron density (cm®) given by [17], [18]:

1.49

w.
=106 (—=— 5.1
Me (0.94666) G

where wy is the FWHM (nm) of the Stark contribution (Lorentzian component) to the
experimental profile. Figure 5.3 shows an example of the experimentally obtained Hg

spectra recorded at 2 ps and the corresponding fit of the asymmetric peak profile.
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Figure 5.3: An example of the peak fitting procedure applied to the H,; profile using the
AAnalyzer software. Figure shows a single Voigt profile fit to experimental data used to

estimate the electron density.

Figure 5.4 shows the evolution of the electron density measured from the Hg profile
where a rapid decrease in electron density is apparent at early delay times followed by a

more gradual decay at later times.
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Figure 5.4: Electron densities calculated using the Hﬂ emission Stark widths from time

resolved spectra recorded using 30 mJ, 1064 nm pulses and an ICCD gate width of 500 ns.

The instant at which the AlO emission begins to dominate recorded spectra occurs at a

delay time of ca. 7 ps. This was defined as the time at which the Hg emission is
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sufficiently supressed such that AlO emission becomes the dominant spectral feature.
This was further evidenced by the computational model fits. The AlO emission spectra
were fit to a computational model to extract temperatures. At times earlier than 7 ps,
the goodness of the fit was severely affected by the presence of the Hp line resulting in

large residuals and unrealistic temperature estimates.

I
o

T T

0.53 eV

W
o
T

—
o
T

Intensity (no. of counts)
N
o

%0 470 430 490 500 510 520
Wavelength (nm)

Figure 5.5: Demonstrates the experimental spectrum of AlO emission at a time delay of 10 ps

and corresponding computational fit used to estimate the temperature.

The temperatures of the most intense vibrational AlO transitions (Av = —1,0 and 1)
were estimated using a program described by Paringger et al. [1]. The model computes
temperatures using a list of known diatomic line strengths and compares them to
experimental data. The tables of known line strengths are used to generate spectra as a
function of temperature and spectral resolution. An algorithm is then employed to
determine the temperature by minimising the discrepancy between the computed and
experimentally recorded emission spectrum using a least squares method. For a pulse
duration < 10 ns, temperatures within the molecular ensemble tend to equilibrate
meaning that the vibrational temperature T,, = rotational temperature T, = gas
temperature T [1]. An example of the computational model in operation is shown in
figure 5.5 where the molecular spectrum obtained at a delay of 10 ps post plasma
ignition is shown. Good agreement is found between the theoretical and experimental

spectra where a temperature of 0.53 4+ 0.04 eV is obtained from the model fit. The
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goodness of the experimental fit to the theoretical fit can be estimated from the
difference spectrum. Temperatures were extracted from the model fits over the
observable emission lifetime of the AlO molecule (at delay times of 7-45 ps) the results

of which are shown in figure 5.6.
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Figure 5.6: Gas temperatures extracted from fits to experimentally obtained AlO spectra
using 30 mJ, 1064 nm pulses.

In the first few microseconds post formation, the gas ensemble experiences a rapid
decrease in temperature until a plateau is reached approximately 15 ps after the laser
pulse arrival at the target. Vibrational temperatures of 0.69-0.53 eV were extracted at
time delays of 7-10 ps respectively. After this point a very slow decrease in temperature
takes place for the remainder of the vibrational emission lifetime. At delay times > 10
ps this behaviour transitions to a lower rate of cooling with temperatures reaching ca.

0.4 eV in this late phase.

The system was analysed from a thermodynamic perspective in an attempt to
understand the different phases of AlO emission. The two main pathways of AlO

formation are given by: [3], [19]
AL+0,=Al0+0 (5.2)

Al+0 = Al0 (5.3)
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which compete with molecular oxygen formation via recombination of atomic oxygen,

ie.
0+0=0, (54)

The dominant direction of these reversible reactions is determined by the Gibbs free
energies of the reactions which are temperature dependant. The change in the Gibbs

free energy of a reaction, AG, is given by:

AG = ) BGproaucts = ) AGreactants (5:5)

The sign of AG indicates the energetically favoured direction of these reversible
reactions, i.e. whether the reaction taking place is endothermic or exothermic in nature.
Using ideal gas thermochemical tables [20] the Gibbs free energy, G, of the above
reactions can be evaluated for a temperature range between 0-0.52 eV. The Gibbs free
energies of the above equations (5.2, 5.3 and 5.4) were calculated as a function of
temperature for the forward (molecular formation) and reverse (molecular dissociation)

directions and are shown in figure 5.7.
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Figure 5.7: Calculations of the change in the Gibbs free energy of the AlO
formation/dissociation and related O: formation/dissociation reactions as a function of

temperature.
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At high temperatures > 0.5 eV, the forward direction of AlO is proceeds via equation
5.2 where a value of ca. -100 kJ/mol is obtained for the Gibbs free energy of the AlO
formation reaction. At the same temperature, the opposite trend is found for equations
5.3 and 5.4 in the forward directions where positive values are retrieved for the Gibbs
free energies of the reactions meaning energy is required for the reaction to take place.
As the gas cools, the energetically favourable direction of reaction 5.2 and 5.3 reverses,
according to figure 5.7 at temperatures of 0.38 eV and 0.30 eV respectively. Now the
formation of AIO takes place via equation 5.2 and equation 5.3 with the formation of
molecular oxygen also being favoured at these temperatures. The forming of AlO by
equation 5.2 is termed formation “channel 1”7 and formation via equation 5.3 is termed

“channel 2” for ease of reference henceforth.

The delay in the onset of dominant AlO emission observable during laser plasma
emission is related to the reactions described by equations 5.2 and 5.3 [3]. The
formation of AlO occurs initially via channel 1 at early times in the plasma lifetime
where temperatures exceeding 1 eV are typical. At these temperatures, strong
dissociation occurs via channel 2 meaning two competing reactions are taking place at
high temperature. The delay in significant AlO emission is thought to be related to
these competing processes with dissociation of the AlO via equation 5.3 occurring at a
greater rate than the formation channel via equation 5.2. As the plasma cools to
temperatures <0.44 eV, the rate of AlO formation via channel 1 becomes greater than
the rate of dissociation via channel 2. This may be considered a critical temperature in
the scheme of competing reactions which are taking place. An increase in the number of
AlO species present in the gaseous ensemble should then be expected below this
temperature as a result. Below the equilibrium temperature of equation 5.3 at 0.38 eV,
the reaction reverses direction and AlO formation is expected to occur via both
channels. From the temperatures estimates extracted from fits to the computational
model (figure 5.6), the temperature approaches 0.4 eV at delay times > 15 ps. This
coincides with the observation of strong emission and fine structure of the individual

transitions in the AlO band emission profile apparent from recorded spectra (figure 5.2).
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The integrated intensity over the entire observable AlO band emission (460-524 nm) is

shown in figure 5.8.
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Figure 5.8: Integrated intensity of time resolved AlO spectra (from figure 5.2) recorded using
30 mJ, 1064 nm pulses and an ICCD gate width of 500 ns.

While the temperature is seen to continually decrease as a function of delay time from
figure 5.6 (most significantly for time delays < 10 ps), no decrease is observed in the
emission strength of the AlO (figure 5.8) which appears to fluctuate at certain periods
over the observable emission lifetime. The trend appears to undergo a series of
oscillations at delay times ca. 12 ps and 20 ps. This repeated recovery of the emission
intensity may be explained by the temperature dependent trends (or dominant reaction
direction) described by equation 5.3. The first elevation (12 ps) in emission intensity
may occur by a reduction in the rate of AlO dissociation which is expected to occur at a
temperature of ca. 0.44 eV from calculations of the Gibbs free energy. As the
temperature of the ensemble cools even further, a second broad peak in the emission
intensity is observed (centred at ca. 20 ps) which may be attributed to the AlO
formation channel described by equation 5.3, predicted to occur at temperatures below
0.38 eV. These trends appear to confirm the behaviour expected by the Gibbs free

energy calculations.
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According to estimates from computational model fits (figure 5.6), the time at which
the temperature of the gas falls below the critical value of 0.44 €V should occur at a
time delay of ca. 15 ps. Values of 0.47 + 0.04 eV and 0.40 + 0.03 eV are found from
temperature estimates at delay times of 12 ps and 20 ps respectively. These estimates
largely correspond to the trends expected from the Gibbs free energy calculations where
strong AlO formation via the two possible reaction pathways is expected at a delay time
of ca. 20 ps. While a good level of agreement is found, the temperatures estimated by
the computational model appear to be slightly overestimated in comparison to the
trends expected by the Gibbs free energy calculations. From the increase in emission
intensity the enhancement in AlO emission is expected from the experimental data to

occur at a time delay of ca. 10-12 ps.

From the recorded emission spectra and corresponding temperature measurements it is
evident that the AlO reaction pathways are changing as a function of temperature with
AlO formation becoming more energetically favourable as the temperature of the gas
cools. By examining the different reactions taking place it is clear that routes to AlO
production in a laser produced plasma are complicated by competing processes which
delay the onset of dominant AlO formation and change the contribution of AlO species

to the overall ensemble as a function of the gas temperature.

5.3 Re-heating of Early Phase Plasma Species

By delivery of a second laser pulse to the plasma during the late condensation phase, a
series of so-called “re-heating” measurements were carried out. A series of experiments
were carried out in ambient air using the OPO as the second laser pulse to study the
effect of re-heating during the early phase of the plasma lifetime. The plasma is formed
using a 30 mJ, 1064 nm pre-pulse and a second pulse from the OPO is fired at a fixed
inter-pulse delay time of 500 ns with respect to the first pulse. As detailed in chapter 3,

the OPO pulse is delivered orthogonally to the first pulse. In this way the OPO pulse is
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coupled to the plasma created by the first pulse preventing the formation of a secondary
plasma. The second re-heating pulse is delivered by the OPO at three different
wavelengths; 484 nm, 466 nm and 430 nm with approximately 15mJ per pulse (14 mJ,
16 mJ and 19 mJ respectively). A wavelength of 484 nm was chosen to probe the
central emission band of the vibrational AlO B-X emission system. The objective was to
investigate potential re-heating effects (fragmentation, excitation etc.) on AlO molecules
present in the plasma at early time delays (500 ns). The OPO pulse was then tuned to a
wavelength of 466 nm (16 mJ) in an attempt to excite the Al(II) 3p*('D2) — 4p('P%)
transition (466.3 nm). The OPO was then tuned to 430 nm (19 mJ) as a control to
observe the re-heating effects of a second laser pulse. As the energy of the OPO pulse
decreases slightly with increasing wavelength, 430 nm was chosen as a comparison in
order to rule out any effects related purely to the additional energy delivery of a second

laser pulse to the ensemble.

Figure 5.9 below serves to demonstrate the measurement process and the effect of the
second pulse provided by the OPO. Using an ICCD gate width of 20 ns, spectra were
recorded for three separate experimental conditions; (i) the 1064 nm pulse only (“No
OPO”), (ii) the initial 1064 nm pulse followed by the OPO pulse at an inter-pulse delay
of 500 ns (“OPO”) and (iii) the OPO pulse in the absence of the plasma (“OPO only”).
All three spectra are recorded at the same “absolute” time which, for the example

shown below in figure 5.9, is 520 ns after plasma formation.
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Figure 5.9: Spectra obtained using the (i) 30 mJ, 1064 nm pre-pulse only (“No OPO”), (ii)
both pre-pulse and re-heating 466 nm pulse (“OP0O”) and (iii) the 466 nm pulse only (“OPO
only”). All spectra are recorded at a delay time of 520 ns with respect to the pre-pulse using
an ICCD gate width of 20 ns.

The OPO pulse is delivered orthogonally to the plasma expansion direction to ensure
coupling of the OPO radiation to the plasma without the creation of a second plasma.
This is evident from figure 5.9 where no plasma emission is observed in the “OPO only”
spectrum. The effect of the OPO pulse in the presence of the plasma is also apparent.
From time resolved aluminium spectra in air reported previously in chapter 4, for pulse
energies of 8 mJ and 52 mJ, emission of the Al* line at 466.3 nm is typically still
observable at a delay time of 500 ns after the 1064 nm pulse has arrived at the target
(see figure 4.5) and hence the observation of this line is expected here for a 30 mJ pulse.
This is evident in present results shown in figure 5.9 where the emission of the A" line
can be seen in the spectrum obtained using the single 30 mJ, 1064 nm pulse termed the
“No OPO” spectrum. With the addition of the OPO pulse however, the appearance of
three distinct spectral lines is noted around 450 nm in addition to a significant
enhancement in the Al" emission strength. These lines were attributed to three AI(IIT)
emission lines (which are discussed alongside the more detailed results shown presently)
and were not observable using a single laser pulse. Spectra recorded using the OPO only
are not shown in the data presented in the following sections for the purpose of clarity

although the data was recorded to ensure that any perceived effects were correctly
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attributable to the OPO pulse coupling with the plasma and not merely a double-pulse

effect due to any potential secondary plasma formation.

Figure 5.10 shows a series of spectra recorded at different time delays with respect to

the initial 30 mJ, 1064 nm pre-pulse using an OPO wavelength of 430 nm.
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Figure 5.10: Time resolved spectra obtained using a 30 mJ, 1064 nm pre-pulse (“No OPO”)
and a 19 mJ, 430 nm re-heating pulse (“OPO”) using an ICCD gate width of 20 ns. Spectra
recorded at time delays of (a) 520 ns (b) 600 ns (c) 700 ns (d) 1 ps (e) 1.5 ps and (f) 2.5 ps

with respect to the pre-pulse using a 500 ns inter-pulse delay.

Spectra obtained using the 1064 nm pulse only (“No OPO”) show weak emission of the
Al" line which decays ca. 1.5 ps after plasma ignition. Hg emission is observed as in

previous spectra (figure 5.1) at a time delay of ca. 500 ns. No significant differences are
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observed with the addition of the OPO pulse at a wavelength of 430 nm. The emission
spectra appear similar to the single 1064 nm pulse case where, at the delay times
shown, Al" emission is weakly observed followed at later times by AlO emission. No Al**

emission lines are observed in this spectral region identical to single pulse spectra.

The wavelength of the OPO was then tuned to 484 nm and the measurements were
repeated under the same experimental conditions. The recorded emission spectra are

shown in figure 5.11.
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Figure 5.11: Time resolved spectra obtained using a 30 mJ, 1064 nm pre-pulse (“No OPO”)
and a 19 mJ, 484 nm re-heating pulse (“OPO”) using an ICCD gate width of 20 ns. Spectra
recorded at time delays of (a) 520 ns (b) 600 ns (c) 700 ns (d) 1 ps (e) 1.5 ps and (f) 2.5 ps

with respect to the pre-pulse using a 500 ns inter-pulse delay.

With the delivery of the OPO pulse at a wavelength of 484 nm additional emission lines
are observed around 450 nm. These spectral lines are attributed to doubly ionised

aluminium transitions AI(IIT) 447.98 nm 4f(*F%;) - 5g(°Grp), Al(III) 451.26 nm
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4p(*P%)2) - 4d(*Dsp) and AI(IID) 452.91 nm 4p(°*PY%p) - 4d(*Dsp). These particular
transitions do not appear in the single pulse studies carried out during this work and
are uniquely observed here by the addition of the OPO pulse. The lifetime of the AI**
lines is relatively short with emission observed for less than 100 ns after the arrival of
the OPO pulse. These lines have been reported is other works however, using higher
pulse energies (800 mJ) [21]. The strength of the Al* emission line at 466.3 nm increases
significantly also with the addition of the OPO pulse. No apparent change is observed in
the AlO emission profile. This may indicate that conditions are too hot at a time delay

of 500 ns for condensation of plasma species into the molecular phase.

The OPO wavelength was then changed to 466 nm and spectra were again recorded
with and without the addition of the OPO pulse (delivered at a time delay of 500 ns
with respect to the initial pre-pulse). Figure 5.12 shows a number of time resolved

spectra obtained under these conditions.

137



smc T T T T L 25% T T T T T N OPO
—No OPO —No
- (a) 520ns AP —0p0 |7 (b)GOOns —0P0
£ 4000} £ 2000+ :
Al 2
3000+ 1% 1500+
¢ Al Al g
2000 \ 1 51000
0 0
§1000 1t W W
| A— A MMWWM‘N
0 440 450 460 470 480 490 . 440 450 460 470 480 490
Wavelength (nm) Wavelength (nm)
2500 T T T T T ‘N OPO GOD I I 1 I JN OPO
—No —No
:g';: (C) T00ns —O0PO | @m0t (d) ].}lS —0PO
2 2000 1e
J J
8 8 400t
% 1500 1%
g E 300
> 1000F >
Q QZOU- 1
g )
0 i 1 I 1 1 1 0 I L I 1 1 I
440 450 460 470 480 490 440 450 460 470 480 490
Wavelength (nm) Wavelength (nm)
300 T T T T T - T T T T T
—NoOPO —No OPO
02504 (e) 1'5118 —O0PO :@‘40 (f) 2}]8 —0P0
:
8200 { 8%
5 S
g1 18 ]
HEY )
@ @10 | (¥ j
£ 5 ¢ | i « }L |
£ 1E ‘.i‘ { | ah W M‘| \
0 | ]

W B0 40 40 &0 0 W B B 40 B 40
Wavelength (nm) Wavelength (nm)

Figure 5.12: Time resolved spectra obtained using a 30 mJ, 1064 nm pre-pulse (“No OPO”)
and a 15 mJ, 466 nm re-heating pulse (“OPO”) using an ICCD gate width of 20 ns. Spectra
recorded at time delays of (a) 520 ns (b) 600 ns (c) 700 ns (d) 1 ps (e) 1.5 ps and (f) 2.5 ps

with respect to the pre-pulse using a 500 ns inter-pulse delay.

The addition of the OPO pulse at 466 nm produces a very distinct increase in both the
Al*" and Al" line emission strength. The Al*' lines at 450 nm are visible in emission
spectra up to a time delay of 200 ns after the delivery of the OPO pulse (i.e. at a time

delay of 700 ns) as seen in figure 5.12 (c). A strong enhancement in the intensity and
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observable lifetime of the Al" emission line at 466.3 nm is also evident with the addition

of the OPO pulse at 466 nm.

In summary, while the AI*" emission lines are observable using an OPO wavelength of
484 nm, the intensity and persistence of the lines was much greater using an OPO
wavelength of 466 nm. A similar enhancement was found in the Al* emission. No
significant change was observed in the strength of the emission lines in this spectral
region (435-495 nm) using an OPO wavelength of 430 nm. The explanation for these
results is thought to relate to the differences in the plasma temperature as a function of
laser pulse wavelength. As previously mentioned (chapter 4) the dominant plasma
heating mechanism is inverse Bremsstrahlung (IB) absorption via free electrons given by

[22]:

1
a;p = 1.37x107353n2T2 (5.6)

where A is the laser wavelength in pm, T, is the electron temperature in K, n, is the
electron density per cm®. Due to the A3 dependence for the IB absorption a higher
plasma temperature is expected by re-heating the plasma with longer wavelength pulses.
As the temperature of the plasma is indicative of the ion stages present, a higher
population of Al*" ions is expected using the 484 nm (2.56 €V) pulses. This Al**
population density may then produce the transitions at 448nm, 452 nm and 453 nm
observed in emission spectra via collisional excitation processes. Using the 430 nm (2.88
eV) re-heating pulse, less radiation is coupled to the plasma via IB absorption and
hence a lower temperature plasma is expected. It is proposed that for 19 mJ pulses at
this laser wavelength the plasma temperature is too low for a significant population
density of AI** ions to be formed. At a photon energy of 2.88 ¢V, no direct route to Al**
is possible and hence we see no evidence of the Al** emission lines observed using the

484 nm re-heating pulse.

The strong emission strength of the AI*" and Al* emission lines observed at an OPO
wavelength of 466 nm is believed to be caused by a resonant effect. By the previous

reasoning, re-heating using 466 nm (2.66 eV) pulses should results in a plasma
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temperature lower than that achieved using the 484 nm re-heating pulse, yet much
stronger emission is observed in both the AlI*" and Al" emission lines. This enhancement
is believed to taking place via resonant multi-photon absorption of the 466 nm photons.
Due to the high probability of absorption at this particular wavelength, a three-photon

absorption process may occur via:
Al* +3hv - Al?*T + e~ + E (5.7)

The energy level diagram of the transitions of interest is shown in figure 5.13.
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Figure 5.13: Energy level diagram showing the energy levels of transitions of interest.

From the excited upper level of the singly charged ion (13.26 V), three photon
absorption is required to reach the second ionisation potential of aluminium (18.83 €V).
It is postulated that this resonance-enhanced multiphoton ionisation (REMPI) is the
main route to Al*" in this case and would explain the strong enhancement in ionic

emission observed at this particular laser pulse wavelength.
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5.4 Re-heating of Molecular Al1O

The following series of experiments were carried out to investigate the effect of re-
heating during the late phases of emission where molecular AlO species are forming in
the plasma. A wavelength of 484 nm was chosen to probe the central emission band of
the vibrational AlO B-X emission system. Fixing the OPO wavelength at 484 nm a
series of experiments were carried out under ambient atmospheric conditions using six
inter-pulse delay times. 0.5 ps, 1 ps, 2 ps, 5 ps and 10 ps delays, with respect to the
initial 1064 nm pre-pulse, were chosen in order to probe the AIO molecule at various
stages in its lifetime. The ICCD gate width was increased to 100 ns and the spectral
range of the spectrometer centred on the AlO vibrational band emission. The pulse
energies remained the same as in previous experiments with a 30 mJ, 1064 nm pre-pulse

used for plasma formation and a 15 mJ, 484 nm re-heating pulse delivered by the OPO.

By probing the AlO molecule at different delay times some interesting differences in the
spectra were observed. The resulting behaviour was separated into two regimes
depending on the inter-pulse delay (time delay between the first and second pulse). The
“early phase” behaviour observed using short inter-pulse delays < 2 ps is presented first

followed by observations using “late phase” inter-pulse delays 2 5 ps.

5.4.1 Short Inter-Pulse Delay

Spectra obtained using short inter-pulse delay times were studied for time delays up to
15 ps after the delivery of the OPO pulse (15 mJ, 484 nm). Figure 5.14 below shows
spectra obtained using the 1064 nm pre-pulse only. Figure 5.15 shows spectra obtained
at corresponding delay times using the OPO pulse at inter-pulse delays of 0.5 ps, 1 ps
and 2 ps. Recorded spectra are shown at various time delays with respect to the

delivery of the initial 1064 nm pre-pulse (30 mJ, 1064 nm).
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Figure 5.14: Time resolved spectra obtained using the 30 mJ, 1064 nm pre-pulse only.

Spectra are shown at delay times of 0.51 ps, 0.8 ps, 1 ps, 1.5 ps, 2 ps, 2.5 ps and 3 ps. An
ICCD gate width of 100 ns was used.
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Figure 5.15: Time resolved spectra obtained using a 30 mJ, 1064 nm pre-pulse and a 15 mJ,
484 nm re-heating pulse using inter-pulse delays of 0.5 ps, 1 ps and 2 ps. Spectra are shown

at delay times of 0.51 ps, 0.8 s, 1 ps, 1.5 ps, 2 ps, 2.5 ps and 3 ps with respect to the initial
pre-pulse. An ICCD gate width of 100 ns was used.

The introduction of the OPO pulse at these early inter-pulse delay times has the effect

of strongly enhancing the Al" emission line at 466.3 nm. By comparing figure 5.14 and
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figure 5.15, the maximum enhancement in Al™ emission strength occurs using an inter-
pulse delay of 1 ps where an increase of approximately 3x the emission intensity is
observed. This may indicate that the enhancement observed in the Al" emission is
caused by re-excitation of ions from the plasma undergoing the processes of cooling
which remain close to the aluminium target where the incoming OPO pulse passes
parallel to the surface. If re-excitation is the cause of the enhanced Al" emission
strength, then it follows from the data that the optimum time for this re-excitation
occurs at a time delay of 1 ps. This coincides with the time delay at which Al*" emission
has almost fully disappeared. For the pulse energies used throughout this work, the
maximum ion stage observed was Al*". Subsequent to the strong initial Al*" emission,
the Al" species begin to dominate the emission spectra of the cooling plasma which
occurs at time delays ca. 1 ps post plasma ignition (observed in chapter 4). At this
delay time, the introduction of the OPO pulse to the cooling plasma appears to produce

the strongest enhancement of the re-excited Al™ emission.

Spectra obtained at late time delays are shown in figure 5.16 where the presence of AlO
is observed. Emission recorded using the single pre-pulse (“No OPO”) are shown as well
as spectra recorded using the re-heating OPO pulse at inter-pulse delays of 0.5 ps, 1 ps

and 2 ps.
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Figure 5.16: Time resolved spectra obtained using a 30 mJ, 1064 nm pre-pulse and a 15 mJ,
484 nm re-heating pulse. Recorded spectra show AlO emission using the pre-pulse only (“No
OPO”) compared to those spectra obtained with the addition of the re-heating pulse at short
inter-pulse delays (0.5 ps, 1 ps and 2 ps). Spectra shown correspond to delay times of (a) 4 ps
(b) 5 ps (c) 8 ps and (d) 10 ps with respect to the initial pre-pulse. An ICCD gate width of

100 ns was used.

At a time delay of 4 ps (with respect to the initial plasma ignition) the emission of Al*
from the initial pre-pulse (“No OPO”) has decayed to zero and the emission of AlO
begins to appear in the recorded spectra (figure 5.16 (a)). The introduction of the OPO
pulse at early inter-pulse delay times = 1 ps appears to bring about a negligible effect
on the AlO emission spectra. As previously shown, the sharp Av = —1,0, 1 vibrational

bands appear in the emission spectra at time delays > 5 ps (figure 5.16 (¢) and (d)).
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5.4.2 Long Inter-Pulse Delay

Using the pre-pulse only (30 mJ, 1064nm) the Al* 466.3 nm line is observable up to ca.
3 ps after the pulse has fired (figure 5.14). By the time the OPO pulse arrives at the
long inter-pulse delays, i.e., at 5 ps and 10 ps the Al" emission due to the initial pre-
pulse has decayed entirely. The addition of the OPO re-heating pulse at long inter-pulse

delay times sees re-excitation of the Al* emission as seen in figure 5.17.
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Figure 5.17: Time resolved spectra obtained using a 30 mJ, 1064 nm pre-pulse and a 15 mJ,
484 nm re-heating pulse. Recorded spectra show AlO emission using the pre-pulse only (“No
OPQO”) compared to those spectra obtained with the addition of the re-heating pulse at long
inter-pulse delays (5 ps and 10 ps). Spectra shown correspond to delay times of (a) 5.1 ps and

(b) 10.1 ps with respect to the pre-pulse. An ICCD gate width of 100 ns was used.

However, the most notable effect of the OPO pulse at these long inter-pulse delays is
observed in the AIO emission spectra. Here a slight increase in the emission intensity
was clearly evidenced. Figure 5.17 shows spectra recorded at various time delays with
respect to the pre-pulse using inter-pulse delays of 5 ps and 10 ps. For comparative
purposes the emission of the pre-pulse only (30 mJ, 1064 nm) at each respective time

delay is also shown in figure 5.17 (termed “No OPO”).

145



_ R (b) 15ps —NoOPO

[0 50 —Sus

§ § —10us

8 S 40

I | *

0 0

5 v

2 12

@ e

: ;

£ gor b - ﬁ ]

: | 1 | Il i | 1 W 1 I I m\*aﬁ# I M"
960 470 480 490 500 510 520 ESU 470 480 490 500 510 520
Wavelength (nm) Wavelength (nm)

50 T T T T T T 4G T T T T T T
N (C) 2[]1_]5 —No OPO ~ (d) 30us —NoOPO
4240 — s i ;'::J —5us
5 530 —10us
0 0
0 0
630 1%
¢ g7
20 12
: Lo
0 0T
g | 2

960 470 430 490 500 510 520 960 470 480 490 500 510 520

Wavelength (nm) Wavelength (nm)

30 T T T T T T 8 T T T T T T
__|(e) 4ops —nooro | _ | (f) 50ps —No OPO
0% —His 18 —5us
g —1gps 56t —10ys
P {8
5 6
515- 1 EII-

2 2 !

@ 10r 1 -@2 * 1‘ . “ |

| AL P
Ey 1E B ] L I s _Im‘rl‘.i\w[ i -.ﬁ*,“H‘

EBD 470 480 490 500 510 520 260 470 480 490 500 510 520
Wavelength (nm) Wavelength (nm)

Figure 5.18: Time resolved spectra obtained using a 30 mJ, 1064 nm pre-pulse and a 15 mJ,
484 nm re-heating pulse. Recorded spectra show AlO emission using the pre-pulse only (“No
OPO”) compared to those spectra obtained with the addition of the re-heating pulse at long
inter-pulse delays (5 ps and 10 ps). Spectra shown correspond to delay times of (a) 10.1 ps
(b) 15 ps (c) 20 ps (d) 30 ps (e) 40 ps and (f) 50 ps with respect to the initial pre-pulse. An
ICCD gate width of 100 ns was used.

The strongest enhancement in the AlO emission is observed using an inter-pulse delay

of 5 ps. The maximum emission strength appears from the recorded spectra to occur at
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different delay times with respect to the delivery of the OPO pulse. Figure 5.19 shows

the integrated intensity as a function of time delay with respect to the initial pre-pulse.
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Figure 5.19: Integrated intensity of AlO emission obtained using a 30 mJ, 1064 nm pre-pulse
and a 15 mJ, 484 nm re-heating pulse. Integrated intensity of AlO emission using the pre-
pulse only (“No OPO”) is compared to emission obtained with the addition of the re-heating
pulse at long inter-pulse delays (5 ps and 10 ps). Data shown correspond to delay times with
respect to the initial pre-pulse. An ICCD gate width of 100 ns was used.

An initial increase in intensity is observed just after the delivery of the OPO pulse using
both 5 ps and 10 ps inter-pulse delays. This initial increase after the delivery of the
OPO pulses is due to the contribution from the Al" emission line at 466.3 nm as
indicated in figure 5.19 by the circles with broken lines. A delay is then observed in the
onset of peak AlO emission intensity in both cases. A maximum in the molecular
emission strength is observed at time delays of ca. 10-15 ps and ca. 20-30 ps respectively
for the 5 ps and 10 ps inter-pulse delays. The emission due to the single pre-pulse case is
also shown (“No OPO”). By comparison to the single pre-pulse emission, a significant
enhancement in the recorded AlO emission strength is obtained by using a long inter-

pulse delay for the incoming OPO pulse.

From the temperature estimates using the single 30 mJ, 1064 nm pulse presented in
figure 5.6 a relatively higher temperature is expected at the onset of AlO formation at

ca. 5 ps compared to the temperature of the gas after a 10 ps delay. From a
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thermodynamic perspective, a lower gas temperature should favour a higher rate of A1O
formation, in contrast to the behaviour observed here. This means that the delivery of
the re-heating OPO pulse at long inter-pulse delay times has affected the major route to

AlO formation which must be taking place through some other channel.

One simple explanation may be related to the amount of AIO molecules present in the
plasma at the time of the incoming OPO pulse. Energy delivered by the OPO pulse
may be absorbed by the molecular AlO species and slowly re-emitted over a period of
tens of microseconds as the molecules vibrate. Supposing that a greater quantity of AlO
exists in the plasma at a delay time of 5 ps compared to the later 10 ps delay would
explain the increase in AlO emission observed. However, from the intensity of recorded

emission spectra, the density of AlO species appears roughly constant.

A theory is proposed which considers the dominant species present during the different
phases of the plasma lifetime. From measurements using the single 30 mJ, 1064 nm
pulse (figure 5.6), the temperature of the gas at time delays < 10 ps is expected to be
too high (0.5 V) for AlO formation via channel 2. This means that any AlO formation
at these early delay times must occur via channel 1 (repeated here for ease of

explanation):
Al+0, - AlO+0 (5.2a)

Since O, is readily available from the atmosphere, this implies that atomic aluminium is
the limiting species which determines the amount of AlO which subsequently forms. In
the high temperature regime we also expect the related reactions to proceed in following

way:
Al0 > AL+ 0 (5.3a)

0, » 0+0 (5.4a)

We consider now the different temperature regimes of the gas as a function of delay

time which are present in the cooling plasma shown in figure 5.20.
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Figure 5.20: Schematic of the three distinct temperature épochs post plasma ignition. The
three temperature regimes, “early phase”, “mid phase” and “late phase” correspond to inter-

pulse delays of £ 2 ps, 5 ps and 10 ps respectively.

In the “early phase” of the plasma lifetime (i.e. < 2 ps) the temperature (which is
expected to be = 1 eV) is too high for significant AlO formation. While formation via
channel 1 is favoured at these high temperatures, the competing dissociation channel is
more readily occurring. This is evidenced in the emission spectra where AlO is not
observed until delay times of ca. 5 pus. The observation of AlO at these time delays must
require that the rate of molecular formation occurs at a higher rate than dissociation.
As the temperature decreases (“mid phase”), the rate of dissociation via equation 5.3a
begins to decrease also. As a consequence, less Al is expected at 10 ps (“late phase”)
due to the decrease in the temperature of the ensemble at that delay time. In addition,
the de-excitation of aluminium ions present in the plasma to their ground state
configuration is also taking place at ca. 4-5 ps (figure 5.16 (a) and (b)). This will also
result in less available ground state aluminium atoms at a delay time of 10 ps. Hence, a
higher population of aluminium atoms is expected at a delay time of 5 ps, resulting in
more reactant species available for AIO formation via the dominant reaction mechanism

in this high temperature regime described by equation 5.2a.

It is postulated that once the temperature of the plasma has dropped to a level

conducive to AlO formation (at a delay time > 5 ps), a greater presence of aluminium
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atoms is expected at 5 ps and consequently a greater number of AlO species is
subsequently formed accounting for the significant increase in emission observed. The
delivery of the OPO pulse results in additional heating of the plasma species. Since
condensation occurs after a period of plasma cooling, the AIO molecules form and re-
emit radiation some microseconds later. Since a higher density of plasma species is
expected at the earlier delay time of 5 pis, a higher rate of collisional cooling is expected.
This explains the faster rate of de-excitation of AlO species using a 5 ps inter-pulse

delay as seen in figure 5.19.

A final explanation for the observed behaviour may be related to a possible third

formation channel given by:
Al* + 0~ - Alo (5.8)

Using the early inter-pulse delay times, addition of the OPO pulse leads to a large
population density of excited ions (as seen previously in figure 5.15). Significant AlO
formation via equation 5.2 is countered by strong dissociation via equation 5.3 at these
early delay times. During the époch of the “mid phase” (figure 5.20), formation of AlO
overcomes dissociation as seen in recorded visible emission spectra (figures 5.1 and 5.2).
Delivery of the OPO pulse at this time delay (5 ps) results in ionisation of the
aluminium atoms producing a greater population of Al" ions in comparison to the
amount observed using the 10 ps inter-pulse delay (figure 5.17). If the AlO formation is
taking place by this third channel, this may account for the strong enhancement in the

recorded AlO emission strength observed using the 5 ys inter-pulse delay.

5.5 Conclusions

This chapter details the optical emission studies carried out in ambient air at long time
delays (= 50 ps) after plasma ignition. During this époch where line emission is weak or
even absent, the formation of molecular species is detected from the vibrational band

emission spectra. Plasma parameters such as electron densities and temperatures may
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be ascertained from the molecular emission spectra available at these late delay times
after the delivery of the laser pulse. The availability of a plasma diagnostic at such late
plasma lifetimes alleviates the pressing requirement of fast gating systems and has
particular relevance for LIBS measurements. By studying the temperature dependent
thermodynamic reactions taking place, different rates of formation and dissociation were

identified which were related to the experimental AlO emission spectra observed.

A series of re-heating experiments were carried out using a second laser pulse delivered
by the OPO at a delay time of 500 ns to probe the early phase plasma species. Using an
OPO wavelength of 430 nm, no significant differences were observed in the recorded
emission spectra over the spectral range in question. At 484 nm, the emergence of
several Al** emission lines was observed in addition to an increase in the emission
strength of the Al" 466.3 nm line. As the Al** emission lines were not observed using an
OPO wavelength of 430 nm, the effect was concluded to depend on the plasma
temperature and hence, the number density of excited AI** ions. Through collisional
processes these AI*" ions may then emit particular AI** and Al" lines observed en route
to the ground state. By tuning the OPO pulse to a wavelength of 466 nm, strong Al**
and Al" lines were observed. Due to the greater emission strength observed here
compared to the 484 nm case (where a higher plasma temperature is expected), a
resonant process was concluded to be taking place. As the photon frequency is resonant
with the Al™ 466.3 nm transition, a higher probability of absorption is expected and
multi-photon ionisation more readily occurs. REMPI was thought to be the explanation
for the enhanced ionic emission strength observed using the 466 nm OPO re-heating

pulse.

The wavelength of the OPO was tuned to 484 nm to probe the AlO species present in
the plasma during different phases of the gaseous lifetime. By varying the inter-pulse
delay time, the OPO pulse was delivered to the plasma at a number of “short” (< 2ps)
and “long” delay times (5 ps and 10 ps). Re-heating at early delay times sees re-
excitation of aluminium ions present in the plasma formed by the first pulse. Re-heating

during the late phase of plasma emission sees enhancement in the AIO emission
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intensity. A delay in the onset of maximum emission intensity was also observed using
the long inter-pulse delays. After delivery of the OPO pulse, the intensity of AlO
emission was seen to increase as a function of delay time with a maximum occurring 10
ps and 20 ps after the delivery of the second pulse for inter-pulse delays of 5 ps and 10
ps respectively. A number of arguments were tabled to account for the increase in

emission and the delay in maximum emission intensity observed.

Due to the high temperatures associated with laser produced plasmas, collisional cooling
is a necessary step in the promotion of cluster growth [23] and likewise for molecular
formation. Since a higher density of plasma species is expected at the earlier time delay
of 5 ps, a greater number of collisions is expected which explains the faster rate of de-
excitation observed from figure 5.19. The first proposal proffered to explain the
enhancement in the emission strength simply relates to the amount of AlO present in
the plasma at the different delay times. The energy delivered by the OPO is absorbed
and slowly re-emitted by the molecules via vibrational transitions as the ensemble cools.
If a higher density of AlO exists in the plasma at 5 ps compared to 10 ps, then this
energy may be re-emitted tens of microseconds later resulting in a higher observed
emission intensity. From the recorded emission spectra no clear evidence for a higher
AlO density is found at 5 ps. Since AlO is present in emission spectra at time delays >

5 ps, it follows that the rate of formation begins to overcome the rate of dissociation.

In the higher temperature regime expected by the earlier temperature measurements,
the major route available for AlO formation occurs via channel 1. The second theory
proposed to explain the increase in AlO emission relates to the amount of ground state
aluminium present in the ensemble. At delay times < 2 ps, a high density of excited ions
is present in the plasma. At 5 ps, the amount of atomic aluminium is expected to be
greater than at 10 ps meaning the main formation pathway (channel 1) may take place
more readily. Additionally, dissociation is favoured by equation 5.3 at higher

temperatures meaning a higher rate of Al gas.
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A final argument is put forward which involves the idea of a third formation channel by
the bonding of Al" and O (equation 5.8). This theory is supported by the increase in

Al* emission strength observed in the recorded spectra at the earlier time delay of 5 ps.
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Chapter 6

Comparison of Single Pulse Studies
in Air and Liquid Ambient

In vacuum, a laser ablated plume will freely expand in the absence of collisions, with a
constant velocity equal to the initial velocity vy [1]. In higher pressure environments, the
plume dynamics proceed very differently with background molecules acting to slow the
expanding plume. In this chapter, a comparison of laser produced plasmas in water and
air is presented. The motivation of the work presented in this section is to provide an
overview of the plasma behaviour in both environments and also to study the
differences between them. The plume expansion dynamics are compared using time
resolved imaging and the plume behaviour is found to evolve very differently in both
cases. The data are compared to two expansion models and the applicability of each is
assessed in both environments. The unique physical properties of the plasmas that are
formed in these two distinct environments are further evidenced in the quite different
craters profiles that form during the laser interaction with the target in air and water.
Crater formation was studied for a range of laser pulse energies in air and water using a
SEM. When the laser pulse impinges on the target surface and creates a plasma, the
rapid expansion of the plume creates a compressive shock-front which is radially emitted
from the point of impact. A comparison of the different shockwave behaviours was

carried out using shadowgraphy to probe the shock-front dynamically. Interferometry
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was also carried out in both environments to estimate the electron density at early

plasma lifetimes.

6.1 Imaging in Air and Water

6.1.1 Imaging at a Fixed Laser Pulse Energy

A comparison of plasma expansion in liquid and air was carried out using aluminium as
the target metal and deionised water as the liquid. The data was taken at low laser
pulse energy 6 + 3 mJ as a preliminary investigation into the differences that may occur
between the different ambient media. Using single-shot time resolved imaging, the
evolution of the plasma was recorded in 50 ns increments for the first 500 ns of the
plasma lifetime with the aid of an intensified CCD camera or ICCD. Broadband
imaging was employed over the wavelength range 300-800 nm. The optical gate width

for each image was 50 ns.
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Figure 6.1: False-colour images of the expansion of an aluminium plasma in air and water
ambient at various plasma lifetimes. The plumes were formed using a 6 mJ, 1064 nm laser
pulse. The intensity (no. of counts) is represented by the colour scale bar shown on the right

hand side of each image.

The visible emission observed behind the target position is due to scattering of plasma
radiation from the highly reflective metallic surface. Due to the higher pressure

experienced by the plasma plume that forms in liquid, a greater confinement of the
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plasma expansion is expected in water compared to air [2] and indeed that is what is
observed here. While the plasma in ambient air is free to expand to some appreciable
distance away from the target surface, the plasma formed in water is highly confined.
The air plasma appears to expand rapidly at the initial stages of formation and
evolution before reaching a plateau. From the images recorded in water, a similar
evolution is observed for early plasma lifetimes followed by a visible “contraction” at
times > 300 ns. The emission strength was much weaker in the case of water due to
rapid de-excitation of the plasma in the high density background. A high ICCD gain
was required in order to detect emission up until 500 ns. This issue was not encountered
for the emission recorded in air where visible emission was easily observable over the

same time range.

6.1.2 Plume Front Comparison

Using these data the luminous plume front positions were then plotted as a function of
time for air and water, the results of which are shown in figure 6.2. The plume front
position was defined as the position at which the ICCD count had dropped to 1/e
(~0.37) of its maximum value in the expansion direction normal to the target surface.
The error associated with each measurement of the plume front position was defined as
the point at which the ICCD counts were + 2% of the plume front position. The
objective was to investigate the broad overall behaviour of the plume front expansion for
both air and water ambient. Shown are the fits for air and water to the Taylor-Sedov [3]

shockwave expansion model R = at™ with a and n as the fitting parameters.

159



o
o

o
()]

o
()

Plume front expansion (mm)
o
~

d 50 100 150 200 250 300 350 400 450 500
Time (ns)

Figure 6.2: Plume front positions for aluminium plasma expansion in air and water using 6
mJ, 1064 nm pulses. Shockwave expansion models are fitted to the data in both

environments and are represented by the solid lines (ﬁ = 0.97 and 0.89 for air and water

respectively).
a n R2
Air 0.12 £+ 0.06 0.38 £ 0.10 0.97
Water 0.10 £ 0.06 0.34 + 0.15 0.89

Table 6.1: Fitting parameters obtained by fits to shockwave expansion model in air and water

at 6 mJ corresponding to figure 6.2.

The air and water plume expansion data shown in figure 6.2 at low laser pulse energy
can be said to show reasonable agreement with the model fits for longer time delays, >
300 ns. For an ideal spherical expansion, the shockwave expansion model predicts a t%*

dependence. The values corresponding to the fits obtained in figure 6.2 were 0.38 and

0.34 for air and water respectively.

The plume expansion appears to reach a plateau at an earlier time delay in water than
in air. In similar studies comparing plasma expansion in air and water ambient it has
been reported that the expansion rate is comparable only at early plasma lifetimes [4].
The authors of that paper have reported that the plume expansion reaches a plateau
region in water much earlier than in air at the same laser energy with saturation
occurring at ~300 ns and 800 ns respectively. From figure 6.2 the plume front expansion

appears to level off in water at a time delay of roughly 200 ns whereas in air this
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plateau appears from the data to occur at a later stage, around 400 ns. The ratio of «
values for air and water ambient is 1.2 which demonstrates the magnitude of pressure
experienced by the higher density environment in water [4], [5]. Figure 6.3 shows the
plume front positions in air and water and the corresponding fits to the drag force

model R = Ro(l - e‘ﬁt).
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Figure 6.3: Plume front positions measured for plasma expansion in air and water ambient.

Shown also are the fits to the drag force model (ﬁ: 0.96 and 0.91 for air and water

respectively).
B(ns™h) Ry (mm) R?
Air 0.011 £ 0.005 0.66 + 0.04 0.96
Water 0.014 + 0.007 0.37 £ 0.06 0.91

Table 6.2: Fitting parameters obtained by fits to drag force expansion model in air and water

at 6 mJ corresponding to figure 6.3.

The drag force model predicts that the plume will finally come to a rest due to
resistance from collisions with the background gas [6]. The ejected species experience a
viscous force proportional to their velocity through the background gas [1], [7]. Stopping
distances of 0.66 mm and 0.37 mm (represented by the Ry parameter in the drag force
expansion model [7], [8] were extracted from the model fits in air and water respectively.
These values indicate the final distance reached by the expanding plume represented by

the plateau regions of figure 6.3. Hence, for the same laser pulse energy, the final
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stopping distance measured in air is approximately twice that of water demonstrating

the strong confinement that occurs in a liquid environment.

In addition, looking at the adjusted R? values for each model, better agreement with
the experimental data is found in air using both the drag force and the Taylor-Sedov
models. More suitable descriptions of the plasma formation and dynamics in water
could be provided by direct simulations such as those carried out by Noack and Vogel

[9].

6.2 Comparison as a Function of Laser Energy

An investigation of the plume dynamics in air and water was carried out as a function
of laser pulse energy using 1064 nm laser pulses. The focusing lens for the laser pulse
was adjusted in each case to compensate for refractive index changes and the pulse
energy adjusted to compensate for energy attenuation in the water (see details in
chapter 3). A series of time resolved images were acquired using a 50 ns gate width in
air and water for a range of laser pulse energies of 8 £ 3 mJ, 16 + 3 mJ, 38 £ 3 mJ and
52 £ 3 mJ. The plume front positions were extracted from these images. Once again
these data were fitted to the two analytical shockwave models for both air and water

ambient for each laser pulse energy used.
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Figure 6.4: Plume front positions in air at 8 mJ, 16 mJ, 38 mJ and 52 mJ. Raw data is shown

as well as shockwave expansion fits to the data (ﬁ = 0.96, 0.97, 0.94 and 0.92 respectively).

a n RZ
8mJ 0.11 £ 0.04 0.36 £ 0.02 0.96
16mJ 0.12 + 0.04 0.35 + 0.01 0.97
38mJ 0.19 £+ 0.08 0.31 £ 0.01 0.94
52m.J 0.24 + 0.09 0.30 £ 0.01 0.92

Table 6.3: Fitting parameters obtained by fits to shockwave expansion model in air at 8 mJ,

16 mJ, 38 mJ and 52 mJ corresponding to figure 6.4.

The plume front expansion is seen to increase as the laser pulse energy increases, similar
to findings reported in other works [5]. A rapid expansion is observed at early lifetimes
with a more gradual expansion occurring subsequently at approximately 200 ns. The
expansion then appears to saturate at later times around 300-400 ns. The shockwave
expansion model fits show best agreement at low pulse energy. As the pulse energy is
increased, the agreement begins to deviate. The values obtained for the fitting
parameter n are seen in decrease with increasing laser pulse energy. As previously
mentioned, the ideal value for n is 0.4 for a spherical expansion [10]. From this it can be
concluded that the shockwave expansion model becomes a less appropriate choice of
model with increasing pulse energy. The drag force model was also applied to the

plasma expansion in air, the results of which are presented in figure 6.5.
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Figure 6.5: Plume front positions in air at 8 mJ, 16 mJ, 38 mJ and 52 mJ. Raw data is shown
as well as drag force model fits to the data (RZ = 0.99, 0.99, 0.98 and 0.98 respectively).

B (ns™hH Ry (mm) R
8mJ 0.012 + 0.0011 0.87 £ 0.03 0.99
16mJ 0.012 £ 0.0009 0.97 £ 0.04 0.98
38mJ 0.016 + 0.0012 1.17 £ 0.04 0.98
52mJ 0.016 + 0.0013 1.41 + 0.04 0.97

Table 6.4: Fitting parameters obtained by fits to drag force expansion model in air at 8 mJ,

16 mJ, 38 mJ and 52 mJ corresponding to figure 6.5.

From the slowing parameter f using the drag force model fits, some evidence of a higher
rate of slowing is observed for higher laser pulse energies. The physical meaning of this

is that the energy of the plume front is further dampened as the pulse energy increases.

From figures 6.4 and 6.5 good agreement is observed using both models with the drag
force model demonstrating somewhat better representation of the data judging by the
goodness of the fits. Both expansion models are shown together for ease of comparison

in figure 6.6.
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Figure 6.6: Plume front expansion and corresponding fits to shockwave model and drag force
model (R?= 0.96 and 0.99 respectively). Measurements were taken using an 8 mJ, 1064 nm

pulse.

The shockwave expansion model predicts that the plume front should expand
continuously as a function of time. While this can be considered a good approximation
at early times, it does not describe the behaviour of the plumes at times > 200 ns.
Pressure is exerted on the plume front by the surrounding medium which causes a
deceleration of the expanding plume front which is not accounted for in the shockwave
model. In this regime expansion is seen to taper off. This deceleration is taken into
consideration by the drag force model and hence is deemed to be the more realistic

model to best represent the observed behaviour.

6.2.2 Water

Figure 6.7 shows the plume front positions extracted from the imaging data measured in

deionised water at a range of laser pulse energies.
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Figure 6.7: Plume front positions measured in deionised water using 1064 nm pulses having
energies of 8 mJ, 16 mJ, 38 mJ and 52 mJ.

An expansion phase is initially observed in the first 150 ns after plasma initiation. As

the pulse energy increases, a greater expansion occurs. As time proceeds, this expansion

is followed by an apparent contraction phase at time delays > 150 ns. This trend is in

contrast to the case in air where expansion was seen to reach a saturation level at

approximately this time. In order to explain this phenomenon the data was divided into

two regimes. Different models were applied to the data in each regime; the shockwave

expansion model at early times (i.e. < 150 ns) and exponential cooling for later times.
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Figure 6.8: Plume front expansion in water up to 150 ns using laser pulse energies of 8 mJ, 16
mJ, 36 mJ and 52 mJ. Corresponding fits to the shockwave expansion model are also shown
the R? values retrieved were 0.95, 0.97, 0.97 and 0.96 respectively.
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a n R?
8mJ 0.06 + 0.03 0.40 £ 0.02 0.95
16mJ 0.08 £ 0.02 0.41 £+ 0.02 0.97
38mJ 0.09 + 0.03 0.44 £ 0.02 0.97
52mJ 0.10 £+ 0.03 0.49 £+ 0.04 0.96

Table 6.5: Fitting parameters obtained by fits to shockwave expansion model in water at 8

mJd, 16 mJ, 38 mJ and 52 mJ corresponding to figure 6.8.

The fits show similar agreement for each laser pulse energy. With increasing laser pulse
energy, the values obtained for the fitting parameter a become larger. As a is related to
the amount of energy released in the explosion, for a fixed background density this
result is in agreement with the trend predicted by the shockwave expansion model [3],
[11], [12]. The values obtained for the fitting parameter n are found to increase with

laser pulse energy. For an 8 mJ pulse a t%*

dependence is revealed. The value of the
exponent increases with increasing pulse energy reaching an approximately t%°
dependence for a 52 mJ pulse. As previously stated in section 2.10.2, the parameter n
will take a value of 0.6, 0.5 and 0.4 for one, two and three-dimensional expansion
respectively. This suggests that with increasing pulse energy, the behaviour of the plume
front is transitioning from a predominantly spherical expansion to a more cylindrical

expansion. The data were also fitted to the drag force model with comparable

agreement being observed.
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Figure 6.9: Plume front expansion in water up to 150 ns using laser pulse energies of 8 mJ, 16
mJ, 36 mJ and 52 mJ. Corresponding fits to the drag force model are also shown the R2
values retrieved were 0.96, 0.99, 0.99 and 0.96 respectively.
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B (ns™h Ry (mm) R
8mJ 0.018 + 0.0022 0.49 £ 0.18 0.96
16mJ 0.017 £ 0.0016 0.76 £ 0.18 0.99
38mJ 0.016 + 0.0017 0.98 + 0.21 0.99
52mJ 0.014 £ 0.0020 1.17 £ 0.26 0.96

Table 6.6: Fitting parameters obtained by fits to drag force expansion model in water at 8

mJd, 16 mJ, 38 mJ and 52 mJ corresponding to figure 6.9.

Similar to the case in air, the stopping distances calculated were found to increase as a
function of laser pulse energy. The slowing parameter § was found to decrease with
increasing pulse energy, in contrast to the trend observed in air. This result implies that

the plume front experiences less drag as the laser pulse energy is increased in water.

For times > 150 ns an exponential decay (Ae™*) was used to fit to the data, the results

of which are shown in figure 6.10.

1.2| T T T T T T

Eqf ]

c

s P

%03_ -

o]

S |

506+

W

) — T

30.4N L

o = 0'% W 15 20 25 30 35 40 45 50 55
Pulse energy (mJ)

06 2 3w B0 40 &0 5w

Time (ns)

Figure 6.10: Plume front positions data in water and exponential decay fits for 8 mJ, 16 mJ,
38 mJ and 52 mJ pulse energies (R2= 0.97, 0.91, 0.96 and 0.95 respectively).

A k (ns™1) RZ
8mJ 0.52 + 0.08 0.00088 + 0.00015 0.97
16mJ 0.79 + 0.07 0.00064 =+ 0.00008 0.91
38mJ 1.05 + 0.08 0.00089 + 0.00012 0.96
52m.J 1.21 + 0.09 0.00110 + 0.00020 0.95

Table 6.7: Fitting parameters obtained by fits to cooling model in water at 8 mJ, 16 mJ, 38

mJ and 52 mJ corresponding to figure 6.10.
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The contraction of the plume was found to decrease with increasing pulse energy. As
can be observed from figure 6.7 and 6.10 a slightly more rapid rate of cooling is
observed using the 52 mJ pulse. However, from the experimental error bars associated

with the cooling rate k, no definitive conclusion can be draw.

The expansion in air and water was found to behave similarly for early plasma lifetimes
where both models show good visual agreement with the plume front expansion. In the
case of air the expansion is found to saturate at ~200 ns. This plateau of the plume
front is observed up to a delay of 500 ns indicating that the luminous plume front
remains effectively stationary during this period. This deceleration of the plume front is
attributed to the pressure provided by the background gas as the plasma expands.
Although both the shockwave and drag force models are observed to fit well to the
data, the drag force model better describes the behaviour of the plume expansion over
the entire duration of the plasma lifetimes measured. A comparison of the plume front
expansion in air and water at 52 mJ is shown in figure 6.10 demonstrating the

behaviour in both environments up to 500 ns.
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Figure 6.11: Plume front expansion in air and water at 52 mJ. An expansion is observed for
both backgrounds for the first 150 ns with the plume front reaching 1.4 mm in air compared
to ca. 1.0 mm in water ambient. Beyond this the plume front reaches a plateau region in air

while a contraction occurs in water ambient.
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In a background of air the initial expansion rate was found to be greater than in water.
The saturation of the plasma expansion in water is observed at ~150 ns. At later times
however, a different behaviour is observed to that of air whereby the plasma undergoes
a contraction phase, from ~150 ns onwards. For the range of energies employed during
experiments, a more rapid cooling of the plasma was apparent at higher laser pulse
energies. Two possible hypothesis were envisioned to explain this phenomenon. The first
possible explanation is a physical cooling of the plasma. The pressure of the plasma
formed by the laser pulse is initially much greater than the pressure of the surrounding
liquid and expansion occurs. At some later stage the pressures equalise and no further
expansion takes place. From the results presented here, this appears to occur at a
plasma lifetime of ~150 ns. Heat is conducted from the plasma to the surrounding liquid
and a cooling of the plasma follows which obeys Newton’s law of cooling. Following
plume stagnation, in water the pressure exerted by the surrounding water on the plume

eventually becomes so great that a contraction occurs.

6.3 Crater Formation in Air and Water

The craters formed by the laser pulse on the target surface were studied for ablation in
air and water backgrounds. Using 200 laser pulses at various energies on an aluminium
target, the craters were examined using a SEM. The craters formed in both

environments showed very distinct profiles.
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Figure 6.12: Craters formed in air (left hand column) and water (right hand column) at 10
mJ, 30 mJ and 50 mJ after 200 laser shots using an aluminium target and 1064 nm laser

pulses.

Craters formed at a selection of laser pulse energies are shown in figure 6.12. At low
pulse energy in air, not much material removal is observed from the SEM image.
Limited removal of the target material is apparent with only a small indentation

appearing on the target surface.

FEjected target material is located in the surrounding area of impact creating an
appreciable outer crater of ejected mass. As the pulse energy is increased a shallow

crater is formed which is also surrounded by an area of ejected material.
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Craters formed in water appear to exhibit a much sharper profile with very little ejected
material surrounding the crater site. Similar findings have been reported by Patel et al.
[13] where the lack of target material is attributed to the vaporisation of the
surrounding environment. Their hypothesis is outlined as follows. The incident laser
beam acts to vaporise the water molecules surrounding the point of laser impact
creating an instantaneous new phase of water molecules at the target surface. The
pressure exerted by this instantaneously generated phase of water molecules prevents

the re-deposition of evaporated metal particles.

Due to the pressure of the surrounding liquid, much more energy is transferred into the
bulk material as compared to the case in air. This results in well-defined, deep craters
being formed in the liquid environment which are clearly observed in the SEM images.
Patel et al. accredit the considerable depth of the crater formed in water to a self-
focussing of the laser beam onto the target surface [13]. They postulate that the
curvature of the vaporised liquid layer above the target surface created by the laser

pulse acts as a lens causing further focussing of the laser beam.

As the laser pulse energy increases, some evidence of an increase in crater diameter is
observable in figure 6.12 around the periphery of the crater edges. The appearance of
ejected target material becomes evident at higher pulse energies although to a lesser
extent than that observed in air. Measurement of the diameter of craters formed in air
and water was challenging in particular for the case in air where the crater edges are
not easily defined. In this case, the crater diameter was defined as the diameter of
material removed in the inner circular region not inclusive of the surrounding outer ring
of ejected material. Assuming a Gaussian laser beam profile, the radial size of the

ablated crater is related to the threshold fluence Fippes by:
Finres = Fexp(—rj/erz) (6.1)
From which:

g = erz [In(F) — In(Fepres)] (6.2)
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Which can be rewritten as:

N =

Dy = 2Dy [ln ( Ft::”es>] (6.3)

Where 13 and D, are the radius and diameter of the crater, F is the applied fluence,
and 7y and Dy are the radius and diameter of the focussed beam [14], [15]. This

equation is fitted to the experimental data in figure 6.13.
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Figure 6.13: Crater diameters measured from SEM images in air and water for a range of
laser pulse energies between 7-57 mJ. Shown also are fits to equation 6.3 (R2 = 0.93 and 0.90

for air and water respectively).

Dy (mm) F (Jem™2) R?
Air 0.20 =+ 0.01 2.98 + 0.25 0.93
Water 0.17 + 0.02 1.30 + 0.01 0.90

Table 6.8: Fitting parameters obtained by fits to ablated crater equation in air and water as a

function of laser pulse energy corresponding to figure 6.13.

In both cases the crater diameter appears to increase with increasing laser pulse energy.
The crater diameter measured in water exhibits a slightly weaker dependence on pulse
energy than in air. The ablation threshold for aluminium calculated by the fitting of
equation 6.3 to the data was 2.98 £ 0.25 Jem™ and 1.3 £ 0.01 Jem™ for air and water
respectively. These values show similar agreement with threshold fluences of aluminium

reported in the literature of 4 Jem™? in atmospheric air [16] and 1.4 Jem™ in water [13].
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The higher ablation threshold observed in air may be due to the additional focusing of
the laser beam in water ambient leading to a higher power density for the same laser

fluence.

6.4 Shadowgraphy in Air and Water

A series of shadowgraphy measurements were carried out as a function of laser pulse
energy in air and water the results of which are presented in chapter 4 and chapter 7
respectively. Here the shockwave behaviour is compared in air and water at a single

laser pulse energy to highlight the salient features observed in each environment.
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Figure 6.14: Shockwave expansion measured in air and water using 1064 nm, 52 mJ pulses.

Figure 6.14 shows two very different trends for the shockwave expansion in air and
water. The first notable observation is the high velocity expansion occurring in the
water. The shockwave disappears from the camera field of view (~3 mm from the target

surface) before 2 ps whereas in air the shockwave is still observable until ~3.5 ps.

At early times a very rapid expansion is observable in both cases. In air, an

instantaneous velocity of 3575 + 57 ms™ is reached for a pulse energy of 52 mJ. After
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the first few hundred nanoseconds, the shockwave expansion velocity begins to drop,
eventually tending towards a linear expansion (i.e., constant velocity) after ~2 ps where

an average velocity of 584 + 6 ms™ is observed.

For the case of plume expansion in water the velocity of the shock-front is
approximately constant. Some evidence of a high velocity component is observable at
time delays < 400 ns. In this regime, an average velocity of 1965 + 113 ms™ is found for
the shockwave expansion in water for a 52 mJ pulse. The transition to linear expansion
occurs roughly 300-400 ns after plasma ignition. In this later regime, values of 1508 +

25 ms™! are measured for the shockwave expansion velocity in water.

The shockwave appears to travel at a velocity close to the speed of sound in that liquid
which for the case of water is 1485 ms™. The shockwave velocity observed in air however
far exceeds that of the speed of sound in air and was found to be a similar order of

magnitude compared to previous studies [17], [18].

6.5 Interferometry in Air and Water

Normarski interferometry studies were carried out in air and water ambient at a range
of laser pulse energies on an aluminium target. Interferometry is a useful methos for
extracting plasma densities at times close to plasma ignition when optical spectra tend
to be dominated by continuum emission and techniques such as Stark analysis of line
profiles are not possible. The intention was to compare the electron densities in both
environments as an additional method to calculations extracted from time resolved
spectroscopy data. Interferograms were recorded in 10 ns intervals between 0-400 ns.

The Normaski interferometry setup was used as described previously in chapter 3.

Interferometry was carried out in a background of air using 1064 nm laser pulses for the

formation of the plasma. Interferograms were recorded using laser pulse energies of 8
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mJ, 16 mJ, 38 mJ and 52 mJ. Figure 6.15 shows the interferograms recorded for the

range of pulse energies used.

Figure 6.15: Interferograms recorded in air 50 ns after the laser pulse is fired using 8 mJ, 16
mJ, 38 mJ and 52 mJ pulses.

The greatest fringe shifts were recorded at high laser pulse energy. This demonstrates
that the electron density within the plasma depends on the energy of the laser pulse
used in its creation. For pulse energies of 8 mJ and 16 mJ, no discernable shifting of
fringes were observed while for 38 mJ and 52 mJ pules, clear fringe shifts can be seen.
As mentioned previously, a shock-front is created by compression of the gas due to the
explosive delivery of energy to the target by the laser pulse. As such this compression
creates a shock-front which is also observable from the interferograms. Interferograms
were recorded up to 400 ns after the laser pulse is fired. Figure 6.16 demonstrates the

dynamic evolution of the interferograms recorded in air using 52 mJ pulses.
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Figure 6.16: Interferograms recorded in air at 20 ns, 50 ns, 100 ns and 200 ns using a 52 mJ

pulse.

The observed fringe shifts (with respect to the background interferogram in the absence
of the plasma) are greatest within the first 100 ns of the laser pulse arriving at the
target as is seen in figure 6.16. At times > 100 ns minor fringe shift patterns are
recorded up to roughly 200 ns for a 52 mJ laser pulse. This indicates that a rapid
change in the electron density is occurring in the first 100 ns after the laser pulse. This
is attributed to the high density of free electrons present in the early lifetime of the

plasma due to high collision rates.

In the case of water for the range of laser pulse energies attempted, no clear interference
fringes were observable. Figure 6.17 shows the interferograms recorded at a plasma

lifetime of 50 ns at four different laser pulse energies.
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Figure 6.17: Interferograms recorded in water at 50 ns using pulse energies of 8 mJ, 16 mJ,
38 mJ and 52 mJ.

Bubble formation obscures the images in the first ~100 ns as is apparent from the
interferograms in figure 6.17. The origin of the bubbles is due to localised vapourisation
of the water. As the energy of the laser pulse increases, the production of bubbles
increases, making the probing of the plasma electron density more challenging. The
positions of the bubbles that are produced in the water vary in an apparently random
fashion from shot to shot. For the range of laser pulse energies attempted, no evidence
of interference fringes could be detected from the interferograms in water. Figure 6.18
shows a series of interferograms recorded using 8 mJ pulses, where the obscurity of

images due to bubble production is minimised.
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Figure 6.18: Interferograms recorded in water using an 8 mJ laser pulse at 50 ns, 100 ns, 150
ns and 300 ns.

Using 8 mJ pulses, no discernable fringe shifts are observed in water. Despite the
absence of clear discernible and measureable fringe shifts, the appearance of the
shockwave and V-shaped waves are observable in the interferograms after ~200 ns
(figure 6.18) where a strong turbulent shock-front is observed similar to observations
from shadowgraphy which are presented in chapter 7. Using higher pulse energies, the
images are obscured by the strong presence of vapour bubbles. As a consequence
interferometry was abandoned as a diagnostic for plasmas formed in water. In
conclusion on this point, the objective of studying interferograms in water was to
extract electron densities (via equation 2.41) present in the plasma at early delay times
where continuum emission dominates spectroscopic data, especially in liquids. However,
what can be deduced from the interferograms is that at times > 200 ns only minor
shifting of the interference fringes are observed in comparison to the case in air. This
would indicate that the electron density for plasmas formed in liquids is relatively low
for time delays in excess of 100 ns which is consistent with the paucity of emission for

the plasma at these times.
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6.6 Summary

From the results presented here it would appear that the expansion dynamics of a laser
produced plasma are very different depending on the media in which they are formed.
In the present work a study of the expansion of an aluminium plasma in air and water
was investigated and different mechanisms were found to occur in each. At early plasma
lifetimes the expansion of the plume in air could be concluded to follow either the
shockwave or drag force models for the range of laser pulse energies used with a similar
departure from the experimental data occurring using both models. These findings were
in agreement with similar works [4]. Also, for plume expansion in water, a similar rapid
expansion occurs at early times (< 150 ns). Since the shockwave model predicts an
infinite expansion as time increases, this was concluded to be a valid assumption only at
early times where rapid expansion occurs. As time proceeds, a deceleration of the plume
is observed due to resistance from collisions with the background gas. One important
condition of the shockwave expansion model is that the ablated mass is small compared
to the mass of background gas which is set in motion [19], [20]. This assumption is valid
then for a plume expanding in an environment of low ambient pressure. As a result, the
drag force model is concluded to be the more appropriate of the two expansion models

in describing the plasma expansion in both air and water.

In the case of water, the expansion models could not be used to describe the behaviour
at delay times greater than 150 ns. Here Newton’s law of cooling was used to model the
apparent contraction phase of the plasma observed in water. This effect was attributed
to a rapid cooling of the interaction region between the plasma and the surrounding
liquid. The effect was found to increase with laser pulse energy. Two explanations were
proposed to account for the effects observed in water. The first explanation offered was
an earlier extinction of emitting species as they de-excite and exchange excess energy
more rapidly with the surrounding environment. This early extinction may be caused by
an increased number of collisions provided by the high pressure background. The second

possibility is that the pressure of the liquid medium at later times becomes comparable
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and even greater than that of the expanding plume and a physical contraction of the
plasma occurs. These two hypotheses were put forward in an effort to explain the

contraction of the plasma observed in water ambient at times > 150 ns.

From shadowgraphy measurements, two very unique behaviours were discovered for the
evolution of the shockwave in both environments. In air, a rapid expansion was observed
initially in the first few hundred nanoseconds which then gradually transitioned to a
linear behaviour after roughly 2 ps. In the case of water, an approximately linear
behaviour was observed for the entirety of the observable expansion. Some evidence of a
non-linear velocity expansion is apparent at very early times (< 400 ns). The velocity of

the shockwave expansion in water was found to be several times greater than in air.

From interferometric studies in air, the electron density was found to be greatest at
early plasma lifetimes using high energy laser pulses where strong fringe shifts were
observed until a delay times of roughly 200 ns for a 52 mJ pulse. For 8 mJ and 16 mJ
pulses, no significant shifting of fringes were observed. The results obtained for plasmas
created in water however were deemed inconclusive. Using 8 mJ laser pulses, no clear
shifting of fringes was observed similar to the case of air. For higher laser pulse energies,
the recorded images were distorted by the strong presence of vapour bubbles. In studies
comparing plasmas formed in air and water ambient in the literature, a higher electron
density is reported by roughly an order of magnitude in a background of water [4], [21],
[22]. As a consequence it is unlikely that a lower electron density exists for plasmas
formed in the higher density water ambient as the findings of interferometric studies
might suggest. It is therefore expected that for present measurements the images
obtained in air and water are not easily comparable due to the substantial increase in

the rate of bubble formation found in water as the laser pulse energy increases.

Craters formed in air and water were also studied as a function of laser pulse energy.
The SEM images showed very unique features for both environments. After 200 laser
shots in air, a limited amount of the material removal was noted by the presence of
shallow craters. Surrounding the craters, rings of ejected target material were formed.
As the laser pulse energy increased, the diameter of the craters formed increased also
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indicating a greater amount of ablated material. The craters formed in water were
considerably different. Here a very distinctive crater profile was observed with greater
depth and sharper edges than those produced in a background of air. Some evidence of
an increased diameter was observed with increasing pulse energy however the profile of
the craters formed in water showed relatively little variation with pulse energy. The
differences in the appearance of the craters formed in air and water demonstrate
visually the strong role of confinement effects experienced by a plasma formed in a

liquid environment.
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Chapter 7

Laser Produced Plasmas in Liquid

Environments

This chapter will present the main results on experiments carried out on laser produced
plasmas created in a liquid background. Initial experiments were performed using a
single Nd:YAG laser at the both the fundamental wavelength of 1064 nm and also at
the second harmonic wavelength of 532 nm. The objective of these initial experiments
was to observe the dynamic behaviour of a laser produced plasma in a liquid medium
using imaging and spectroscopy and compare the results to those reported in the

literature.

Shadowgraphy experiments were also performed to investigate the shockwave formed
during intense laser-matter interactions in a liquid environment. The shock-front formed
in water was studied as a function of laser pulse energy. During the investigation of the
shockwave, the appearance of a bubble was discovered some microseconds after the
plasma was formed. The behaviour of this bubble was measured as a function of time
and at different laser pulse energies. Shockwave dynamics were also studied for a range

of different liquids and metals.

The final experiments performed were double-pulse imaging and spectroscopic studies in
water. The first pulse (1064 nm) was focussed onto the submerged target for plasma
generation. The second pulse (532 nm) is delivered through the same focussing lens as
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the first pulse and a second plasma is formed. Temperatures and densities were
calculated from the spectroscopic data obtained from these single and double-pulse

experiments.

Through the use of the techniques described, a rigorous study of laser produced plasmas
in liquids could be achieved. Double pulse experiments performed in water reveal novel
information on the cavitation bubble environment. The results of imaging measurements
of the plasma formed within the cavitation bubble show for the first time the dynamic
evolution of the plasma created in this environment. High order ionic emission is
apparent from spectra obtained within the cavitation bubble. Self-absorption of
aluminium neutral emission lines is observed at times corresponding to bubble
formation and collapsing phases suggesting evidence of compression at these times.
From the techniques applied and by comparison to observations in ambient air, strong

evidence of a low pressure gaseous environment is revealed within the cavitation bubble.

7.1 Single Pulse Studies in Water

Ablation of a solid target submerged in liquid will result in the release of material.
Continual firing of the laser will result in the formation of a colloidal suspension of
nanoparticles. This suspension of nanoparticles will act as scattering centres effectively
reducing the amount of light reaching the detector. To avoid these effects the volume of
water was replaced after every 20 shots fired and the time resolved data was recorded in
a non-chronological order (i.e. in a semi-random manner with respect to time delay).
The fluctuations in the recorded signal after 20 laser shots fired were deemed to be no
greater than the natural fluctuation of a laser produced plasma i.e. = 10%. The data
were obtained by summing all pixel intensity values for successive images and
normalising to unity. Emission was recorded for the first 10ns of the plasma lifetime.
The integrated intensity was found to decrease by approximately 20%, 40%, 50% and

60% after 50, 100, 150 and 200 shots fired respectively. Visual discoloration of the
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solution can be observed when an appreciable amount of debris is present in solution,

typically after ~500 laser shots have been fired.

7.1.1 Imaging

The dynamics of a laser produced plasma formed in deionised water using a 1064 nm
Nd:YAG laser were studied using time resolved imaging. Single shot images were
recorded with an ICCD operated with a gate width of 10 ns. An 800 nm short-pass

filter was placed in front of the CCD sensor to block scattered light from the laser itself.
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Figure 7.1: Time resolved images of aluminium plasma emission in deionised water created
using 1064 nm, 52 mJ pulses for time delays of 10, 20, 50, 100, 300 and 500 ns. The ICCD
gate width used was 10 ns. The intensity (no. of counts) is represented by the colour scale
bar shown on the right hand side of each image.

Time resolved images of emission from aluminium plasmas at short and long time
delays are shown in figure 7.1. The visible emission observed behind the target surface
position is due to scattering of the plasma radiation from the highly reflective metallic

surface. From visual inspection of the images it can be noted that the plasma emission
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is strongest at early times and is seen to weaken considerably from 100 ns onwards. The
plasma appears to expand initially and then appears to contract after ~100 ns. At long
delays (i.e. > 300 ns) it is clear that the plasma emission has faded significantly. The
evolution of the luminous plume front was extracted from image lineouts as a function
of time (as described in section 2.6). The plume front was defined as the position at
which the count intensity was 1/e (~0.37) of its maximum value in the expansion
direction normal to the target surface. The plume front position is then the distance of

the plume front from the target position.
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Figure 7.2: Plume front position of an aluminium plasma in deionised water using 1064 nm,

52 mJ pulses extracted from imaging data, some of which are shown in figure 7.1.

Figure 7.2 shows the luminous plume front expansion, measured as a function of time.
A rapid expansion of the plasma is observed reaching a distance of ca. 1 mm followed by
an apparent “contraction” This contraction occurs between 80 to 100 ns and is followed
by a much more gradual receding of the plume front up to a delay of 500 ns. This
observation may be attributed to one of two processes. Either the expanding plume is
being physically forced back by the pressure of the surrounding liquid or the plume is
expanding non-adiabatically into the liquid environment and thus heat is being
conducted from the plasma to the liquid. A similar behaviour has been previously

reported for plasmas formed in water on metallic wire [1], [2] where the apparent
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contraction of the plume was attributed to a fast cooling of ablated material in the

outer plasma regions due to the interaction of the plasma with the surrounding liquid.

Single pulse imaging studies were also carried out using the 532 nm output of the
Surelite Nd:YAG laser. A notch filter centred at 532 nm was place in front of the ICCD
camera to reject scattered light from the laser pulse. A contrasting behaviour was
observed compared to the case of the 1064 nm laser with visible plasma emission
exhibiting longer persistence times. The strength of plasma emission in terms of ICCD
counts was also much greater using the 532 nm pulses. A series of images for time

delays from 25 ns to 2 ps is shown in figure 7.3.
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nm, 52 mJ pulses and a 25 ns ICCD gate width. The intensity (no. of counts) is represented

by the colour scale bar shown on the right hand side of each image.

Measurable plasma emission continued to be observed until ~10 ps after the 532 nm
pulse was incident on the target. This is a significantly longer duration of plasma
emission in comparison to the emission observed using the 1064 nm laser. The luminous
plume front expansion was extracted from the imaging data using the procedure
described previously and the results are shown in figure 7.4. A distinctly different

behaviour is observed compared to the 1064 nm case shown in figure 7.2. An initial
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expansion of the plume is observed at early times ~400 ns. As time increases a plateau
is reached whereby the plasma plume appears to remain stationary in space and is not
seen to contract as was the case with the 1064 nm laser. This plateau, observed for the
plume front expansion in water has been reported in a similar study [3], and is
comparable to the dynamic behaviour observed for a plasma expanding into a

background of air.
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Figure 7.4: Plume front position of an aluminium plasma in deionised water using 532 nm, 52

mJ laser pulses.

For the plasma formed using the 1064 nm laser the luminous plume front reaches a
distance of ~1 mm very rapidly and then is seen to contract. This is in contrast to the
532 nm case where the plume front expansion occurs gradually and a more confined

plume is observed reaching a maximum size of ~0.4 mm.

The differences in the dynamic behaviour were thought to be due to the differences in
the plasma temperatures. As the temperature of a laser produced plasma in collisional-
radiative equilibrium scales as (I22)%¢ [4], the temperature of the plasma created by the
1064 nm laser will be something of the order of 2.3 times greater than that of the 532
nm case. It is conceivable then that the hotter plasma will lose its energy more quickly
due to an increased number of collisions occurring between the highly energetic ions and

electrons with the surrounding high pressure liquid and so it radiates more brightly but
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for a shorter time period than in the case of the cooler but more slowly expanding 532

nm plasma.

7.1.2 Spectroscopy

Time integrated spectroscopy was carried out using single laser pulses at wavelengths of
1064 nm and 532 nm on aluminium targets in deionised water. Although broadband
emission was the main observation, some slight evidence of neutral line emission was
observed using 532 nm laser pulses. Typical emission spectra recorded using 52 mJ

pulses are shown in figure 7.5.

193



150 T 1 T T

—532nm
- (a) —1064nm
= O Tl 7Y
5 \
8 100} ]
5 WA
g Al°
2 sop Al° ‘ 1
C \
o
£
0 1 1 1 1
370 380 390 400 410 420
Wavelength (nm)
T T 1 T T —532n‘m
_.250- (b) —1064nm
2
C
>
o
(6]
‘6 200 '

. | ) ‘
g i I
= .
2 150+ ‘

2 !
£
100440 450 460 470 480 490
Wavelength (nm)
16G L L 1 T 1
—532nm
(c)
=140k —1064nm |
£
3J
8 120 ]
i) | _
o
2 8o -
o
2
£ B0r E
4840 550 560 570 580 590

Wavelength (nm)

Figure 7.5: Time integrated spectra recorded in deionised water for a single 532 nm and 1064
nm pulses at 52 mJ per pulse in spectral regions of interest; (a) aluminium neutral region, (b)

aluminium singly ionised region, and (c) aluminium doubly ionised region.
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Some evidence of atomic line emission can be noted from the time integrated spectrum
of the aluminium neutral doublet 3p(*P’ s, 5/2) — 48(°S1/2) using the 532 nm laser (figure
7.5 (a)). Aside from this, the spectra show little or no evidence of ionic emission in
water at both laser wavelengths with broadband continuum emission dominating the
recorded spectra. In the case of 1064 nm laser pulses, continuum emission was rapidly
quenched in the order of several hundreds of nanoseconds (laser pulse energy
dependant) suggesting rapid cooling of the plasma and fast electron-ion recombination.
Due to the high thermal capacity of the surrounding water molecules a rapid exchange
of energy causes fast quenching of the plasma [1]. The plasma created in water is hot
and dense and the majority of energy delivered to the system has dissipated on a short
a time scale. Electron temperatures of several thousand Kelvin have been typically
reported for laser produced plasmas in liquids with rapid extinction also being observed
[2], [5]. Radiative-recombination processes are thought to account for the continuum
emission observed in laser plasma formed in water. The absence of line emission in the
present studies is believed to be related to the rapid condensation of the plasma into
nanoparticles. Nanoparticle formation in less dense media such as air will occur several
microseconds post plasma ignition during the plasma cooling phase. In a liquid
environment, the plasma cooling phase occurs on a timescale of a few hundred
nanoseconds and as a result nanoparticle formation occurs on a much faster timescale.
It is proposed that the absence of line emission may be due to the rapid quenching of

the plasma which occurs as a result of the nanoparticle formation.

7.2 Shadowgraphy

7.2.1 Shockwave Formation

When a laser pulse is focussed onto a solid target in wacuo, it is well known that a

shock-front propagates back into the target as the plasma plume expands away from it
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[6]. In a high pressure environment such as a gaseous or liquid ambient, the plasma
launches a strong shockwave as it expands into its confining environment with a velocity
which depends on quantities such as the energy deposited by the plasma as well as the
ambient density and specific heat [7]. Shadowgraphy studies were carried out in order to
investigate the laser-induced shockwave dynamics associated with a plasma expanding
into a liquid environment. The 1064 nm laser was used to form the plasma and single
shot shadowgrams were recorded for a range of laser pulses energies (8 + 3 mJ, 16 + 3
mJ, 32 + 3 mJ and 52 + 3 mJ). Figure 7.6 shows some examples of shadowgrams

recorded at different times after plasma breakdown for a laser pulse energy of 8 mJ.
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Figure 7.6: Shadowgrams of shockwave emitted from a laser produced aluminium plasma in
water ambient using 8 mJ laser pulses at different time delays.

The shockwave first appears in the shadowgrams ~200 ns after the laser-target
interaction has taken place. Images in this first 200 ns show production of bubbles
similar to that seen in figure 7.6 at 150 ns. These tiny air bubbles may form due to
impurities in the water. The shockwave may be masked at these early times by the
presence of the bubbles. The first visual evidence of the shockwave appears around ~250
ns. A turbulent shock-front is apparent in the initial stages of the shock-front formation
in water. The shockwave then begins to expand radially from the deflagration zone.

Another interesting feature observed in the shadowgrams was the appearance of
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concentric rings, an example of which can be seen in figure 7.6 at a delay time of 750 ns
after the delivery of the laser pulse. These rings were observed to increase in diameter as
a function of delay time and are believed to be caused by shockwaves emanating
radially outward from impurity sites in the water. An inverted V-shaped wave appears
around 400 ns which is indicated with a white arrow in figure 7.6 at 750 ns. The
presence of this type of wave has also been noted in similar works [8], [9]. During a
study of the underwater laser-induced shock process Nguyen et al. [9] made observations
of this inverted V-shaped wave using a custom-designed photoelasticity imaging
technique. When a laser-induced shock wave forms at the target surface, a mechanical
impulse is also generated within the solid [10]. The photoelasticity method allows the
stress waves produced within the bulk target to be imaged. A longitudinal, compressive
wave front is created in the bulk (termed a P-wave). When this stress wave induced in
the solid phase exceeded the distance travelled by the shockwave front in the water, a
V-shape wave was detected. The origin of the V-shaped wave is postulated to be a
shockwave travelling horizontally along the target interface at an acoustic velocity [9)].
This V-shaped wave is observable in the shadowgrams until roughly 1.5 ps at which
point the energy of the wave has dissipated making the wave indistinguishable in the
shadowgram. Horizontal waves are then detected around 750 ns. These horizontal waves
are seen to be evenly spaced in the shadowgrams indicating a constant velocity through
the water. The spacing between the vertical waves is 0.48 + 0.4 mm. The appearance of
these waves has been reported in a recent paper on bubble dynamics where they
attribute the phenomenon to sound waves generated by shockwave reflections from the
surface of the target [11]. Taking the velocity of sound in water to be 1480 ms” yields a
value of 6172.8 + 258.79 ms™ for the acoustic velocity of aluminium which is consistent
with the literature value of 6135 ms' and strongly suggests the origin of the horizontal

waves to be sound waves.

The shock-front position was retrieved from the shadowgrams as a function of time for a

range of laser pulses energies.
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Figure 7.7: Shockwave expansion launched by a laser produced aluminium plasma plume in

water for a range of laser pulse energies (8 mJ, 16 mJ, 38 mJ and 52 mJ).

From figure 7.7 the expansion of the shockwave appears to be roughly constant and
independent of laser pulse energy. However at early times < 450 ns there is some
evidence of a non-linear expansion occurring. These two different expansion regimes
have been reported in the literature where a transition from rapid expansion to a linear
behaviour is observed [12], [13]. In these works the authors report supersonic velocities
of ca. 2600 ms™ in the initial stages of the shockwave expansion at times < 200 ns. In
the shadowgrams recorded in the present work, the location of the shock-front was not
easily discernable from the images at early times due to the presence of bubbles as

previously mentioned.

The expansion of the plasma plume was fit to a linear regression model shown in figure

7.8.
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Figure 7.8: Linear fits to the shockwave data obtained using 1064 nm laser pulses of various
energies of 8 mJ, 16 mJ, 32 mJ and 52 mJ (R?= 0.99, 0.99, 0.99 and 0.99 respectively). Inset
shows evidence of a non-linear behaviour in the shockwave expansion for delay times < 450

ns.

m(ms™1) R2
8SmJ 1430 £ 9.5 0.99
16mJ 1456 £+ 15 0.99
38mJ 1469 + 13 0.99
52mJ 1508 4+ 4.5 0.99

Table 7.1: Fitting parameters obtained by linear regression fits to shockwave expansion in
water using 8 mJ, 16 mJ, 38 mJ and 52 mJ pulses corresponding to figure 7.8.

The expansion of the plasma plume was fit to a linear regression model. The shockwave
expands to approximately 2.5 mm in 1.6 ps. Assuming the shock-front expansion is
independent of laser pulse energy, an average value of 1464 + 14 ms' is obtained in the
late regime at times > 400 ns. In the assumption of an entirely linear behaviour in both
early and late regimes, an average velocity of 1489 + 7 ms™ is retrieved. This indicates
that two velocity components exist during the shockwave expansion, an initial high
velocity component which transitions to a lower velocity expansion several hundred

nanoseconds after the delivery of the laser pulse.

The expansion of the shockwave in the early regime exhibits some evidence of non-

linearity, i.e. the plasma exhibits a high initial expansion velocity but starts to
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decelerate and continues to do so until ca. 400 ns at which point a constant velocity is
reached. It is expected that the non-linearity of the expansion (deceleration of the
shock-front) would be more evident at times earlier than 150 ns. Events occurring at
these earlier times however were not observable in the measurements here due to the

bubble formation.

The shockwave was also studied for a range of different liquids at a fixed laser energy of

8 mJ shown in figure 7.9.
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Figure 7.9: Shockwave expansion in water, acetone and ethylene glycol using 1064 nm, 8 mJ
pulses. The data were fit to a linear trend with R? values = 0.99, 0.99 and 0.99 obtained for
water, acetone and ethylene glycol respectively. Inset shows evidence of a non-linear

behaviour in the shockwave expansion for delay times < 450 ns.

m(ms™1) R2

Water 1360 + 5 0.99

Acetone 1440 + 5 0.99
Glycol 1690 + 10 0.99

Table 7.2: Fitting parameters obtained by linear regression fits to shockwave expansion in

water, acetone and glycol using a fixed laser pulse energy of 8 mJ corresponding to figure 7.9.

The shockwave velocity appears approximately constant in the three liquid
environments. Under the assumption of a linear expansion at late time (i.e., 0.4 ps to 2

ns), shock-front velocities of 1360 + 5 ms' and 1440 + 5 ms' were measured in acetone
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and water respectively using a laser pulse energy of 8 mJ. On the other hand the
velocity observed in glycol was higher with the linear fit returning a value of 1690 + 10
ms'. This trend is likely due to the differences in acoustic velocity of the respective
liquids which are reported to be 1144 ms™, 1496 ms' and 1660 ms™ at a temperature of
25 °C for acetone, water and ethylene glycol respectively. Looking at the data for all
times between 0.4 s and 2 ps the shock-front expansion obtained for plasma formed on
aluminium targets using 8 mJ pulses for all three liquid environments seen in figure 7.9
is linear to a reasonable approximation. Some slight evidence of a non-linear behaviour
was again observed at early delay times < 450 ns. Under the assumption of an
exclusively linear behaviour for the shockwave expansion (i.e., 0.15 ps to 2 ps), velocities
of 1409 + 2 ms?, 1480 4+ 5 ms™ and 1733 + 6.5 ms” are obtained for acetone, water
and ethylene glycol respectively which are quite close to the values obtained for the

exclusively linear late time regime.

Shock-fronts were also measured for different metals in water at a fixed pulse energy of
8 mJ. The shock-front expansions for each metal do not follow a monotonic trend with

atomic mass.
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Figure 7.10: Shockwave expansion extracted from time resolved shadowgraphy data for
plasmas formed on aluminium, silver and gold targets submerged in water at a fixed laser
energy of 8 mJ. Linear fits to the data resulted in residual RZ values of 0.99, 0.99 and 0.99

for aluminium, silver and gold.
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m(ms™1) R?

Aluminium 1454 + 5 0.99
Silver 1503 &+ 6 0.99
Gold 1508 +£ 1 0.99

Table 7.3: Fitting parameters obtained by linear regression fits to shockwave expansion using
aluminium, silver and gold targets at a fixed laser pulse energy of 8 mJ corresponding to
figure 7.10.

Looking to figure 7.10 and time delays in excess of 400 ns, predominantly linear shock-
front expansion trends were observed for the different metals studied. The velocities
extracted appear to be independent of the target material. Values of 1454 + 5 ms™,
1503 4+ 6 ms' and 1508 + 1 ms™ were determined for shock-front velocities in the linear
regime for aluminium, silver and gold respectively. Similar to the observations in
different liquids, a small non-linear velocity component was present in the early regime
at times < 400 ns. Assuming a linear relationship for the entire observable lifetime of
the shockwave results in velocities of 1481 + 5.5 ms®, 1515 + 3.5 ms™ and 1511 + 4.5
ms? using aluminium, silver and gold targets, As before, this suggests a high velocity
expansion in the initial stages of the shock-front expansion which sees deceleration out
to ca. 400 ns followed by a largely constant expansion velocity out to several

microseconds after plasma breakdown in liquid ambient.

When the shockwave has expanded far from the target surface the appearance of
horizontal, evenly spaced waves are observed. The spacing of these horizontal waves are
clearly very different depending on the target material. Figure 7.11 below shows
shadowgram images obtained in water at a fixed time delay of 2 ps after the plasma

pulse (8 mJ, 1064 nm) using aluminium, silver and gold targets of 1 mm thickness each.
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Figure 7.11: Shadowgrams of shockwave emitted from a laser produced plasma in water

ambient using 8 mJ laser pulses in aluminium, silver and gold at a fixed time delay of 2 ps.

The spacing of the waves is closest for the aluminium target with the most distant
spacing occurring for the gold target. Following the method described by Tanabe et al.
[11], the spacing between the horizontal waves may be related to the acoustic velocity of
the target material. Taking the acoustic velocity of aluminium, silver and gold to be
6135 ms™, 3650 ms! and 3240 ms! respectively, and the velocity of sound in water to be
1480 ms!, the origin of these waves seems likely due to acoustic waves reflections from
the target surface. The measured distances between waves from figure 7.11 are
calculated to be 482.9 + 4 pm, 779.2 + 11 pm and 899.1 + 16 pm for aluminium, silver
and gold respectively. Comparison to the theoretical values of 482.5 pym, 811.0 pm and
913.2 um shows good agreement and further evidence that sound waves reflections

account for the presence of these horizontal waves.
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After the disappearance of the shockwave came the appearance of another feature
namely a bubble, or “cavitation bubble” as it is referred to in the literature, is formed

by vapour released from the plasma [18], [19].

7.2.2 Cavitation Bubble

The delivery of a high intensity laser pulse to a liquid will result in the formation of a
cavitation bubble. This process, termed “optical cavitation” is the sudden breaking of
liquid molecules bonds by particles, or photons [20]. After plasma creation, a bubble of
gas is generated having internal pressure and temperature very much greater than that
of the surrounding medium [21]. As energy is transferred from the expanding plasma to
the surrounding liquid, local heating results in the production of a layer of water vapour
at the boundary of the plasma volume. As the plasma cools this layer of water vapour
grows into a cavitation bubble [5]. The presence of the cavitation bubble can be seen in
the shadowgrams of figure 7.12 where a dark hemispherical shape is observed due to the
deflection of the probe beam. The cavitation bubble of figure 7.12 was formed using an

8 mJ, 1064 nm laser pulse.
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Figure 7.12: Shadowgrams of the cavitation bubble that appears some microseconds after the

8 mJ, 1064 nm laser pulse has fired. Images show the growth and collapse of the bubble.

The appearance of the hemispherical bubble is first observed ~1 ps after the laser pulse
arrival at the target surface. The bubble then increases in size until a maximum value,
which is dependent on the laser pulse energy, is reached. When the bubble has reached
its maximum size the temperature of the bubble interior is equal to the temperature of
the surrounding liquid [22]. Subsequently the bubble begins to collapse due to
compression from the surrounding liquid, reducing in size before disappearing entirely.
A “double-image” is seen in the images of figure 7.12. This is not two bubbles growing

simultaneously, merely a reflection from the cubic cuvette. The bubble radius was
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measured as a function of time for laser energies of 8 mJ and 52 mJ and is shown in

figure 7.13.
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Figure 7.13: Bubble radius expansion as a function of time for 8 mJ and 52 mJ pulses.

After the collapse of the bubble, a series of growth and decay cycles of smaller bubbles
is seen which occurs for several hundreds of microseconds after the disappearance of the
initial bubble. This phenomenon is more easily observed at higher laser pulse energies.
The secondary bubbles that form have a smaller radius and exhibit an irregular profile

as seen in figure 7.14.
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Figure 7.14: Shadowgrams of an unstable tertiary cavitation bubble observed ~0.5 ms after
the initial 52 mJ, 1064 nm laser pulse was fired onto an aluminium target submerged in

water.

Figure 7.14 shows the full evolution of the expansion of the initial cavitation bubble
that forms and the subsequent secondary, tertiary and quaternary bubbles formed at a

laser pulse energy of 52 mJ.
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Figure 7.15: Cavitation bubble radius expansion as a function of time extracted from
shadowgrams using 52 mJ, 1064 nm laser pulses. The formation of secondary and tertiary
bubbles occurs at times > 400 ps.

From the images, the time at which the cavitation bubble reaches a maximum
expansion occurs around 200 ps after the initial laser pulse has fired. The cavitation
bubble is initially formed with a temperature and internal pressure much greater than
the surrounding liquid and so expansion occurs [21]. As the bubble expands the
pressure drops until such time as it collapses from the force of the surrounding liquid. If
the bubble contains sufficient energy upon collapse, this energy may be expended in the
formation of successive smaller bubbles (observable in figure 7.14). The measured radius
of the bubble is used to infer the internal pressure P(t) and temperature T(t) from the
following equations [23], [24]

iy — (p. 4 20\ (Bo =P 4 .
®=(r+%) <R(t)——h> 7.1

R3, — 3\
s ) (7.2)

@) =T (m
where P, and T, are the pressure and temperature of the liquid, o is the surface tension
of the liquid, R is the experimentally determined bubble radius, Ry is the ambient
radius of the bubble, (the radius at which the pressure inside the bubble corresponds to

the liquid pressure) h is the van der Waals hard-core radius determined by the excluded
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volume of the water molecules and y is the ratio of specific heats. The calculated

internal pressure and temperature are shown in figure 7.16.
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Figure 7.16: Cavitation bubble internal (a) vapour pressure and (b) temperature as a

function of time calculated from data shown in figure 7.15 using 1064 nm, 52 mJ pulses.

The calculated internal pressure and temperature show the theoretical trends observed
within the cavitation bubble during the growth and collapse phases. The bubble initially
exists in a high temperature, high pressure environment and expansion occurs. As the
bubble expands, the internal pressure begins to decrease due to the increased volume of
the bubble. This expansion reaches a plateau region around 100-250 ps where the
internal vapour pressure drops below the pressure of the surrounding liquid. The bubble
then undergoes a collapse phase where the internal pressure and temperature increase
due to the decrease in cavitation bubble volume. These trends have been reported in
previous works [2], [25] and are shown here to highlight the main features typically

found within the cavitation bubble during its life-cycle.

The symmetry of the cavitation bubble, ie. its vertical and lateral expansion
dimensions, was also investigated. For the low laser pulse energy case (8 mlJ), a
symmetrical expansion was observed which is demonstrated in figure 7.17. However in
the high energy case a discrepancy was observed between the vertical and lateral

expansion as shown in figure 7.18. The expansion could only be tracked up to 110 ps,

210



after which time the bubble diameter had expanded beyond the dimensions observable

by the CMOS camera used to capture these images.
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Figure 7.17: The vertical and lateral expansion of the cavitation bubble compared for an 8 mJ

pulse.
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Figure 7.18: The vertical and lateral expansion of the cavitation bubble compared for a 52 mJ
pulse. The bubble diameter could only be observed up to 110 ps after which time the bubble
had expanded beyond the view of the CMOS camera. Inset demonstrates the defined vertical

(normal) and lateral (parallel) expansion directions.

The cause of the discrepancy in the high and low pulse energy cases is unclear. Potential
explanations may be related to focussing or irregularities in the profile of the laser pulse

causing elevated lateral expansion of the cavitation bubble at high pulse energies.
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7.3 Double Pulse Studies in Water

7.3.1 Imaging

After observation of the cavitation bubble from the shadowgraphy experiments the next
phase of experimentation was to probe the bubble using imaging and spectroscopy
techniques. To investigate the dynamics of the laser produced plasma formed within the
cavitation bubble, a double-pulse method was used [5], [28]. In this instance, the first
laser pulse is used to create the cavitation bubble and a second laser pulse is delivered
colinear to the first, forming a plasma inside the cavitation bubble. Both laser pulses are
focussed through the same lens as described in the experimental setup (figure 3.6). A
second laser pulse of wavelength 532 nm, with an energy of 52 + 3 mJ was delivered
200 ps after the initial ablation pulse (corresponding to the maximum radius of the
bubble as observed from the shadowgraphy data) and focused through the same lens as
the first pulse onto the target-bubble interface. An 800 nm short pass filter and a 532
nm band stop filter were inserted into the experimental setup to block scattered light
from the two laser pulses. As noted earlier, optical emission from the initial plasma
formed by the 1064 nm laser is long extinguished at the time of the incoming second

laser and so any emission observed is due to excitation by the 532 nm pulse.

Time resolved imaging data were recorded with an ICCD camera operated with a 25 ns
gate width to study the evolution of the plasma emission from within the bubble
following irradiation with the delayed 532 nm pulse. A 1064 nm, 52 + 3 mJ pulse was
used for the formation of the initial plasma. A second pulse is delivered 200 ps later
corresponding to the maximum radius of the bubble as observed from the shadowgraphy
data (figure 7.15). The images obtained were very different from those shown in figure

7.1 and figure 7.3 where a single laser pulse was used.

212



x10'

f=)

o
[$;]

5

]

0.0omm |§
—

05 1 15 2 05 1 15 2 25 3
Target Normal Direction (mm) Target Normal Direction (mm)

o
(S,

~
£
£
~U.
(=
o
=
4]
[0}
=
0
T
-
[0}
-
©
|
-
[0}
o2,
=
©
e

Target Lateral Direction (mm)

w

>

i

o
[=)

250ns | B

110000

5000

Target Lateral Direction (imm)

| S
o o = — ~
o o
Target Lateral Direction (mm)
o -_ o
| I |

1 15 2 05 1 15 2 25 3

Target Normal Direction (mm) ' Target Normal Direction (mm)
~ ~ 0
N T w00 £
5 S
§ 3000 *8‘ 1 80
5 g 60
5 2000 51
] 0
= ° 40
© I 1000 37
) 925 20
S 0 S 0

05 1 15 2 3 0.5 1 19 2 25 3

Target Normal Direction (mm) Target Normal Direction (mm)
~ 0 ~ 0
£ 25 € 12
<05 ~05 10
$ 1o §
- _15._
a a)
=15 <15 6
¢ 10 ©
] i i
r -
b 0.5mm | 2
£ — | 0

3
05 1 15 2 25 3 g 05 1 15 2 25 3
Target Normal Direction (mm Target Normal Direction (mm
9 Y

Figure 7.19: Images taken in double pulse experiments on an aluminium target submerged in
deionised water. The second pulse is fired 200 ps after the first where the bubble expansion is
a maximum. The times on each image refer to the delay between the arrival of the second
laser pulse and the triggering of the ICCD. The ICCD gate width was 25 ns. The intensity
(no. of counts) is represented by the colour scale bar shown on the right hand side of each

image.
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It is clear from figure 7.19 that delivery of the second pulse to the cavitation bubble
leads to a very bright localised emission region which not only expands but also appears
to move away from the target surface. A distinctly different behaviour is observed in the
dynamic evolution of the plasma formed within the cavitation bubble compared with
the observations of single pulse imaging in water (figure 7.1 and figure 7.3) where a
highly confined plasma was observed. This displacement of the plasma plume away from
the target surface is distinct also from the free expansion observed in gas or vacuum
environments. The luminous plume front, which is a visual representation of the density
and temperature, traditionally displays an exponential decay as a function of distance
away from the target position if formed in wacuo. The peak intensity of the plume
emission for a plasma created in vacuum remains at a fixed position close to the target
surface until the plasma emission is extinguished. However, in the cavitation bubble, the
plasma drifts as a self-contained entity to a well-defined distance from the target
surface. As the plasma plume drifts normal to the target, the emitted intensity profile is
no longer highest close to the target surface. Somewhat similar behaviour has been
observed during the expansion of an aluminium plume into low pressure ambient gases
[29], [30]. The explanation during this study was due to the luminous excitation of the
background gas by the plasma resulting in an apparent plume splitting. In our case,

spectroscopy confirms little to no evidence of excitation of the background environment.

In the first 100 ns, the plume front expands away from the target surface as expected
from a typical plasma expansion. After ca. 100ns, the entire plasma plume appears to
drift away from the surface of the target. A maximum displacement of the brightly
emitting plume occurs at ca. 250 ns. Here a distance of ~1.8 mm is reached by the
expanding plume which appears from shadowgraphs measurements to coincide with the
physical extent of the cavitation bubble. After this time the plasma appears to remain
stationary, at the outer edge of the bubble, until ~1 ps. During this period where the
luminous plume front position appears to remain approximately stationary a significant
reduction in the mission intensity is observed. The plasma is then seen to move back

towards the target surface. At this point the plasma emission appears diffuse in contrast
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to the tightly confined, bright emission plume observed as it moves away from the
target to the bubble periphery. Emission from the plasma plume formed within the
bubble is detectable up to 10 ps after the second pulse is fired. Figure 7.20 shows the

position of the plume front as a function of time extracted from the imaging data.
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Figure 7.20: Plume front position extracted from time resolved double pulse imaging data
within cavitation bubble. Time zero corresponds to the maximum bubble size occurring at an

inter-pulse delay of 200 ps.

Three identifiable regions exist. The first, from 0-250 ns, shows a rapid linear expansion
of the plume front (v = 7 mm/ps) followed by an almost static plume front position
from 250 ns to 1.5 ps. From 1.5 ps onwards, the plume front position reverts
approximately exponentially in line with radiative cooling (k = 0.30 ps'). The distance
between the target surface and the outer region of the bright emission plume is ca. 1.8
mm which is in good agreement with the dimensions of the bubble periphery extracted

from figure 7.15.

A similar investigation was carried out at times corresponding to the formation and
collapse phases during the cavitation bubble life-cycle. These times were deduced from
shadowgraphy (figure 7.15) to be 30 ps and 330 ps respectively which were then set as
the arrival times for the second (532 nm) laser pulse. From figure 7.15 it is clear that at
inter-pulse delays of 30 ps and 330 ps, the rate of change of the bubble radius is much

greater than at 200 ps. With a much higher rate of change of bubble radius, one might
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expect that a plume produced in these environments will have a much higher centre of
mass velocity, a similar expansion velocity and a smaller stopping distance given the

smaller dimensions of the cavitation bubble 30 ps and 330 ps after formation.

Figure 7.21 shows time resolved images of a plasma formed in the cavitation bubble at

an inter-pulse delay of 30 ps.
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Figure 7.21: Images taken for double pulse irradiation of an aluminium slab target submerged
in deionised water. A plasma was formed initially with a 1064 nm, 52 mJ pulse. The second
pulse (532 nm, 52 mJ) was fired 30 ps later corresponding to the époch of initial bubble
formation region. The times on each image refer to the delay between the arrival of the
second laser pulse and the triggering of the ICCD. The ICCD gate width was 25 ns.
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Figure 7.21 shows the same general trends in behaviour as were observed in figure 7.19.
The plasma is seen to drift away from the target surface to a fixed stopping distance
which subsequently expands forming a diffuse emission profile apparently contained
within the physical dimensions of the cavitation bubble. In figure 7.22 the luminous

plume front position is plotted as a function of time.
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Figure 7.22: Plume front position extracted from time resolved double pulse imaging data
within cavitation bubble. Time zero corresponds to the époch of bubble formation occurring
at an inter-pulse delay of 30 ps.

The trend in the plume front behaviour is similar to that observed in figure 7.20,
however notable differences are also evident. The luminous plume front exhibits an
initial expansion phase (v = 4 mm/ps) with a velocity less than that observed in figure
7.20 due to the higher pressure environment found within the cavitation bubble at this
inter-pulse delay time. The ultimate stopping distance of the plume front is smaller due
to the smaller bubble size. The subsequent decay appears to be much more gradual and
chaotic than in the 200 ps case where k = 0.30 ps™ compared to k = 0.16 ps! here. One
plausible explanation is the fact that the bubble is smaller, meaning that the plasma is
denser when it expands to fill the water vapour bubble. This causes more collisional
excitation which sustains a higher temperature for longer. This would explain the longer

decay time and less monotonic decay.

Figure 7.23 shows time resolved images of a plasma formed in the cavitation bubble at

an inter-pulse delay of 330 ps.
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Figure 7.23: Images taken for double pulse irradiation of an aluminium slab target submerged
in deionised water. A plasma was formed initially with a 1064 nm, 52 mJ pulse. The second
pulse (532 nm, 52 mJ) was fired 330 ps later corresponding to the époch of the bubble
collapse region. The times on each image refer to the delay between the arrival of the second
laser pulse and triggering of the ICCD. An ICCD gate width of 25 ns was used.
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The same general behaviour is observed during the époch of bubble collapse with
physical displacement of the plasma plume occurring ca. 150 ns after plasma formation.
The plume drifts to a distance of approximately 1.3 mm normal to the target surface in
line with the dimensions expected from shadowgraphy images of the cavitation bubble
radius at a delay of 330 ps (figure 7.15). The plume front positions were measured from
the imaging data during the collapsing phase and are shown in figure 7.24. A similar
trend is observed compared to imaging experiments carried out using 30 ps and 330 ps

inter-pulse delay times.
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Figure 7.24: Plume front position extracted from time resolved double pulse imaging data
within cavitation bubble. Time zero corresponds to the époch of bubble formation occurring

at an inter-pulse delay of 330 ps.

An initial expansion velocity v = 6 mm/ps is observed for the luminous plume front at
a 330 ps inter-pulse delay. Bubble radius values of 0.78 mm, 1.83 mm and 1.30 mm were
extracted from shadowgraphy measurements at time delays of 30 ps, 200 ps and 330 ps
respectively. Hence, the trend in plume expansion velocities measured in the early
expansion phase (at time delays < 250 ns) follows the different pressure regimes present
within the cavitation bubble at these times. A decay rate of k = 0.16 ps' is observed
from figure 7.24 which is the same as the decay rate observed using a 30 ps inter-pulse
delay and lower than that observed at a 200 ps inter-pulse delay. Again, this is likely

due to the smaller volume of the cavitation bubble during the periods of formation and
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collapse. An increase in collisional events is expected in this reduced volume leading to

additional excitation and longer decay times.

Interpretation

In an attempt to explain the observed dynamics of the plasma plume formed inside the
cavitation bubble, a qualitative interpretation is proposed. A traditional laser plasma,
one created in vacuum or ambient gas, will have an associated expansion velocity and
an associated “centre of mass velocity”. The first of these is the velocity at which the
plume is expanding along the directions of the pressure gradients in the surrounding
environment and the second is the speed at which the entire plume is moving away from
the target surface. In air or vacuum plasma expansion, the expansion velocity is much
greater than the centre of mass velocity. However, when the plasma is created inside the
cavitation bubble, the bubble itself is expanding. This interior of the bubble is a low
pressure water vapour environment. The expansion of the bubble causes mass diffusion
of plasma species to the outer regions. Thus, the plasma is not formed in a static
velocity field but in an outwardly flowing one. This increases the centre of mass velocity
causing the whole plume to move away from the target more quickly than it expands.
Figure 7.25 shows the centre of mass velocity (vepy) and expansion velocity (vgy)
components extracted from the imaging data in the two extremes of high pressure (30
ns) and low pressure bubble environments (200 ps). The velocities were extracted by
first taking intensity lineouts through the centre of the plasma plume images in a
direction normal to the target surface (as outlined in section 2.6). From these one-
dimensional lineouts, vcpy was defined as the velocity of the peak emission intensity of

the plasma plume and vgy was defined as the FWHM of the plume.
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Figure 7.25: Centre of mass velocity (V¢y) and plume expansion velocity (Vgyx) extracted
from imaging data using an inter-pulse delay of (a) 30 ps and (b) 200 ps.

Similar trends are observed in the velocity components of the plumes created during the
formation and collapse phases of the cavitation bubble life-cycle. vy, is seen to increase
until ca. 200 ns, corresponding to the time at which the plume has travelled to the
periphery of the cavitation bubble, after which point a decrease in velocity occurs until
ca. 300 ns where the velocity approaches zero. A negative velocity is subsequently
observed (ca. 450 ns) due to the recoil initiated by the plume collision at the bubble
boundary which is most apparent in the 30 ps case. Finally, a stationary period is
encountered until a delay of 1 ps where the plume position remains relatively fixed.
While similar in both environments, vgy follows a different trend to vcy. In the first
initial phase, before plume collision with the bubble wall, an approximately constant
decrease is observed for vgy. This is in contrast to the increasing centre of mass velocity
observed, supporting the idea of mass diffusion into the low pressure environment of the
cavitation bubble. The vgyx becomes negative at the point of plume collision with the
bubble wall (~200 ns) due to compression of the entire plasma plume as evidenced from
the imaging data (figures 7.19 and 7.21). The expansion velocity subsequently increases
and remains positive until a delay of ® 1 ps due to the diffusion of the plasma plume

into the surrounding bubble environment.

A dimensionless “dispersion parameter” can be used to relate the ratio of the centre of

mass position (pcp) to the plume expansion (pgy). From the one-dimensional lineouts
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extracted from the images, pcy was defined as the position of peak emission intensity
and pgx was defined as the position at which the ICCD count had dropped to 1/e
(~0.37) of its maximum value in the expansion direction normal to the target surface.

2

Figure 7.26 shows the “dispersion parameter” during several phases of the plume

expansion for inter-pulse delays of 30 ps and 200 ps respectively.
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Figure 7.26: Dispersion parameter (pCM/pEX) extracted from imaging data using an inter-
pulse delay of 30 ps and 200 ps corresponding to phases of high changing pressure and low
changing pressure respectively.

In the initial 100 ns, a similar trend is observed in both bubble environments. The
expansion velocity dominates at early times which results in a value for the dispersion
parameter of < 1. Between 150-200 ns, a value > 1 is obtained as the centre of mass
position begins to drift from the target surface. During this time period a much greater
value is obtained for the dispersion parameter using the 30 ps inter-pulse delay. This
indicates that, for a 30 ps inter-pulse delay, the plasma is drifting much faster than it is
expanding. This result is in line with the trend expected by the qualitative hypothesis.
An approximately static period is subsequently obtained for the dispersion parameter,
coinciding with the time at which the plume front encounters the periphery of the
cavitation bubble wall (ca. 200 ns and 250 ns for inter-pulse delays of 30 ps and 200 ps
respectively). In the final phase, i.e., after plume expansion in the direction normal to

the target surface is prohibited by the boundary of the cavitation bubble, the dispersion
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parameter decreases in both cases as diffusion occurs while the centre of mass velocity

remains essentially constant.

In summary the displacement of the plasma plume is as follows. The plume is created in
the flowing velocity field of the expanding bubble and drifts away from the target until
such a time as the front of the plume encounters the wall of the bubble. The trailing
edge of the plume is still travelling in the velocity field and thus the plasma is
compressed. Behind the plume there exists a low pressure vapour environment into
which the plume can expand and fill the volume of the bubble. The plume then exists in
a state of hydrodynamic equilibrium and radiates energy eventually cooling and losing

visibility.

7.3.2 Spectroscopy

Time resolved spectroscopy experiments were carried out within the bubble. As before
for the imaging data, the second pulse (532 nm, 52 mJ) was delivered several
microseconds after the initial plasma is formed (via the 1064 nm, 52 mJ pre-pulse). The
results of spectroscopy data on the related cavitation bubble will be presented in this

section.

At times corresponding to the initiation and growth of the cavitation bubble, line
emission was observed. This line emission was not observable before bubble generation
or after the time of collapse. For these times, only broadband continuum was observed,
similar to the single pulse spectroscopic data (figure 7.5). Time resolved spectroscopy
data was measured once again with the second pulse delivered at an incoming time of
200 ps with respect to the first using an ICCD gate width of 25 ns. This was considered
to be the time at which the greatest stability of the bubble should be expected and

hence the least fluctuations in the recorded spectra.

With the intention of calculating electron temperatures and densities within the bubble,

time resolved spectra of aluminium neutrals, singly charged ions and doubly charged
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ions were measured. Figure 7.27 shows several of the spectra recorded for each of the

species of interest.
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Figure 7.27: Time resolved spectra recorded with a 25 ns ICCD gate width of (a) aluminium
neutral (b) aluminium singly ionised and (c) aluminium double ionised spectral regions. The
time delays are with respect to the arrival time of the reheating pulse (532 nm, 52 mJ) which

was delivered 200 ps after the original 1064 nm, 52 mJ plasma formation pulse.
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Initially broadband continuum emission is observed. Within the first 100 ns this
broadband emission becomes supressed and line emission begins to dominate the
spectra. Figure 7.27 (a) shows the emission of the neutral aluminium doublet lines Al(I)
3p(*P% 2, 312) — 48(°S1s2) (396.15 nm and 394.4 nm) appearing from the continuum. The
appearance of oxygen emission lines are also observed within the first 100 ns of spectra
recorded. The oxygen lines contributing to this feature are singly ionised lines O(II)
3p(*D%2) - 3d(*Fop), O(II) 3d(*Fsp) - 4f(D[2]s2) and O(II) 3p(*D%p) - 3d(*Fsp) at
wavelengths of 407.58 nm, 407.7 nm and 407.88 nm respectively. Emission of neutral
aluminium lines were observed for a duration of 1.5 ps after the arrival of the second
laser pulse (532 nm, 52 mJ). In figure 7.27 (b) the singly ionised aluminium emission
line AI(II) 3p*(*Ds) — 4p('P%) at 466.3 nm appears following the suppression of
broadband continuum emission. The observance of a broad profile is noted at a centre
wavelength of ~486 nm. This emission feature appears to correspond in wavelength
range and profile to the H; emission profile at 486.13 nm reported in several studies of
laser produced plasmas in air and other background gases [31], [32]. The appearance of
distinct spectral features around 450 nm are comprised of two doubly ionised aluminium
emission lines AI(IIT) 4p(*P%y, s2) — 4d(*Dsp2) occurring at wavelengths of 451.26 nm
and 452.92 nm respectively. An additional broader peak can be seen around 448 nm and
is attributed to contributions from the two emission lines Al(II) 4f(°F%) — 5g(*Grp) at
448.99 nm and AI(III) 4f(*F%p.) — 5g(°Gye) at 448.0 nm. Figure 7.27 (c) shows
considerable AI*" emission. The presence of strongly emitting AI(III) lines 4s(°Si) —
4p(*P%2, 112) at wavelengths of 569.66 nm and 572.27 nm are observed in addition to the

Al(IT) emission line 4p('P%) — 4d('D,) at 559.33 nm.

While neutral line emission was similar to that recorded in air, notable differences were
found for other species. Comparing to spectral emission recorded in ambient air, ionic
emission observed within the cavitation bubble exhibited a narrower line profile than in
the case of air. Also evidence of additional peaks was found. Moreover, the presence of
the doubly ionised 569.66 nm line is quite clear in water ambient but was difficult to

observe in air. An additional doubly ionised line at 572.27 nm was also observed quite
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strongly in the cavitation bubble, but was not present in air. The profiles of aluminium
ions lines recorded in atmosphere were broad and noisy whereas smooth narrow
emission is observed from within the bubble. This would suggest that the conditions
within the cavitation bubble appear to be that of a low pressure environment, lower
than atmospheric pressure. This is consistent with the imaging data recorded within the
bubble where a rapid expansion of the plasma plume was observed, more similar to

expansion into a low pressure background or into vacuum.

Investigation of the bubble formation and collapse regions were carried out by studying
the neutral aluminium species. The times corresponding to formation, maximum
expansion and collapse were deduced from the shadowgraphy measurements presented
earlier (figure 7.15) to occur at delays of 20 ps, 120 ps and 220 ps with respect to the
initial pulse. Here the pre-pulse and reheating pulse were 1064 nm, 8 mJ and 532 nm, 8
mJ. Figure 7.28 shows the spectra recorded in the bubble formation region (a), the

stable region of maximum expansion (b), and in the region of collapse (c).
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Figure 7.28: Aluminium neutral spectra recorded at times corresponding to (a) bubble
formation 20 ps (b) bubble centre 120 ps and (c) bubble collapse 220 ps. Data was obtained
using a 8 mJ, 1064 nm pulse for the formation of the plasma and a second pulse of 8 mJ, 532

nm which was used to probe the cavitation bubble.
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From figure 7.28 the typical neutral doublet is observed. Figures 7.28 (a) and (c)
demonstrate the typical spectra recorded at the cavitation bubble formation (20 ps) and
collapsing times (220 ps) while figure 7.28 (a) corresponds to the point of maximum
spatial expansion of the cavitation bubble (120 ps). Distinctive differences in the
recorded spectra of the neutral doublet are apparent in the three cases. Evidence of self-
reversal is noted at times corresponding to bubble formation and collapse where distinct
dips in the peak of the emission lines are observed indicating self-absorption of the

neutral emission at these times.

Self-absorbed line profiles are characterised by a saturation at the emission peak
distorting the FWHM or even the appearance of a dip at the peak position (self-
reversal) [33]. Plasma radiation is often considered to consist of two separate regions, a
hot dense central plasma core surrounded by a cold outer layer at the periphery of the
expanding plasma. The plasma radiation from within the hot core may be absorbed by
this cooler region, predominantly consisting of atoms and ions in the ground state. Both
regions are considered to exist in a state of local thermodynamic equilibrium [36]. As
the outer layer of the plasma is highly populated by atoms in the ground state
configuration, a high probability of self-absorption exists for ground state transitions as
radiation is emitted from the inner core. As a result line emission can be strongly
absorbed by the lower level atoms and become optically thick [37]. At times where the
cavitation bubble is of a small volume, a high pressure environment is created which
causes the self-absorption observed in the emission spectra. Similar phenomena have

been reported for these neutral aluminium lines in air [33].

Figure 7.29 provides a closer look at the self-reversed neutral doublet spectra in the
region of formation at 30 ps obtained using 52 mJ pulses (both plasma formation and
reheating pulses). Spectra of the aluminium neutral doublet obtained in the formation
region are compared to those obtained around 200 ps where the cavitation bubble is

most stable.
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Figure 7.29: Spectra of neutral aluminium measured using an ICCD gate width of 25ns at a
range of time delays from the second laser pulse focussed into the cavitation bubble 30 ps
after initial plasma breakdown in water. A 1064 nm, 52 mJ pre-pulse and a 532 nm, 52 mJ
reheating pulse were used. Spectra are obtained at delays of 200 ns, 300 ns, 400 ns, 500 ns,
700 ns and 1 ps with respect to the second pulse. A comparison to a typical spectra observed
at 200 ps is also shown in the dashed red line for a time delay of 200 ns. Evidence of self-

reversal is apparent.

For 52 mJ pulses, self-absorption was observed for the two neutral lines at 394.4 nm and
396.15 nm up to ca. 1 ps after the 532 nm pulse was delivered to the target and ca. 500
ns for the 8 mJ case. A broadening of the emission lines is also apparent suggesting a
higher density at times corresponding to the formation and collapse of the cavitation
bubble. This is intuitively what one might expect to observe due to plasma compression
at the formation and collapsing phases of bubble evolution where the pressure within
the cavitation bubble is greatest [5]. No distortion in profile was observed in ionic
aluminium emission spectra. A broadening of the emission lines is also evident from
figure 7.29 suggesting a higher density at times corresponding to the formation and
collapse of the cavitation bubble. This is intuitively what one might expect to observe
due to plasma compression at the formation and collapsing phases of bubble evolution

where the pressure within the cavitation bubble is greatest [5].
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7.4 Temperature and Density Calculations within
the Cavitation Bubble

In order to investigate further the cavitation bubble, some plasma parameters were
extracted from the time resolved spectroscopy data. Electron temperatures and densities
within the cavitation bubble were calculated using the techniques described in chapter
2. As a brief reminder, electron densities may be deduced from the Stark width of the
line profile and electron temperatures were calculated using the ratio of line intensities
from consecutive charge states. Voigt profiles were fitted to the experimental lines of

interest and this data was then used to extract temperature and density information.

Electron densities were calculated using the Stark-broadened profile of Al(II) 466.3 nm.
The lifetime of the line was observed to occupy a time window from 25 ns up to 800 ns
after the arrival of the second reheating laser pulse. For the calculations of the electron
temperatures, the relative line intensity of the two spectral lines Al(II) 466.3 nm
(3p*('D)-3s4p('P’)) and Al(I) 396.15 nm (3s®3p(°Ps/)-3s?4s(’S12)) were used. The
lifetime of the doubly ionised lines recorded was deemed too short for a reliable trend to
be observed; i.e., in the 100-300 ns window and hence for a 25 ns increment only 9 data

points could be obtained for temperature calculations using the AI(III)/Al(II) ratio.
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Figure 7.30: Electron density measured as a function of delay time from the Al™ 466.3 nm
line profile. Evergies of 52 mJ for the plasma pulse and 52 mJ for the second pulse were used.
A double exponential fit is applied to the data with an adjusted R? value of 0.97 obtained.
Fitting parameters extracted from fit were a = 1.43 £+ 0.18x 10" (cm™®), b = -0.0147 £ 0.004
(ns'), ¢ = 6.02 £+ 1.77x10% (cm™), d = -0.0020 £ 0.0006 (ns?).

An electron density in the order of 10" cm™ was observed. This is an order of magnitude
lower than in the case of air where an average electron density of 10™cm™ was revealed
in chapter 4. The rate of decay of the electron density is rapid at the initial stages, i.e.,
in the first 200 ns and then is seen to decay at a more gradual rate. It is postulated that
the electrons and ions may travel freely away from the target surface and move
outwards to fill the cavitation bubble forming a diffuse plume of lowered electron
density. However, without spatial resolution this is not verifiable from present
measurements. A double exponent was used as a best fit to the experimental data.
Comparing the coefficients of rate decay (terms “b” and “d”) a rapidly decaying term
and a slowly decaying term are revealed from the fit. These fast and slow components
have been observed in multiple studies of plasma expansion into background gases and
are attributed to strong plasma confinement [38]. As the pressure of the background gas
increases, an increase in the collision frequency of electron and ions occurs with the
background gas [39]. This increased number of collisions results in an increase in
ionisation, recombination and plasma emission [40], [41]. Hence, at higher background

pressures, a slower decay rate is observed in the electron density [42]. The relatively fast
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decay rate observed may constitute further evidence that the environment within the
cavitation bubble is that of a low pressure gas. The electron density appears to exhibit
an oscillatory behaviour as a function of time. These periodic increases in electron
density may be attributed to re-excitations due to the confined nature of the cavitation

bubble.
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Figure 7.31: Results of electron temperature as a function of time calculated from the
intensity ratio of AlT 466.3 nm and Al’° 396.15 nm lines. Energies of 52 mJ for the plasma
pulse and 52 mJ for the second probe pulse were used. A double exponential was used as a
best fit to the experimental data resulting in an adjusted R? of 0.97. Fitting parameters
obtained were a = 1.41 & 0.40 (eV), b = -0.0165 £ 0.0037 (ns'). ¢ = 0.94 £ 0.06 (eV), d = -
0.0003 £0.0001 (ns?).

The results of electron temperature calculations are shown in figure 7.31. The electron
temperature appears to follow a similar trend to the electron density showing best
agreement to a double exponential decay fit. The temperature decreases rapidly in the
first 200 ns and declines then at a more gradual rate up to 800 ns. A peak value of 1.17
+ 0.07 eV was found for the electron temperature within the cavitation bubble
occurring at the earliest possible measurement at 100 ns which drops to 0.89 + 0.05 eV
after 200 ns. The plasma proceeds to cool at a more gradual rate eventually reaching an
electron temperature of 0.66 + 0.05 eV at 800 ns. A comparison of the decay terms
obtained by the double exponential fit shows a brief initial period of rapid decay

followed by a much more gradual decay rate. To within experimental error the
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temperature remains approximately constant after 200 ns for the remaining observable
measurements. A more rapid decrease in temperature was found in ambient air for the
same timescale (see chapter 4). A decrease of 0.23 + 0.10 eV compared to 0.22 + 0.09
eV is observed between 200-800 ns in air and in the cavitation bubble respectively. The
fast and slow components of the decay terms observed in both electron density and
electron temperature measurements are likely due to the restricted physical dimensions
of the cavitation bubble [38]. An increased number of collisions may take place within
the confines of the bubble resulting in prolonged plasma emission, analogous to findings
reported during plasma studies carried out in background gases [39]. A number of small
elevations in the electron temperature are observed (ca. 500 ns and 650 ns) similar to
electron density measurements and may again be attributed to confinement of the

plasma within the boundaries of the cavitation bubble.

7.5 Summary

This chapter reports the main findings on optical emission studies of laser produced
plasmas formed in liquid ambient. A range of experiments were performed using time
resolved imaging and spectroscopy to investigate the plasma that forms in a high
pressure background such as water using several techniques. Additional plasma probing
techniques performed on the underwater plasma included shadowgraphy and
interferometry. Information about shockwave formation, electron density distributions
and the cavitation bubble that forms were ascertained from these techniques. Double
pulses experiments were carried with the intention to detect ionic line emission from a
sample submerged in a liquid medium by probing the bubble-target interface. All

experiments were performed in single-shot mode.

Single pulse studies revealed information on the dynamic evolution of the plasma
formed in a liquid environment. A strong confinement of the plasma is observed in

water compared to free expansion typically observed in the more well-studied case of
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plasma expansion into a gas or vacuum ambient. Data extracted from single pulse
imaging data reveals that the dynamic behaviour of an underwater plasma proceeds
very differently depending on the wavelength of the laser pulse used to create the
plasma. In the case of a plasma generated using 532 nm laser pulses, an initial
expansion of the plasma occurs on a timescale of ~400 ns after which time the plasma
plume appears to remain at a fixed expansion diameter of ~0.4 mm. Broadband
emission is observable for ~10 ps. Using the 1064 nm laser a distinctly different
behaviour was observed where a rapid expansion of the plasma, over a period of 100 ns,
followed by an apparent contraction of the plume was observed. The physical expansion
of the plume to ~1 mm in the initial stages appears more aggressive than in the 532 nm
case for the same amount of energy delivered to the target surface. Although emission
was only detectable for ~500 ns the plume appears to reach roughly 0.5 mm after the
initial expansion phase. As a hotter plasma is expected in the case of 1064 nm laser
pulses, it is proposed that after expansion the very hot plasma reaches an equilibrium
with the temperature of the surrounding water medium and eventually is forced to
contract due to the pressure exerted by the swrrounding liquid. Whereas for the
relatively cooler plasma created using the 532 nm laser, a more gradual exchange of

energy occurs between excited species and the cold surrounding liquid medium.

Spectroscopic data indicated that a very hot and dense plasma is formed during laser-
matter irradiation of metal targets submerged in water where broadband continuum
emission was the main observation. The plasma that forms is rapidly quenched by the
surrounding liquid. The absence of line emission suggests the origin of the emission to
be predominantly due to the deceleration of electrons. This was attributed to the short
duration of the laser pulses of ~6 ns in agreement with similar works reported in the
literature where pulse lengths of ~100 ns duration are shown to produce intense line
emission [43], [44]. It is proposed in these works that the use of a long pulse length
facilitates coupling of radiation to the nascent plasma via the trailing pulse edge
exciting the plume efficiently by avoiding energy delivery to the target surface [45].

Some slight evidence of neutral line emission was observed for single 532 nm pulses.
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This may be an indication that the 1064 nm laser energy is being more strongly
absorbed by the water resulting in less energy delivery to the target surface. However,
higher pulse energies than those reported here were attempted during experimentation

(5-200 mJ) and no line emission was observed using 1064 nm pulses.

Shockwaves were studied as a function of laser pulse energy in water from
shadowgraphy measurements. The velocity of the shockwave appeared from the results
to be independent of the laser pulse energy having an average velocity of 1464 + 14
ms'. This is remarkably close to the reported value for the speed of sound in water
which is 1482 ms' at 20 °C. Some evidence of non-linear velocity was observable at
early shockwave expansion times however due to the spatial and temporal resolution of
the recorded data a definitive conclusion could not be arrived at. In order to verify the
early shockwave behaviour, an increment of 10 ns instead of the 50 ns used in present
measurements should be applied resulting in a greater number of data points for a more
reliable observation of a non-linear trend. As the shock-front expands into the liquid it
will lose energy to the surroundings. This energy loss however appears to be insufficient
to reduce the velocity of the shockwave which proceeds at a constant velocity. As the
shock-front expands it displaces the fixed column of water and hence the pressure on
the plasma declines with time. So it appears that the loss in energy as the plasma
expands is balanced by the decreasing pressure experienced by the expanding shockwave
resulting in a roughly constant velocity. The shock-front velocity was not observed to
vary with target material. The appearance of numerous sound waves were also observed
following the leading shock-front in water. The speed of these horizontal shock-fronts
was found to vary with the target material and was related to the acoustic velocity of

sound in the given metals.

Some microseconds after the laser pulse is delivered to the target submerged in water
the formation of a cavitation bubble is observable from the shadowgraphy data. The
dynamic evolution of the cavitation bubble was tracked using shadowgraphy
measurements which were subsequently used to inform the timing of double pulse

experiments. The evolution of the bubble was monitored as a function of time for two
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different pulse energies. For a higher pulse energy the bubble was found to reach a
greater maximum radius and persists for a longer time. The appearance of secondary
and tertiary bubbles was also observed in particular for the high pulse energy case.
These subsequent bubbles had a reduced diameter and were irregular in form. Their
existence is thought to be related to the dampened nature of energy loss and recovery in
the system as the bubble collapses and reforms in an analogous fashion to a bouncing

ball eventually expending its mechanical energy.

Double pulse experiments were performed by probing the target at times corresponding
to the appearance of the cavitation bubbles that were studied with the shadowgraphy
setup. Imaging studies were performed during the growth and maximum expansion
phases of the cavitation bubble life-cycle. In contrast to the single pulse case, the second
plasma that forms within the cavitation bubble is seen to physically expand away from
the target surface. Expansion occurs very rapidly within the first 150-250 ns and
appears to stop at roughly the same distance as the expansion radius of the cavitation
bubble. After roughly 1 ps the plasma plume then appears to retreat back towards the
target surface and become more diffuse. Emission is observed up to 10 ps after which
time emission is very diffuse, the plume appearing to have dispersed in all directions
apparently expanding to within the confines of the cavitation bubble dimensions. A
qualitative interpretation was proposed to explain the physical displacement of the
plasma plume from the target surface observed within the confines of the bubble
volume. Here the behaviour of the plume was qualitatively described by a moving point
concept where the effective mass velocity of the plasma plume travelling in the flowing
velocity field of the water vapour is considered. The hypothesis predicts that the
effective mass velocity of the plasma plume should move at a higher velocity than the

expansion velocity of the plume, which agrees with experimental findings.

Strong ionic emission was observed by firing a second laser pulse onto the target at
times corresponding to the maximum in radius and stability of the bubble. In
comparable studies to those performed in air, ionic line emission was spectrally narrow

and several additional lines were observed. From the time resolved spectroscopic data
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obtained, important plasma parameters such as electron temperatures and densities
were ascertained. The electron density was found to be roughly an order of magnitude
lower in the bubble than in air. The density decay appeared to consist of a fast and a
slow component. Experimental data were fitted to a double exponential curve which was
found to be the best fit to the data. A rapid decay of the electron density was observed
for early times followed by a more gradual decay rate. Similar temperatures to those of
air were found within the bubble with a maximum temperature of 1.17 + 0.07 eV
occurring for the earliest possible measurement at 100 ns. Evidence of self-reversal was
observed in the neutral emission lines recorded at times corresponding to the formation
and collapse of the cavitation bubble. As this absorption of line emission was not
observed at times where the bubble was stable it may indicate that self-absorption is

occurring at the bubble-water interface.

The nature of the bubble is hypothesised to be of a gaseous phase. Spectra recorded
within the cavitation bubble reveal multiple doubly ionised emission lines not present in
spectra recorded in ambient air. This suggests the nature of the bubble to be of a low
pressure gaseous phase due to the spectral profile and presence of highly charged
aluminium ion emission lines. A faster decay rate for the electron density is observed
within the cavitation bubble giving further support to the assumption that the

environment appears comparable to a low pressure gas ambient.
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Chapter 8

Conclusions

During the work reported here an investigation of the laser produced plasma formed in
water has been undertaken and compared to the case of ambient air. This was achieved
by the full characterisation of the plasma formed in each ambient. The main findings
and conclusions of the thesis are summarised in this final chapter. A general perspective
is offered on the relevance of the work for the scientific community in general in
addition to the perceived importance of these findings in the context of potential

applications. Suggestions on potential future work are also outlined.

8.1 Summary and Conclusions

A comprehensive study of laser produced aluminium plasmas was carried out in
ambient air using 1064 nm and 532 nm laser pulses. Time resolved spectroscopic studies
were carried out to extract the plasma parameters (temperatures and densities) for the
two different laser wavelengths. Evidence of Stark-shifting of emission lines were found
using the 532 nm laser pulses suggesting a higher electron density for plasmas formed
using this shorter wavelength. Stark analysis of the emission lines confirmed these
findings where average densities of approximately 2x were found for plasma formed

using 532 nm pulses. A rapid rate of decay was observed initially, followed by a more
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gradual decay rate in the mid to late stages of the atomic emission lifetime. For the case
of 1064 nm pulses, a more gradual rate of decay was observed than in the case of 532
nm pulses. The results of plasma temperature measurements carried out using line
intensity ratios from successive ion stages revealed that a hotter plasma is formed using
the 1064 nm pulses. A slightly higher rate of cooling is revealed from the double

exponential decay fits to the 532 nm plasma temperature data.

In the laser produced plasma, radiation is absorbed via two main processes; inverse
Bremsstrahlung (IB) and photoionisation. For a higher photon energy, an increase in
the probability of photoionisation is expected which explains the higher electron
densities observed in the plasmas formed using 532 nm pulses. As a higher density
plasma is formed using the 532 nm pulses, a higher rate of collisions and hence de-
excitation should be expected in line with findings. Although a higher density plasma is
formed, the plasma temperature is found to be less than that found in the 1064 nm
pulse case. This result was attributed to the strong wavelength dependence of the IB
process since the IB coefficient is proportional to A3. These observed trends in the
plasma parameters are in line with similar studies carried out in atmospheric air [1], [2],

[3].

In chapter 5, the aluminium plasma formed in air was studied at the mid to late phases
of the plasma emission lifetime, i.e., several microseconds post plasma ignition. During
this period, condensation of plasma species begins to take place and molecules begin to
form. Plasma parameters such as electron densities and temperatures may be
ascertained from the molecular emission spectra available at these late time delays. The
availability of a plasma diagnostics at such late plasma lifetimes alleviates the pressing
requirement of fast gating systems and has particular relevance for LIBS measurements.
Optical emission spectroscopy of molecular AlO was studied over the observable
emission lifetime of ca. 50 ps. The trends in the formation and dissociation rates were
explained from a thermodynamic perspective where a strong temperature dependence
was found. A series of re-heating experiments were then performed using a wavelength

tuneable optical parametric oscillator (OPO). At a wavelength of 484 nm the delivery of
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the OPO pulse to the plasma sees a significant enhancement in the Al(II) emission line
in addition to the appearance of several Al(III) emission lines. These observations were
attributed to the high temperature of the plasma expected using a 484 nm re-heating
pulse and consequently, a higher population of AI**ions. Tuning the OPO wavelength to
466 nm, a strong enhancement in both the AI(II) and the AI(III) emission lines were
observed. At this particular wavelength, resonance-enhanced multi-photon absorption
was thought to account for the observed behaviour. Re-heating of the AlO molecule was
carried out at a range of different inter-pulse delay times. For late inter-pulse delays a
significant effect was observed in the AlO emission spectra where an enhancement in the
emission strength was observed several microseconds after the delivery of the re-heating
pulse. The main conclusion drawn from this series of experiments was that effective re-
heating of molecular AlO occurs at some time delay with respect to the pre-pulse due to

the strong temperature dependence of the different formation/dissociation pathways.

Chapter 6 presented a comparison between the laser produced plasma formed using a
single laser pulse in air and water ambient. From time resolved imaging measurements
the plume front expansion was compared in both environments for a range of laser pulse
energies. In air, the plume expansion was found to be best described by the drag force
model which takes into account the deceleration of the plasma plume due to collisional
events. In water, a different behaviour was observed where initial expansion was
followed by an apparent contraction phase. This contraction was concluded to occur via

heat conduction as a faster rate of cooling was observed using a higher pulse energy.

The behaviour of the shockwave formed in air ambient was found to be consistent with
the point explosion model. Expansion velocities tended towards an approximately linear
expansion in the late stages of observable measurements several microseconds after
plasma ignition due to deceleration caused by collisions with air molecules. The
shockwave associated with the plasma formed in water showed an approximately linear
behaviour with some evidence of a high velocity component appearing at early delay
times (< 400 ns). At later times, the shockwave is shown to transition to a linear

expansion at a velocity close to the speed of sound in water.

244



In chapter 7 a full characterisation of the laser produced plasma in water is presented.
The results of imaging and spectroscopy using a single laser pulse reveal a strongly
confined plasma and corresponding broadband continuum emission. Shadowgraphy
measurements were performed to examine the dynamic behaviour of the cavitation
bubble that eventually forms post plasma ignition. These measurements were used to
inform subsequent investigations designed to probe the bubble environment. The
conditions within the bubble during each phase of its life-cycle were also outlined. The
results of time resolved imaging from within the cavitation bubble using a second laser
pulse reveal for the first time the full dynamic evolution of the plasma formed in such
an environment. Rapid displacement of the plasma plume in a direction normal to the
target surface followed by a diffusive outwards expansion was observed and a qualitative
model was proposed to explain the observed behaviour. Here the behaviour of the
plume was qualitatively described by a moving point concept where the effective mass
velocity of the plasma plume travelling in the flowing velocity field of the water vapour
is considered. The hypothesis predicts that the effective mass velocity of the plume
should move at a higher velocity than the expansion velocity of the plume, which agrees

with experimental findings.

Atomic line emission from within the cavitation bubble is observed using the double
pulse method. This allows for time resolved determination of temperatures and
densities, using the line ratio method and Stark broadening, which are of critical
importance in LIBS measurements. Evidence of self-reversal of neutral emission lines
was observed at times corresponding to formation and collapsing phases of the
cavitation bubble suggesting a high population of ground state atoms during these
times. Optical emission measurements reveal a more stable environment within the
cavitation bubble during the phase of maximum expansion in line with the more
uniform pressure conditions expected from calculations. A plasma formed during this
époque of maximum bubble expansion does not appear homogenous until ca. 2 ps after
plasma formation which is again of potential interest for LIBS applications. Many LIBS

measurements, including ones made with the double-pulse method on submerged

245



targets, are made with relatively long gate-widths compared to the laser pulse width
and thus are subject to the criterion that the plasma be homogenous over the
measurement time. Time-resolved measurements are therefore useful in establishing the
transient nature of the plasma and yet are relatively unexplored for the case of

submerged targets.

8.2 Future Work

Through time-resolved optical emission and diagnostic studies a thorough
characterisation of the submerged plasma has been carried out. Using a double-pulse
arrangement the plasma created by the second pulse is formed within the gaseous
environment of the cavitation bubble circumnavigating the challenges associated with
the single pulse setup. Imaging within the cavitation bubble has provided new insights
into the plasma formed in such an environment which is of fundamental interest as well
as from a LIBS measurement perspective. Due to time restraints, only one configuration
was used; formation of the cavitation bubble using the 1064 nm pulse and plasma
formation within the bubble environment using the 532 nm pulse. For future studies,
different probe laser wavelengths should be used to investigate the effect of laser
wavelength on the dynamic evolution of the plasma formed inside the cavitation bubble.
By forming the plasma at different phases during the bubble life-cycle some interesting
new phenomenon may be discovered by varying the plasma conditions via the laser
wavelength and pulse energy. Spatially resolved measurements would be of interest for
the full characterisation of plasma conditions within the cavitation bubble. These types
of fundamental experiments may prove useful for the optimisation of LIBS-type
measurements in aqueous environments for such applications as environmental

monitoring [4], underwater geology [5], and marine research [6].

Kumar et al. report in situ growth of nanoparticles in air and water environments using

the technique of Raleigh scattering [7]. Nanoparticles are predicted to nucleate in the
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plasma on a sub-nanosecond timescale [7] and become ejected into solution upon
collapse of the cavitation bubble [8]. This would be an interesting experiment to
undertake within the cavitation bubble where in theory the dynamic evolution of
nanoparticle growth could be investigated. As the cavitation bubble effectively acts as a
variable pressure and temperature environment, nanoparticles formed during the
different stages of the bubble life-cycle should allow for tunability of particle size in the
subsequent colloidal suspension, one of the highly advantageous properties of

nanoparticle formation in a liquid environment [9].

Laser surgery has been in widespread practice since the invention of the ruby laser [10]
highlighting the relevance of such fundamental studies in terms of potential real-world
applications. The nanosecond pulses produced by the Nd:YAG laser are known to result
in thermal damage to surrounding tissue [11] and as a result, the use of femtosecond
lasers is now widespread in clinical areas such as ophthalmology [12]. As the formation
of bubbles is known to be the key mechanism for collateral damage in cell surgery, the
study of laser produced plasmas in a liquid environment using ultra-short pulses may
provide some important insights. In recent times, attention has turned to the
development of femtosecond LIBS systems [13] due to its high sensitivity and superior
spatial resolution. During optical breakdown, the plasma generated by a femtosecond
pulse is very different from that formed using a nanosecond pulse. Use of a pulse
duration shorter than the thermal coupling time (~1 ps) leads to lower plasma
temperatures and densities, a repression of continuum emission and hence an
improvement in the signal-to-background ratio. and high spatial resolution. For
detection of trace elements in water for geo-chemical and environmental analysis, the
limits of detection provided by nanosecond LIBS are insufficient and femtosecond
measurements are required [14]. As the study of laser produced plasmas in liquids using
femtosecond pulses is relatively unexplored to date, much work remains to be done
which, owning to the numerous applications, may make this an interesting area of future

research.
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